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ADDENDUM

p 62 add to start of last paragraph: "Refer to Appendix A for composition of Solutions I, II and II."

p 63 add to start of last paragraph: "Refer to Appendix A for composition of Solutions I, II and II."

p 107 last paragraph, line S: insert "Alternatively, the absence of growth factors in C2C12 differentiation
culture media may indicate growth factor sensitivity of the Gabpa promoter and therefore may be a non-
specific effect. Growth factor responsiveness needs to be addressed."

p i l l replace last sentence of paragraph 1: "Mobility shift and site-specific mutation studies arc necessary
to prove that these binding sites are functional and to identify the transcription factors responsible for
basal and cell type-specific Gabpa expression."

p 119 second paragraph, line 2: insert "Protein extracts were prepared according to their wet weight (see
Chapter 3) to generate samples of equivalent concentration and confirmed by Coomassie staining of SDS-
PAGE prior to Western blot."

p 122 second paragraph, line 12: insert "As it is difficult to find a housekeeping gene that is ubiquitously
expressed at constant levels in all tissues and (5-tubulin expression is known to vary in some tissues, only
relative Gabpa protein levels could be determined. Repeating these experiments with additional loading
controls would help to confirm these results."

p 124 first paragraph, line 3: insert "The discrepancy of this result and the apparent increase in Gabpa
promoter activity upon C2C12 differentiation (sec Chapter 4), indicates that either the in vitro system of
C2C12 differentiation does not directly reflect the in vivo situation of skeletal muscle formation, or that
post-transcriptional mechanisms tightly regulate Gabpa protein levels."

p 141 second paragraph, line 7: replace "However, Gabpa is expressed in all cells of heart and skeletal
muscle tissues." with "Gabpa appears to be expressed ubiquitously in heart and skeletal muscle.
However, as non-muscle cell types are also present in these tissues, in future experiments muscle cells
will be discriminated by antibody staining for the muscle membrane protein Dystrophin."

p 149 last paragraph, line 7: insert "A proveii skeletal muscle-specific promoter such as Muscle Creatine
Kinase or Skeletal Actin may have been used to overexpress Gabpa in skeletal muscle tissues in vivo,
however this was not attempted as endogenous regulation was desired to mimic the increased dosage
relevant to Down syndrome."

p 160 add to end of first paragraph: "In the generation of conditionally targeted Gcbpa ES cells it was
presumed that PGK-Cre and PGK-puromycin plasmids did not integrate into ES cell DNA as they were
not linearised prior to transfection. In addition, genomic DNA extracted from mice resulting from
blastocyst injection did not show presence of the Cre gene upon genotyping."

p 197 first paragraph, line 2: replace "longitudinal cryosections" with "longitudinal and transverse
cryosections"

p 197 add to the end of first paragraph: "Further analysis of skeletal muscle types may reveal tissue-
specific morphological effects of loss of Gabpa expression."

p 202 second paragraph, line 21: insert "In future studies, a more reliable method of assessing skeletal
muscle fibre type would use Myosin Heavy Chain isoform-specific antibodies. This would eliminate any
subjective element in distinguishing staining intensity, and highlight any discordance in skeletal muscle
metabolism and Myosin isoform expression, as seen using NADH staining."

p 213 first paragraph, line 11: insert "More precise measurements could also be obtained with a
dynamometer. In addition, an extension of histopathological analysis of forearm muscles may also
correlate with this finding, as individual muscle types respond differentially to protein deficiencies."

p 240 replace last sentence of third paragraph: "However, this preliminary analysis demonstrates that
Gabpa is likely to be one of the ETS proteins necessary for formation of intact AChR clusters at the
NMJ."
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Abstract

The GABP transcription factor is implicated in the regulation of a broad range of

target genes, encoding proteins; of mitochondrial function and proteins necessary for

signalling at the neuromuscular junction (NMJ). The GABP complex is composed of an

ETS protein (a subunit) necessary for DNA binding and an unrelated ankyrin-repeat

protein (p subunit) required for target gene transactivation. GABPa and P proteins are

expressed in all tissues, however the question of how cell type and promoter specificity is

achieved is yet to be answered. Further, although mutation of the GABP binding site of

the Nicotinic acetylcholine receptor epsilon (AChRe) promoter is implicated in several

cases of Congenital Myasthenic Syndrome (CMS), the function of GABP during NMJ

formation has not been elucidated. Finally, taken t ogether w ith t he list of GABP gene

targets, localisation ofGABPato HSA 21 begs the question of whether overexpression of

GABPa disrupts the stoichiometric balance of the GABP complex, contributing to the

muscular hypotonia and redox instability associated with Down syndrome (DS).

Regulatory mechanisms of Gabpa expression have been investigated here by analysis of

mRNA and protein levels throughout embryogenesis and in adult mouse tissues, and

function of GABPa assessed by generation of mouse models.

Tissue-specific alternative 5' and 3' UTR transcripts of Gabpa identified in this

study are thought to help regulate the expression of the Gabp complex by post-

transcriptional mechanisms such as altered transcript stability, transcript localisation and

translation efficiency. In addition, novel altemaiive splice forms of Gabpfil were

identified; encoding proteins of predicted dominant negative function, preventing

formation and/or nuclear localisation of the Gabp complex, and Gabp target gene

transactivation. Hence, although Gabpa and Gabppl are ubiquitously expressed, tissue-

specific post-transcriptional regulation may enable Gabp to regulate target genes of diverse

function.

An increase of GABPa mRNA expression does not always correspond with an

increase in protein expression. However, skeletal muscle and brain of Ts65Dn partial



trisomy 16 mice exhibit increased Gabpa protein expression, supporting the hypothesis

that increased gene dosage of GABPa contributes to tissue-specific characteristics of DS.

Mice carrying a homozygous deletion in the Gabpa locus die prior to implantation,

indicating that Gabpa function is essential for early embryonic development. In addition,

the decrease in number of AChR clusters and simplified NMJ structure in mice lacking

Gabpa specifically in skeletal muscle supports the idea that Gabp regulates the expression

of AChRd and AChRe. Furthermore, decreased amplitude of spontaneous endplate currents

is suggestive of altered postsynaptic properties of NMJs in the absence of Gabpa.

Decreased mRNA expression of another Gabp target in these mice, Mitochondria!

Transcription Factor A, also correlates with a decrease in the proportion of type I fibres in

glycolytic muscles.

Together this data confirms that Gabp is necessary for formation of intact AChR

clusters at the NMJ and suggests that Gabp helps maintain the oxidative state of a cell.

Therefore, loss of GABPa expression in humans may be a cause of CMS and increased

gene dosage of GABPa may contribute to the muscular hypotonia and redox imbalance

characteristic of DS.

XI

m



TB

Declaration

This thesis contains no material which has been accepted for the award of any other

degree or diploma in any university or other institution and, to the best of my knowledge,

contains no material previously published or written by another person, except where due

reference is made in the text. Where the work in this thesis is based on joint research, the

relative contributions of the respective persons are acknowledged.

Debra Alison O'Leary

xu



Acknowledgements
Firstly I would like to thank my supervisors, for allowing me to work on this project.

I thank Prof. Ismail Kola, for inspiring me to embark on a PhD, and Assoc. Prof. Paul

Hertzog, for his input and support throughout my project, including last minute alterations

to this thesis. My greatest thanks go to Dr. Sika Ristevski, for her constant support,

especially while proofreading drafts of this thesis. Thanks for always being available to

help technically, for being able to boost my self-confidence, and for providing me with

insightful discussions about science and general life. The muffins helped too!

Thanks to Melanie, Jo, Laurdane and Kim for proofreading this thesis, your time and

efforts are greatly appreciated. Thank-you to our collaborators Dr. Michael Owen, Dr.

Judith Melki and Dr. Edna Hardeman for providing mice that were invaluable for this

project. A big thank-you also to Peter Noakes, Nick Lavidis and Lynn Tolley, for help

analysing my mice, and to the Noakes family for accommodating me while in Brisbane.

For their expert technical assistance and advice I thank David Finkelstein, Elisabetta,

Anna, Sue, Linda, Tony, Trevor, Ann, Melanie, Jo, Lynn, Vivien, Simon, Bemie and

Ernst. Special thanks also to Monika and the animal house staff, for keeping a watchful

eye on my mice. I could not have kept track of them all without you!

Thank-you to Laureane for providing me with fun and friendship, in and out of the

lab, and for irreplaceable French negotiations. Thanks also for babysitting my mice in my

absence. To Erika and Nicole, thanks for many long discussions about science and

weddings, and to other ETS students Renee, Kate, Elaine, Annie and Jiong, thanks for

making the lab fun. Thanks to all other students in the Hertzog lab for your friendship.

Finally, thank-you to my family and friends outside the lab, who have supported me

in times of great joy and despair. Thanks to mum and dad, for letting me live at home and

use the computer day and night. Thank-you also to Lorraine for loan of her laptop; without

it I would have been a real hermit! To Amanda, Kim, Jane, Kylie, and mum and Cassie,

thanks for the shopping trips, and the rest of the gang; Teo and Michael, Derek and Sally,

for sharing great times away from the lab. Last but not least, hugs and kisses go to my

loving fianc£ Michael, who has endured my mood swings, whilst trying to complete his

own PhD, and still found time to design equipment for the behavioural testing of mice and

fix all my computer problems (white font is marvellous). Thanks too for all the chocolate!

Xlll



Conference Presentations

Part of the work in this thesis was presented orally at the following conferences and
symposia:

O'Leary D.A., Ristevski S., Hertzog P.J. (2003). Characterisation of Gabpa Gene
Structure and Function. Presented at The Cell Biology Forum, University of Queensland,
Brisbane, Qld, Australia.

O'Leary D.A., Ristevski S., Koleski D., Owen M., Kola I., Hertzog P.J. (2003).
Characterisation of the ETS Gene Gabpa in Development. Presented at the Summer
Conference of Molecular Mechanisms of Development, University of Western Australia,
Perth, WA, Australia.

O'Leary D.A., Ristevski S., Koleski D., Owen M , Kola I., Hertzog P.J. (2002).
Characterisation of the Gene Structure and Function of the ETS Transcription Factor
Gabpa. Presented at The Monash Institute of Reproduction and Development
Postgraduate Symposium, Monash IRD, Melbourne, Vic, Australia.

* Received a Symposium Gold Award *.

O'Leary D.A., Ristevski S., Kola I., Hertzog P.J. (2001). The Role of Gabpa at the
Neuromuscular Junction. Presented at The Monash Institute of Reproduction and
Development Postgraduate Symposium, Monash IRD, Melbourne, Vic, Australia.

* Received a Symposium Gold Award *.

O'Leary D.A., Ristevski S., Koleski D., Kola I., Hertzog P.J. (2000). The Role of GABP
in Down Syndrome. Presented at The Monash Institute of Reproduction and Development
Postgraduate Symposium, Monash IRD, Melbourne, Vic, Australia.

* Received a Symposium Gold Award - Early Category *.

xiv



.:-

Part of the work in this thesis was presented as posters at the following conferences
and symposia:

O'Leary D.A., Ristevski S., Koleski D., Owen M , Kola L, Hertzog PJ. (2002).
Characterisation of the Function of the ETS Gene GABPa by use of Mouse Models.
Presented at The AH&MR 1st Australian Health and Medical Research Congress,
Melbourne, Vic, Australia.

O'Leary D.A., Ristevski S., Koleski D., Owen M., Kola I., Hertzog P.J. (2001).
Characterisation of the Function of the ETS Gene GABPa by use of Mouse Models.
Presented at The Monash University Faculty of Medicine Postgraduate Symposium,
Melbourne, Vic, Australia.

O'Leary D.A., Ristevski S., Koleski D., Owen M., Kola I., Hertzog PJ. (2001).
Characterisation of the Function of the ETS Gene GABPa by use of Mouse Models.
Presented at The 42nd Annual Short Course in Medical and Experimental Mammalian
Genetics, The Jackson Laboratory, Bar Harbor, Maine, USA.

O'Leary D.A., Ristevski S., Koleski D., Owen M., Kola I., Hertzog P.J. (2001).
Characterisation of the ETS Gene Gabpa in Neuromuscular Signalling. Presented at The
Lome Genome Conference, Lome, Vic, Australia.

O'Leary D.A., Ristevski S., Koleski D., Owen M., Kola I. (2000). The Role of GABP in
Down Syndrome. Presented at The Monash University Faculty of Medicine Postgraduate
Symposium, Melbourne, Vic, Australia.

O'Leary D.A., Ristevski S., Koleski D., Owen M., Kola I. (2000). The Role of GABP in
Down Syndrome. Presented at The home Genome Conference, Lome, Vic, Australia.

xv



Chapter 1

Introduction:

Transcription Factors and Mammalian Development

LI Signal Transduction, Transcription and Development
Mammalian development may be viewed as a progressive series of signal

transduction pathways, resulting in the expression of enzymes and structural proteins

necessary for organogenesis and cellular homeostasis. Hormones and growth factors

binding to their receptors in response to environmental stimuli initiate these signalling

pathways. This, in turn, leads to the expression of downstream target genes by

transcription of DNA into mRNA, and subsequent translation into a protein product.

Regulation of development and cellular homeostasis can therefore be regulated by the

availability and activity of transcription factors, mRNA processing and stability, as well as

protein production and post-translational modifications. Defects in any stage of signalling

pathways can result in genetic disease.

Transcription factors act as switches, capable of turning on or off the processes of

proliferation and differentiation within cells. Animal cells are likely to possess 1,000-

10,000 different transcription factors (Lemon and Tjian 2000). Some transcription factors

are expressed in a very restricted manner, and others are expressed ubiquitously, usually at

basal levels. Environmental stimuli, cellular context, and the presence of other

transcription factors, can determine the specific effect of a transcription factor on each

target gene promoter. Alternative promoter usage may also depend upon which

transcription factors are present, resulting in differential protein expression.

Understanding the role of each transcription factor, and its means of regulation, is an

important step in understanding the developmental process as a whole. Aberrant

expression of ubiquitous transcription factors can result in diseases such as cancer. For

example, the gene encoding the cell cycle regulator p53 is mutated in approximately half

of all cases of breast cancer (Spandidos et al. 1992), and that encoding pRB is mutated in

1



30 % of retinoblastoma tumours (Bernards et al. 1989). Overexpression of transcription

factors is also implicated in the aetiology of Down syndrome (trisomy 21), as many genes

encoded by different chromosomes are overexpressed in Down syndrome individuals,

perhaps due to overexpression of their upstream regulators (Pritchard and Kola 1999).

Point mutations within transcription factor binding sites can also result in a loss of target

gene expression. This has been shown to occur in the rare condition of Congenital

Myasthenic Syndrome, where a loss of acetylcholine receptor production leads to severe

muscle weakness (Ohno et al. 1999).

1.2 Research Aim

In order to understand the mechanisms of disease that may eventually lead to

therapeutics for the treatment of conditions associated with Down syndrome and

Congenital Myasthenic Syndrome, it is necessary to firstly identify the function of the

basal and tissue-specific transcription factors involved. This research aims to characterise

the gene structure, expression pattern and function o f one such transcription factor; the

GA-binding protein (Gabpa). Gabpa is also known as Nuclear respiratory factor 2 (Nrf-2)

and Adenovirus E4 transcription factor-1 (E4TF-1), but throughout the text shall be

referred to as Gabpa in mouse, or GABPa in human (or in human and mouse). Of

particular interest in this study is the role of Gabpa in skeletal muscle development and

function. This was investigated using mouse models.

1.3 Research Approach
Before presenting the research data that has resulted from the study of the gene

structure and function of Gabpa, it is important to analyse the data that was available at the

outset and that which became available during this study.

Chapter 2 brings to your attention the views of current literature in the field of

transcription factor biology. A general overview of transcription factors is followed by a

more detailed description of the ETS transcription factor family. Gabpa, the ETS factor

under investigation, is then reviewed. The role of Gabpa in skeletal muscle and

mitochondria in both normal and disease situations is detailed. Together, this chapter



highlights why elucidating the function of Gabpa is an important contribution to the field

of transcription factor biology.

Chapter 3 specifically outlines how the research aim was achieved and why

particular methods were chosen. Detailed protocols of individual methods are included,

with additional case-specific information given in subsequent results chapters.

Chapter 4 describes how the gene structure of Gabpa was resolved using genomic

cloning, PCR amplification and DNA sequencing. Promoter analysis and characterisation

of novel transcripts of mouse Gabpa, Gabppl-1 and Gabpfil-2 g enes i s also presented

here. Biological implications of these findings are discussed.

Chapter 5 focuses on the expression pattern of Gabpa. The processes of polyclonal

antibody generation and validation are presented, enabling the specific identification of

Gabpa protein using Western blot analysis. Expression analysis of adult mice using this

reagent is included, as is cellular expression analysis by means of the lacZ reporter. The

effects of overexpression of Gabpa cDNA inNIH3T3 fibroblast cells, Down syndrome

fibroblast cell lines and Ts65Dn partial trisomy 16 mice are also presented. Conclusions

about Gabpa cellular expression and post-transcriptional regulation are given.

Chapter 6 begins with a background of methodology used to generate mouse lines

overexpressing Cre recombinase or Gabpa cDNA, as well as mice with Gabpa targeted

for deletion by insertion of loxP sites. Results of embryonic stem (ES) cell screening,

mouse genotyping and breeding are presented, leading to the generation and expression

screening of Gabpa total knockout, conditional knockout and minigene transgenic mice.

Chapter 7 describes the phenotype analysis of Gabpa total knockout and skeletal

muscle specific knockout mice. Analyses of general histology, Gabpa target gene

expression and skeletal muscle function are presented.

Chapter 8 discusses the results presented in Chapters 4-7 and areas of future

research are highlighted. The implications of this work with regard to elucidation of the

cause and treatment of human diseases such as Down syndrome, Congenital Myasthenic

Syndrome and mitochondria] disease are also discussed.

Chapter 9 draws together the conclusions that can be made from the results of this

study, with regard to what has been leamt about Gabpa function during mouse

development, particularly in skeletal muscle function.



Chapter 2

Literature Review:

GABPa - an ETS Transcription Factor

The basal transcription factors are expressed in all tissues throughout development

and directly interact with components of the transcription machinery (RNA polymerase II,

TFIIA, TFIIB, TFIID, TFIIE, TFIIF, TFIIH, TATA-binding protein (TBP) and TBP-

associated factors (TAFs)), aiding in the initiation of gene transcription (Bhaumik and

Green 2001; Smale 2001). Other transcription factors are unique to certain tissues and/or

stages of development and act to potentiate or repress basal transcription levels, depending

upon their tissue specificity, expression of interacting factors, target specificity and

kinetics of action (Sgouras et al. 1995). In any case, to function as a transcription factor, a

protein requires a DNA binding domain and a transactivation domain. Alternatively, a

domain may be provided by a binding partner (Watson et al. 1992). The functional

transcription factor complex binds a consensus DNA sequence present in regulatory

regions of target genes, usually within the upstream promoter region. It is the combination

of the binding sites present in a promoter region, and the chromatin structure, that

determine which transcription factors regulate each gene. Transcription factors can be

categorised into families, based upon their primary amino acid sequence conservation, to

form functional domains. Examples of transcription factor families include helix-loop-

helix, winged helix-loop-helix, basic helix-loop-helix, and leucine zipper proteins. This

thesis concentrates on a member of the ETS, winged helix-turn-helix, family of

transcription factors, GA binding protein ( G A 3 P ) .

2A ETS Transcription Factors
The first ETS transcription factor to be described was v-Ets-1. The DNA binding

domain or E26 transformation-specific domain (ETS) is part of a fusion protein product of

the replication-defective E26 avian erythroblastosis virus that can lead to acute leukaemia



(Bister et al. 1982; Nunn et al. 1983; Nunn et al. 1984). Cellular ETS transcription factors

can also be used to transcribe E26 viral genes, allowing for viral propagation (Janknecht

and Nordheim 1993). The cellular proto-oncogenes c-ETS-1 and c-ETS-2 encode proteins

of 98 % and 95 % identity at the amino acid level with v-Ets, respectively (Watson et al.

1985). However, these two genes have evolved slower than their viral counterpart (Laudet

et al. 1999), with over 40 members of the ETS transcription factor family having been

identified by virtue of their conserved DNA binding domain (Laudet et al. 1999).

2.1.1 Protein Domains of ETS Transcription Factors

The ETS DNA P' iding Domain

The ETS domain is a distinct 84-90 amino acid DNA binding domain that is highly

conserved between family members (Nye et al. 1992), and is usually situated at the C-

terminus of the protein (Ely and Kodandapani 1998). Similarity of ETS domain primary

sequences and tertiary structures of GABPa, ETS-1, FLI-1 and PU.l, as determined by

crystal formation, is highlighted in Figure 2.1. The ETS domain is a winged helix-tum-

helix, consisting of three helices and a four-stranded antiparallel (3 sheet (Graves et al.

1996). There are two conserved regions within the ETS domain, an amino-terminal

aliphatic a helix and a carboxy-terminal basic region, required for DNA binding and/or

nuclear localisation of ETS transcription factors (Moreau-Gachelin 1994). Unlike v-Ets, c-

ETS proteins can only transactivate target genes by recognition of a specific sequence

(Crepieux et al. 1994). An ETS DNA binding site is composed of 10 nucleotides in the

major groove of DNA, consisting of a C/AGGAA/T core sequence (Felix Karim et al.

1990; Macleod et al. 1992). Recognition of this consensus sequence, together with

flanking interactions in the minor groove of DNA, determines the binding specificities of

ETS transcription factors (Nye et al. 1992). Up to 20 nucleotides of DNA can be bound by

an ETS domain (Nye et al. 1992), depending upon structural differences of the individual

ETS transcription factors (Graves and Petersen 1998; Boyd and Farnham 1999).

The Pointed (PNT) Domain

Pointed (PNT), a lso r eferred t o a s t he B or S AM d omain, i s a conserved d omain

present in a subset of ETS transcription factors. These include Pnt, ETS-1, ETS-2,

GABPa (Slupsky et al. 1998), Elg, ERG, FLI-1, TEL-1, TEL-2 (Potter et al. 2000), SAP-1

(Hassler and Richmond 2001), Yan and ESE-1 (Laudet et al. 1999). PNT is similar in

structure to helix-loop-helix domains and is related to that of the yeast sexual



COOH NH2

COOH

Gabpa ETS-1

(b)

t « x
330 - 340 350

320 IQLWQFLLELLTDKDARDGISWVGDE GEFKLN
335 IQLWQFLLELLTDKSCQSF.ISWTGDG WEFKL3
2S1 IQLWQFLLELLSDSANASCITWEGTN GEFKMT

AAAA

360 370 330
QPELVAQKWGQRK NKPTMNYEKLSRALRYYY
DPDEVARRWGKRK NKPKMNYEKLSRGLRYYY
DPDEVARRWGERK SKPNMNYDKLSRALRYYY

172 IRLYQFLLDLLRSGDMKDSIWWVDKDKGTFQFSSKHKEALAHRWGIQKGNRKKMTYQKMARALRNYG

|J3

DNA contacts
tttt tt it Gabpp contacts

390 400 410 420 430
DGDMICKVQGKRFVYKFVCDLKTLIGYSAftELNRLVIECEQKKLARMQ Gabpa (mouse)
DKNIIHKTAGKRYVYRFVCDLQSLLGYTPEELHAMLDVKPDADE ETS-1 (human)
DKNIMTKVHGKRYAYKFDFHGIAQALQPHPTESSMYKYPSDISYMPSY FLI-1 (human)
KTGEVKKVK KKLTYQFSGEVLGRGGLAERRLPPH Pu.1 (moUM)
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differentiation proteins known as SEPs (yeast sterility, ETS-related, polycomb proteins).

This structure has been shown to mediate protein-protein interactions of SEPs, as well as

thehomodimerisation ofYan (Laudetetal. 1999), ERG (Carrere etal. 1998) and TEL

proteins (Lopez et al. 1999), and heterodimerisation of TEL-1 and TEL-2 proteins (Potter

et al. 2000), It is the PNT domain that mediates the interaction of SAP-1 with the Serum

Response Factor (SRF) in formation of the Ternary Complex Factor (TCF) (Hassler and

Richmond 2001), a regulator of immediate early genes, such as c-Fos (Masutani et al.

1997). PNT has also been shown to mediate phosphorylation of Yan by Erk of the MAP

kinase pathway (Baker et al. 2001). Similarly, fruit fly and human ETS-1 and ETS-2, but

not GABPa, use their PNT domains for ERK2 docking, leading to Ras-mediated

phosphorylation (Seidel and Graves 2002). Therefore, although many ETS proteins

feature both ETS and PNT domains, they are capable of using these regions for different

purposes. One reason for this may be the slight differences in secondary structure of the

PNT domain. Recently the PNT domains of Gabpa and ERG were compared, and it was

found that Gabpa, like Ets-1, contains an additional N-terminal helix within the PNT

domain that is lacking in that of ERG and TEL (Mackereth et al. 2002).

Regulatory Domains

Other conserved domains present in ETS transcription factors include autoinhibitory

sequences, nuclear localisation signal (NLS) motifs and transactivation domains.

Autoinhibitory domains have been identified in murine Ets-1 (Cowley and Graves 2000),

chicken Ets-2 (Scheikert et al. 1992), human TEL-1 and TEL-2 (Lopez et al. 1999),

GABPa, SAP-1, and ELK-1 (Janknecht and Nordheim 1993; Wasylyk et al. 1993). The

inhibitory effect of these domains is mediated by their secondary structures, so alterations

in structure caused by association of ETS proteins with other transcription factors, or by

binding DNA, often reduces autoinhibition (Tian et al. 1999). Nuclear localisation signals

are present in almost all ETS proteins, to allow for their functional role as transcription

factors. An exception to this rule is GABPa, which utilises the NLS of its binding partner

GABPP (an unrelated protein), to exert its function in the nucleus. Transactivation

domains are also common to the majority of ETS proteins, with the exception of

GABPa (which relies on that of (3), A subset of ETS proteins contain repression domains

and function to disrupt the protein-DNA interactions of activating ETS proteins and other

transcription factors; ERF (ETS-2 repressor factor) (Sgouras et al. 1995; Liu et al. 1997),

Prf (PU.l related factor) (Hashimoto et al. 1999), Net (Criqui-Filipe et al. 1999), PE1



(Bidder et al. 2000) and Yan (Lai and Rubin 1992). Therefore, the domains present (or

absent) in each ETS transcription factor help determine their specific functions.

2.1.2 ETS Transcription Factor Phytogeny

Conservation of the ETS Domain

The ETS domain has been conserved over at least 600 million years of evolution,

from Caenorhabditis elegans to Homo sapiens (Seth et al. 1992; Wang et al. 1992). The

number of ETS genes has also been amplified, with one gene (Linl) present in the

earthworm and greater then 30 in humans. Figure 2.2 shows a homology tree of the

known ETS subfamilies, based on amino acid sequence similarity within the ETS domain.

The number of ETS proteins can only be estimated, as even since publication of this

homology tree, several new family members have been discovered in humans. Within the

ERG subfamily, ETS-3 and ETS-6 have been identified, ERP within the ELK subfamily,

PDEF within the ETS-4 subfamily, TEL-2 within the TEL subfamily, and ESE-2 (ELF-5)

and ESE-3 (EHF) within the EI5E subfamily (Kas et al. 2000). ETS transcription factors

have now been found across a wide variety of species. Drosophila melanogaster (Laudet

et al. 1999), Caenorhabditis elegans (Hart et al. 2000b), Xenopus laevis (Marchioni et al.

1993) and metazoa possess ETS genes, but plants, fungi and protozoa do not (Graves and

Petersen 1 998). T he h igh 1 evel o f c onservation of the E TS d ornain b etween s pecies a s

diverse as D. melanogaster and H. sapiens is indicative of conserved protein function.

Conservation of ETS Protein Function

The eight ETS proteins of D. melanogaster are essential for every aspect of

development (see Table 2.1), and Yan (Price and Lai 1999), Pnt (Brunner et al. 1994) and

Elg a re regulated b y m itogen a ctivated p rotein k inase (MAPK) p hosphorylation n ear o r

within their transcriptional activation domains (Sharrocks et al. 1997; Wasylyk et al.

1998). MAPK phosphorylation has also been shown to be a key means of regulation for

mammalian ETS transcription factors (Yang et al. 1996; Wasylyk et al. 1998; Yang et al.

1998; Yordy and Muise-Helmericks 2000), as well as Lin-1, the only ETS factor identified

in C.elegans (Sharrocks et al. 1997; Wasylyk et al. 1998; Hart et al. 2000b). Recently, a

docking site for MAP kinases has been identified (amino acids FQFP or FQFHP) in Lin-1,

as well as Yan of D. melanogaster and ELK-1, SAP-la and NET of//, sapiens (Yang et al.

1998). Therefore, ETS transcription factors are effectors oirthe MAPK pathway across

species (Albagli et al. 1996).
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Table 2.1 - Drosophiia ETS Transcription Factor Functions.

DROSOPHILA
ETS PROTEIN
Pointed

Yan

E74

D-elg

D-ets-3

D-ets-4
D-ets-6
Ets96B

HUMAN/MOUSE
ETS PROTEIN
ETS-1

TEL

ELF2

GABPcc

FLI-1

PDEF/ESF
ERG
ER81

DROSOPHILA ETS
PROTEIN FUNCTION
Eye development
Neurogenesis
Tracheal cell migration
Oogenesis

As for Pointed (dimerize)

Metamorphosis

Oogenesis

CNS development

Germ cell development
CNS development
Undetermined

REFERENCES

(Klambt 1993; Albagli et al. 1996)

(Lai and Rubin 1992; Price and Lai 1999)

(Burtis et al. 1990; Karim and Thummel 1991)

(Pribyl et al. 1991; Schulz et al. 1993a; Schulz et al. 1993b;
Gajewski and Schulz 1995)

(Chen et al. 1992)

(Chen et al. 1992)
(Chen et al. 1992)
(Hsu and Schulz 2000)

The most common name of the D. melanogaster ETS transcription factor is shown, as well as the corresponding human and/or mouse homoiogue, the
assigned function and the relevant reference. Table adapted from Hsu and Schulz 2000.



2.1.3 ETS Transcription Factor Expression Patterns

As shown in Table 2.2, ETS proteins such as Ets-1 and Ets-2 are widely expressed

(Maroulakou et al. 1994), while others, such as Elf-3/Esel, Elf-5/Ese2, PU.l, are restricted

to specific tissues (Kas et al. 2000). Therefore, although two transcription factors possess

homologous ETS domains, they may not be present in the same tissues or the same cell

types within a tissue. Both GABPa and ETS-2 are ubiquitously expressed proteins,

containing highly conserved ETS domains, and less conserved PNT domains. However,

the two proteins differ across the remainder of their amino acid sequence. Furthermore,

differences in transcriptional regulation, alternative splicing, post-translational

modifications and protein stability (Bhat et al. 1987; Macleod et al. 1992) are postulated to

allow GABPa and ETS-2 proteins to interact with different binding partners, and act upon

different target genes. However, overlapping expression patterns of ETS transcription

factors makes it difficult to identify which protein acts on which target gene. For example,

eight different ETS proteins are expressed in cardiac muscle cells (see Table 2.2).

2.1.4 ETS Transcription Factor Functions

It is difficult to determine the roles of specific ETS transcription factors by standard

in vitro transactivation experiments, due to their highly conserved DNA binding domains

and overlapping expression patterns. For example, when the ETS binding sites were first

identified in the promoter of mouse Nicotinic acetylcholine receptor delta (AChRS)

(Baldwin and Burden 1988), it was unknown which ETS protein was responsible for its

transactivation, as both Gabp and the highly homologous Ets-2 are expressed ubiquitously.

Gabp has since been identified as the ETS protein that recognises the AChR8promoter, by

means of electrophoretic mobility shift assay (EMS A) and supershifting with Gabpa and p

specific antibodies (Fromm and Burden 1998a). However, the most definitive in vivo

experiments to assess specific ETS protein functions have been knockout mouse models.

Since ETS transcription factors were initially identified as components of an avian

erythroblastosis virus, it is not surprising that many ETS proteins play roles in immune cell

function. The use of knockout mice has shown that ETS transcription factors are also

important for key developmental processes.

Spi-1/Pu.l and Spi-B are members of the same ETS subfamily, interact with the

same binding partners, and recognise Pu.l binding sites with different affinities (Rao et al.

1999). The difference in function of Pu.l and Spi-B has been highlighted by the use of

11



Table 2.2 - Mammalian ETS Transcription Factor Expression in Adult Tissues.

TISSUE

Ectoderm
Nervous System
Brain

Nerves
Spinal Cord
Sense Organs
Eye
Limb Buds
Tail Bud
Forelimb Bud
Hindlimb Bud
Skin

Mesoderm
Skeletal System
Neural Crest
Bones
Bone Marrow

Cartilage
Circulatory System
Heart

Blood Islands
Capillaries
Lymph Nodes
Placenta

Urogenital System
Male External Organs
Female External Organs

ETS PROTEINS EXPRESSED

Elk-1, Pet-1, PEA3, Tel-1, Ets-1, Ets-2,
ER81, Gabpa, ERM, ER71, Fli-1, PEl,
PEA3
Pet-1
Pet-1

Pet-1

Ets-2
Ets-2
Ets-2
Ets-1, Ets-2

Erg, Fli-1
Ets-1, Ets-2, PEl
Elf-1, Spi-B, PU.l, Erg, Fli-1, Ets-1, Ets-2,
Gabpa, Tel-1, Tel-2

Erg, Ets-2

Fli-1, Ets-1, ER81, Gabpa, ERM, Elfr,
PEA3, ER71
Ets-1
Erg
Spi-B
Erg, ERM, Elfr, Elf5, Elf3, Ets-2

Erg
Erg

REFERENCES

(Bhat et al. 1987; LaMarco et al. 1991; Crepieux et al. 1994; Maroulakou et al. 1994; de
Launoit et al. 1997; Wang et al. 1997; Fyodorov et al. 1998; Barbeau et al. 1999; Arber et al.
2000; Bidder et al. 2000)
(Fyodorov et al. 1998)
(Fyodorov et al. 1998)

(Fyodorov et al. 1998)

(Maroulakou et al. 1994)
(Maroulakou et al. 1994)
(Maroulakou et al. 1994)
(Maroulakou et al. 1994)

(Prasad et al. 1992; Vlaeminck-Guillem et al. 2000)
(Maroulakou et al. 1994; Anderson et al. 1999; Bidder et al. 2000)
(LaMarco et al. 1991; Klemsz et al. 1993; Murakami et al. 1993; Maroulakou et al. 1994;
Moreau-Gachelin 1994; Wang et al. 1997; Fisher and Scott 1998; Anderson et al. 1999; Potter
et al. 2000)
(Maroulakou et al. 1994; Vlaeminck-Guillem et al. 2000)

(Brown and McKnight 1992; Watson et al. 1992; Maroulakou et al. 1994; de Launoit et al.
1997; Aryee et al. 1998; Arber et al. 2000)
(Maroulakou et al. 1994)
(Maroulakou et al. 1994; Vlaeminck-Guillem et al. 2000)
(Maroulakou and Bowe 2000)
(de Launoit et al. 1997; Aryee et al. 1998; Yamamoto et al. 1998; Zhou et al. 1998; Vlaeminck-
Guillem et al. 2000)

(Vlaeminck-Guillem et al. 2000)
(Vlaeminck-Guillem et al. 2000)



Excretory System
Ureter
Genital System
Testis
Ovaries
Uterus
Mammary gland
Muscular System
Muscle

Endoderm
Digestive System
Yolk Sac
Gut
Oral Cavity
Thymus

Salivary Glands
Stomach
Liver

Spleen

Kidney

Adrenal Gland
Small Intestines
Large Intestines
Rectum
Urinary Bladder
Respiratory System
Lung

Erg

Elk-1, PU.l, PEA3, Gabpa, ER71
Fli-1, Elfr, Elf5
Gabpa
Elf5, ER81, PEA3, Ese3

Gabpa

Tel-1
Ets-1, Ets-2, Gabpa, Elf3, Ese3
Elf5 (tongue)
Elf-1, Spi-B, PU.l, Fli-1, Ets-1, Ets-2,
Gabpa, Elfr, Tel-1, Tel-2
ERM, Elf5, Ese3
Elf5
Elf-1, Spi-B, PU.l, Erg, Fli-1, Gabpa, Elf3,
Tel-1, Tel-2
Elf-1, Spi-B, PU.l, Fli-1, Ets-1, Ets-2,
Gabpa, Elfr, Tel-1, Tel-2
Gabpa, ERM, Elf5, PEA3, ER81, ER71,
Ese3
Pet-1
Pet-1, Gabpa,.Elf3
Pet-1, Gabpa
Elf5, Ese3 (prostate)
Elf5

ni-1, Ets-1, Ets-2, ER81, ERM, Elfr, Elf5,
PEA3, ER71, Ese3

(Vlaeminck-Guillem et al. 2000)

(LaMarco et al. 1991; Crepieux et al. 1994; Hromas and Klemsz 1994; de Launoit et al. 1997)
(Watson et al. 1992; Aryee et al. 1998; Zhou et al. 1998)
(LaMarco et al. 1991)
(de Launoit et al. 1997; Zhou et al. 1998; Kas et al. 2000)

(LaMarco et al. 1991)

(Wang et al. 1997)
(LaMarco et al. 1991; Maroulakou et al. 1994; Zhou et al. 1998; Kas et al. 2000)
(Zhou et al. 1998)
(LaMarco et al. 1991; Watson et al. 1992; Wang et al. 1997; Aryee et al. 1998; Anderson et al.
1999; Maroulakou and Bowe 2000; Potter et al. 2000)
(Kas et al. 2000; Maroulakou and Bowe 2000)
(Zhou et al. 1998)
(LaMarco et al. 1991; Klemsz et al. 1993; Murakami et al. 1993; Moreau-Gachelin 1994; Wang
et al. 1997; Zhou et al. 1998; Maroulakou and Bowe 200C; Potter et al. 2000)
(LaMarco et al. 1991; Watson et al. 1992; Moreau-Gachelin 1994; Wang et al. 1997; Aryee et
al. 1998; Anderson et al. 1999; Maroulakou and Bowe 2000; Potter et al. 2000)
(LaMarco et al. 1991; de Launoit et al. 1997; Zhou et al. 1998; Kas et al. 2000)

(Fyodorov et al. 1998)
(Brown and McKnight 1992; Fyodorov et al. 1998; Zhou et al. 1998)
(Brown and McKnight 1992; Fyodorov et al. 1998)
(Zhou et al. 1998; Kas et al. 2000)
(Zhou et al. 1998)

(Maroulakou et al. 1994; de Launoit et al. 1997; Aryee et ai. 1998; Zhou et al. 1998; Arber et al.
2000; Kas et al. 2000; Truong and Ben-David 2000)

Tissue types are subdivided according to their endoderm, mesoderm or ectoderm origin. The ETS transcription factors expressed in each tissue are shown, as
are the relevant references.



mouse models. Pu.l is necessary for multipotential progenitors to progress to lymphoid or

myeloid lineages (Hohaus et al. 1995; Fisher and Scott 1998; Iwama et al. 1998), but is not

expressed in T cells (Moreau-Gachelin 1994). Spi-B is necessary for normal B cell

function and T cell humoral responses (Laudet et al. 1999). Interestingly, when Pu.l

heterozygous and Spi-B knockout mouse models are inter-crossed, a more severe

phenotype is observed, suggesting that thetwoETS proteins regulate expression of the

same gene targets, or genes that function in the same biological pathway (Garrett-Sinha et

al. 2001). Fli-1 knockout mice die at day 11.5 of embryogenesis due to defective

vascularisation (Hart et al. 2000a). Conversely, overexpression of Fli-1 in mice results in

immunological renal disease (spenomegaly, B cell hyperplasia, hypergammaglobulinemia)

(Truong and Ben-David 2000). This highlights the involvement of ETS transcription

factors in normal and disease situations.

2.1.5 Aberrant ETS Transcription Factor Functions

As shown by the above example of Fli-1, ETS transcription factors have the capacity

to act positively towards healthy development, or negatively when aberrantly expressed in

disease. Several ETS proteins are known to be targets of gene capture and retroviral

insertion (see Table 2.3). Mutations are often induced in the captured sequences, resulting

in transactivation and cellular transformation (Blair and Athanasiou 2000). The

importance of ETS proteins in cancer is highlighted by the fact that v-Ets-1 was first

discovered as part of the fusion protein product of the E26 avian erythroblastoma virus

(Bister etal. 1982). Also, fusion of the ETS domain of FLI-1 to the Ewing's sarcoma

protein (EWS) is known to result in Ewing's sarcoma (Zhang et al. 1993).

The rote of ETS transcription factors in diseases other than cancer is less understood.

However, point mutations within the GABP binding site of the Nicotinic acetylcholine

receptor epsilon (AChRe) promoter have been identified as the cause of severe muscle

weakness in several cases of Congenital Myasthenic Syndrome (CMS) (Nichols et al.

1999; Ohno et al. 1999). In addition, point mutations within the GABP binding site of the

promoter of the purine biosynthetic enzyme Adenylosuccinate Lyase (ADSL) have been

found in three patients suffering from mental retardation, autism and epilepsy caused by

ADSL deficiency (Marie et al. 2002). As outlined in Table 2.3, the cellular context and

interacting transcription factors of ETS proteins implicates them in many important

biological pathways, both in healthy and disease situations.
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Table 2.3 - Role of ETS Transcription Factors in Human Disease.

ETS PROTEIN

ETS-1

ETS-2

GABPct

FLI-1

ERG

ER81
TEL

PU.l
PEA3

ELK-1
ELF-5

DISEASE
Acute Leukemia
Cancer metastasis (?)

Myeloblastic leukemia
Arthritis (?)
Osteoporosis/Osteopetrosis (?)

Acute Leukemia
Cervical Carcinoma
Alzheimer's Disease (?)
Down syndrome (?)

Congenital Myasthenic Syndrome (CMS)
Adenylosuccinate Lyase Deficiency
Hepatoma
Ewing's sarcoma
Erythroleukemia
Thrombocytopenia
Myeloid leukemia
Ewing's sarcoma
Cervical Carcinoma
Ewing's sarcoma
Myelomonocytic leukemia
Lymphoblastic leukemia
Myeloid leukemia
Erythroleukemia
Mammary tumours
Ewing's sarcoma

Synovial sarcoma

Breast, kidney and prostate cancer

MECHANISM OF ACTION
Transposed in (4; 11) translations
Regulating MMPs, Osteopontin

Upregulation of c-myb
Regulating MMPs
Regulating Osteopontin
Transposed in (8;21) translations
Integration of HPV at gene locus
Apoptosis and regulation of APP
Regulating bone formation and
thymic function
Mutation of binding site in AChRe
Mutation of binding site in ADSL
Upregulation of MTFA
ETS domain fused to EWS
Integration of FmuLV at gene locus
LOH at gene locus
ETS domain fused to TLS/FUS
ETS domain fused to EWS
Integration of HPV at gene locus
ETS domain fused to EWS
HLH domain fused to PDGFP
HLH domain fused to AML1
HLH domain fused to MN1 or ABL
Integration of Friend SFFV at gene locus
DownstreSjH target of Neu
ETS domain fused to EWS

Disrupted by translocation

LOH at gene locus

REFERENCES
(Sacchietal. 1986)
(Kola et al. 1993; Vandenbunder et al. 1994; Sato
et al. 1998; Trojanowska 2000)
(Blochetal. 1995)
(Trojanowska 2000)
(Sato etal. 1998)
(Sacchietal. 1986)
(Simpson et al. 1997)
(Sanij etal. 2001)
(Sumarsono et al. 1996; Wolvetang et al. 2003)

(Nichols et al. 1999; Ohno et al. 1999)
(Marie et al. 2002)
(Dong et al. 2002)
(Delattre et al. 1992)
(Zhang etal. 1993)
(Hart et al. 2000)
(Shimizu et al. 1993)
(Shimizu et al. 1993)
(Simpson et al. 1997)
(Jeon et al. 1995; de Launoit et al. 1997)
(Lopez etal. 1999)
(Golubetal. 1995)
(Golubetai. 1995)
(Ray etal. 1990)
(O'Hagan and Hassell 1998)
(de Launoit et al. 1997)

(Macleod et al. 1992)

(Zhou etal. 1998)

The most common name of each ETS transcription factor is shown, as well as the human disease to which it is linked, the mechanism of involvement in the
disease and the relevant references. (?) represents proposed disease link due to normal gene function and expression pattern.



2.1.6 ETS Transcription Factor Interacting Proteins

Unlike many other transcription factor families, ETS proteins do not usually bind

DNA as dimers (Crepieux et al. 1994). The exceptions are ERG (Carrere et al. 1998) and

TEL (Lopez et al. 1999), which homodimerise using PNT domains, and TEL, which can

heterodimerise with and repress FLI-1 (Kwiatkowski et al. 1998). In general, unrelated

protein binding partners help determine the specificity of ETS transcription factors and

relieve their autoinhibition (Gu et al. 2000), allowing them to contribute to many different

signalling pathways.

The ternary complex factor (TCF) is a complex composed of the serum response

factor (SRF), together with the ETS protein SAP-1 (Hassler and Richmond 2001), ELK-1

(Shore and Sharrocks 1994), FLI-1 or PEA3 (Wasylyk et al. 1993; Laudet et al. 1999).

The TCF is then able to bind the serum response element (SRE) present in the promoters of

immediate early genes. FLI-1 interacts with SRF using two motifs (Dalgleish and

Sharrocks 2000), while ELK-1 (Watson et al. 1997) and SAP-1 (Hassler and Richmond

2001) do so using the PNT domain. Expression patterns of these ETS proteins, and the

cellular context, determine which proteins form part of the TCF. The ETS repressor

protein NET is also capable of binding to SRF, acting as an inhibitor (Yoray and Muise-

Helmericks 2000). Similarly, the Id family of proteins allosterically inhibit the TCF by

binding the ETS domain (Yates ei il. 1999).

ETS binding sites are often in close proximity to basal transcription factor binding

sites such as activator protein 1 (API) and Spl (identified as binding to g/c motifs within

the Serotonin receptor promoter) (Wasylyk et al. 1990; Verger and Duterque-Coquillaud

2002). As detailed in Table 2.4, these and many other transcription factors act as context-

dependent binding partners of mammalian ETS proteins. For example, GABP physically

interacts with both Spl and Sp3 to transactivate the promoter of Utrophin (Galvagni et al.

2001), a gene encoding a structural protein of the neuromuscular junction of skeletal

muscle. Whereas, ETS-1 and ETS-2 interact with the p300/cAMP-Responsive Element-

Binding Protein (CBP) complex, activating the Stromelysin promoter (Jayaraman et al.

1999). The DNA recognition helix a3 of the ETS domain is a common contact point of

ETS transcription factors with other proteins (Pax5, Pip, API and SRF), generating

complexes of similar orientation and framework (Verger and Duterque-Coquillaud 2002),

enabling direct enhancement of DNA binding of the ETS transcription factor complexes.
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Table 2.4 - ETS Transcription Factor Binding Partners.

ETS
PROTEIN
ETS-1

ETS-2

GABPa

INTERACTING PROTEIN/S

NF-KB, Spl

p300, CBP
STAT5
TFE3, USF
Tax, Spl
Pax5
API
Pit-1, Pit-lp

Daxx
SplOO
AMLl(CBFa2)

UBC9, Hus5
MafB

p300, CBP
STAT5
API
CdklO

GABPP
miTF
Spl, Sp3
Pax5
ATF1, CREB

INTERACTING DOMAIN/S
OF ETS PROTEIN
ETS
Transactivation, ETS
C-terminus (including ETS)
N-terminus inhibitory (NID), ETS
N-terminus
ETS
ETS
N-terminus

N-terminus
N- and C-termini
PNT, inhibitory NH2 end of ETS

ETS, PNT
ETS

Transactivation, ETS
C-terminus (including ETS)
ETS
PNT, transacfivation

GABPp interaction
GABPP interaction
Undetermined
ETS
N-terminus (including PNT and ETS)

REFERENCES

(Krehan et al. 2000; Li et al. 2000a)
(Jayaraman et al. 1999)
(Rameil et al. 2000)
(Tian et al. 1999)
(Dittmer et al. 1997)
(Fitzsimmons et al. 1996)
(Wasylyk et al. 1990)
(Bradford et al. 1995; Bradford et al. 1996; Day et al. 1998;
Bradford et al. 2000)
(Li et al. 2000b)
(Wasylyk et al. 2002)
(Graves and Petersen 1998; Sato et al. 1998; Mao et al. 1999;
Goetz et al. 2000; Gu et al. 2000)
(Hahn et al. 1997)
(Sieweke et al. 1996)

(Jayaraman et al. 1999)
(Rameil et al. 2000)
(Wasylyk et al. 1990)
(Kasten and Giordano 2001)

(LaMarco et al. 1991)
(Morii et al. 2001)
(Galvagni et al. 2001)
(Fitzsimmons et al. 1996)
(Sawada et al. 1999)



PU.l/SPI-1

ELF-1

SPI-B

PEA3

ERG

MiTF
STATla
NF-EM5 (Pip, IRF-4)

GATA-1, GATA-2

TFIID, RB
API
Spl
AML-1B, C/EBPa
CBP

TBP, HDAC1, mSin^A
ICSBP, IRF-4
NF-IL6 (CEBP6, CRP3), HMG I/Y, SRP
UBC9
GSC
Rb
NFATc
EBNA-2, EBNA-3C
AMLl(CBFa)

NFATc, NFATp
Rb
API
NF-KB(p50,c-Rel), HMG-l(Y)
UBC9
NF-KB(p50)
AMLl(CBFa)

STATla
CBP
EBNA-2, EBNA-3C

API

API
ESET (SETDB1)

Undetermined
Intermediate factor
PEST

ETS

Transactivation
ETS
Undetermined
ETS, transactivation
Transactivation

PEST, ETS
PEST, ETS
ETS
ETS
N-terminus
N-terminus
ETS
ETS
N-terminus

ETS
T-~r:sactivation
ETS
ETS
ETS
ETS
N-termmus

Undetermined
Transaclivation
ETS

ET3

ETS
N-terminus

(Sato et al. 1999)
(Nguyen and Benveniste 2000)
(Pongubala et al. 1992; Pongubala et al. 1993; Eisenbeis et al.
1995; Brass et al. 1996; Fisher and Scott 1998)
(Hagemeier et al. 1993; Rekhtman et al. 1999; Zhang et al. 1999;
Nerlov et al. 2000; Smale 2001)
(Hagemeier et al. 1993)
(Behre et al. 1999)
(Eichbaum et a!. 1997)
(Petrovick et al. 1998; Zhang et al. 1999)
(Yamamoto et al. 1999; Yarnamoto and Oikawa 1999; Yamamoto
et al. 2002)
(Kihara-Negishi et al. 2001)
(Yee et al. 1998; Marecki and Fenton 2000)
(Nagulapalli et al. 1995)
(Hahn et al. 1997)
(Konishi et al. 1999)
(Konishi et al. 1999)
(Bassuk et al. 1997)
(Zhao and Sample 2000)
(Mao et al. 1999)

(Bassuk et a!. 1997)
(Crepieux et aL 1994)
(Crepieux et al. 1994)
(John et al. 1995; Graves and Petersen 1998)
(Hahn et al. 1997)
(Bassuk et al. 1997)
(Mao et al. 1999)

(Nguyen and Benveniste 2000)
(Yamamoto et al. 2002)
(Zhao and Sample 2000)

(Gutman and Wasylyk 1990; Wasylyk et al. 1990)

(Wasylyk et al. 1990; Basuyaux et al. 1997; Verger et al. 2001)
(Yang et al. 2002)
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FLI-1

ERM

PE1

NET

ELK-1

ERF
SAP1&
SAP2
TEL

MEF
NERF-2

Spl, Sp3
API
RNA Polymerase II
SRF
Pax5
UBC9
AMLI(CBFa)

TAFII60, TBP, TAFII40
API
Androgen receptor

API

CtBP
Pax5
UBC9

Id proteins 1,2,3
SRF
Pax5

Pit-1

SRF
Id proteins 1,2,3

SMRT, mSin3A
N-CoR, histone deacetylase 3
UBC9

AMLl(CBFa), AML1B

AMLl(CBFa)

Undetermined
ETS
EWS intermediate
N- and C-termini
ETS
ETS, PNT
N-terminus

Transactivation (ADI)
ETS
Undetermined

ETS

C-terminus inhibitory (CID)
ETS
ETS

ETS
ETS, PNT
ETS

Undetermined

PNT
ETS

PNT, Central inhibitory
Central inhibitory
PNT

N-terminus

N-terminus

(Shirasaki et al. 1999)
(Wasyl.yk et al. 1990)
(Petermann et al. 1998; Yang et al. 2000)
(Dalgleish and Sharrocks 2000)
(Fitzsimmons et al. 1996)
(Hahn et al. 1997)
(Mao et al. 1999)

(Defossez et al. 1997)
(Graves and Petersen 1998)
(de Launoit et al. 1997)

(Bidder et al. 2000)

(Criqui-Filipe et al. 1999)
(Fitzsimmons et al. 1996)
(Hahn et al. 1997)

(Yates et al. 1999)
(Janknecht and Nordheim 1992; Shore and Shanocks 1994)
(Fitzsimmons et al. 1996)

(Day et al. 1998)

(Masulani et al. 1997)
(Yates et al. 1999)

(Chakrabarti and Nucifora 1999; Wang and Hiebert 2001)
(Wang and Hiebert 2001)
(Chakrabarti et al. 1999)

(Mao et al. 1999)

(Mao et al. 1999)

The most common name of each ETS transcription factor is shown, as well as the interacting proteins (alternative names in brackets). Where characterised,
the domain of the ETS transcription factor involved in protein binding is indicated. References characterising the protein-protein interactions are shown.



2.2 The GABPa/p Complex
GABPa is a unique ETS transcription factor, as it requires binding to an unrelated

protein, GABPp, to enable transactivation of target genes. The H. sapiens GABPa gene is

localised to human chromosome 21 (HSA 21) at q21-22.1 (Goto et al. 1995) and that of M.

musculus to mouse chromosome 16 (MMU 16) at position 55.0 cM (Chrast et al. 1995). In

both instances, GABPa is positioned just proximal of APP (Tassone et al. 1999). Only

humans possess an additional pseudogene of GABPa (encoded by HSA 7), lacking introns

(Luo et al. 1999), hence this has evolved since separation of the two species. In both

human and mouse, one GABPa gene locus, producing one transcript and mature protein

product, has been described to date. As shown in Figure 2.3, the human and mouse

GABPa proteins are 60 and 58 kDa in size, respectively. Each protein consists of 454

amino acids, featuring an N-terminal PNT domain, and C-terminal ETS and GABPP

interaction domains (Batchelor et al. 1998).

In humans, two loci for GABPP, j37 (7ql 1.21) and j52 (15q!5.2), each produce two

alternative splice forms, pi and P2, or yl and y2, respectively. GABPpi and yl differ from

their counterparts by a centrally located 12 amino acid insertion (see Figure 2.4a)

(Gugneja et al. 1995). Only the /J/ locus produces P isoforms capable of

homodimerisation, termed pi and p2, due to presence of a C-terminal leucine zipper motif

(Sawa et al. 1996). In mouse, this difference at the C-terminus is seen between the two

isoforms pi-1 and (31-2, encoded by the ($1 locus (MMU 2 at 71.0cM) (see Figure 2.4b).

A second GabpP locus, /32, also exists in the mouse (MMU 3 at 42.7cM), but is known to

produce only one isoform, P2-1, which contains the leucine zipper motif (Thompson et al.

1991; Watanabe et al. 1993). All GABPP proteins contains five N-terminal ankyrin-like

repeats that enable binding to GABPa (LaMarco et al. 1991; Thompson et al. 1991), and

possesses the nuclear localisation signal (NLS) and transactivation domains necessary for

GABP transcription factor function (Sawa et al. 1996).

2.2.1 GABPa and p Evolutionary Conservation

Outside of the conserved functional domains, P and y subunits differ more so than

the a subunits both within and between species (de la Brousse et al. 1994). This is not

surprising, as GABPP has evolved more recently than a, as D. melanogaster features a

homologue of GABPa, Elg, but not P (Pribyl et al. 1991). A high level of amino acid
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GABPa
Human 60kDa
Mouse 58 kDa

PNT

170 25 32 400 454

~100aa

Figure 2.3 - GABPa Protein Structure.
Both human and mouse GABPa proteins are 454 amino acids in length, sharing 96 % amimo acid
identity. The mouse Gabpa protein is 58 kDa in size and the human GABPa protein is 60 kDa.
Both human and mouse proteins feature a centrally located Pointed (PNT) domain, an ETS DNA
binding domain towards the C-terminus and a GABPp interaction domain (p) at the extreme C-
terminus.
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Figure 2.4 - GABPp and y Protein Structures.
(a) Each of the two human GABPp loci (GABP/31 and fl2) encode two isoforms of the GABPp
protein: p i , p2 and y1, y2, respectively. In each case the first isofcrm features an additional 12
amino acids in the central region (purple). The p isoforms also possess a leucine zipper
homodimerisation motif (p) at their C-termini (blue), which is lacking in the y isoforms. (b) Two
loci encode Gabpp in the mouse, Gabppi and pi. Gabp/91 produces two isoforms, P1-1 and pi-
2, which differ in the presence or absence of a leucine zipper homodimerisation domain at the
C-terminus. Gabp/32 produces one isoform, differing to p 1-1 in extra sequence at the extreme
C-terminus. All mouse and human GABPp and y isoforms feature GABPa binding (green),
transactivation and nuclear localisation (NLS) (pink) domains.
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sequence conservation exists between species throughout the whole GABPa protein (see

Figure 2.5). Elg of D. melanogaster shows the least similarity, with 38 % identity to

mouse, and H. sapiens shows the highest similarity with 96 % identity. The most

conserved region of the GABPa protein is the ETS domain, emphasising its potential role

as a DNA binding protein throughout evolution.

2.2.2 GABPa/p Dimers and Tetramers
As shown by the NMR structure determined by crystallisation of the GABP complex

bound to DNA (see Figure 2.6a), GABP recognises the DNA sequence 5' CCGGAAGT y

(Thompson et al. 1991; Brown and McKnight 1992), contacting DNA through the a

subunit. GABPa is capable of binding DNA as a monomer (see Figure 2.6b), however

the presence of one or more GABPP molecules (p or y isoforms) determines the level of

GABP target gene transactivation. /// vitro studies of GABP complex structure and

binding to the adenovirus E4 promoter demonstrate that GABPy isoforms result in weak to

moderate transactivation, formation of a/p dimers allow moderate transactivation, and

a2P2 tetramers (which bind to tandem GGAA sites) enable strong transactivation (Ely and

Kodandapani 1998; Suzuki et al. 1998). GABPP binding reorientates the a subunit to

increase its DNA binding affinity (Batchelor et al. 1998), with the a2P2 tetramer-DNA

complex being 100-fold more stable than a alone on DNA (Thompson et al. 1991; Graves

1998). GABPa binds both P and y subunits with equal affinities, so it is the ratio of p/y

subunits in cells that determines the transactivation potential of the GABP complex

(Suzuki et al. 1998). ($1-1 is the predominant P transcript expressed in mouse tissue, and

its protein product is more readily co-purified with the a subunit, as the a/pl-1 complex is

the most stable of all GABP combinations (Yeh et al. 1996).

2.2.3 Regulation of GABP Activity

Once a functional GABP complex has formed, there are many additional factors that

can affect its capacity to transactivate a target gene (outlined in Figure 2.7). At the

transcriptional level, thyroid hormone receptor and basal transcription factors AP2 and Spl

have been shown to upregulate Gabpa expression in the rat liver (Rodriguez-Pefia et al.

2002). GABP complex activity is also regulated post-translation. For instance, pro-

oxidant conditions have been shown to inhibit GABP binding to DNA in vitro, by

oxidation of two cysteine residues in the ETS and dimerisation domains of GABPa

(Martin et al. 1996; Chinenov et al. 1998).
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1 MTKREAKELIEIEIDGTEKAECTEESI-VEQTYTPAECVSQAIDINEPIGNLKKLLESRL 59
1 hfTKKEAEELIEIEIDGTEKAECTEESI-VEQTyAPAECVSOAIDINEPIGNLKKLLEPRL 59
1 MSKSETEEMIEIEIDGREKQECIJSEGI-EEQTITAAELITQDIDINEPIGNIJKKLLEPRL 59
1 MSKTDTEEMIEIEIDEREKQACLEKGV-EEQNITASDLIQQDIDINEPVGNLKKLLEPRI 59

28 EMFEDSIDVETEAEPDDIIIVHMDIREPLSMLKSLVEQKI 67

60 QCSIJ>AHEICLQDIQ-LDPDRSLFDQGVKTDGTVQLSVQVISYQGMEPKLNILEIVKTAE 118
60 QCSLDAHEICLQDIQ-LDPERSLFDQGVKTDGTVQLSVQVISYQGIEPKLNILEIVKPAD 118
60 QIPLDGYDICLQDIQ-LHPDHSLFDQGVKTDGTVQLSVQIVTKPG-EEKLNILEIVKPVE 117
60 QIAUJAYDICLQDIQ-IHPDHSLFDQGVKTDGTVQLSLQIITKPG-EEKLNILEIVKPVE 117
68 GVCLNYYTFWLQDAQELESHKNLVDQCVKGEGLVQINVQI QT1RKRINIADVLKPTE 124

119 TV EVVIDPDAHHAEAEAHLVEEAQVITLDGTKHITTISDETSE QVTRWA 167
119 TV EWIDPDAHHAESEAHLVEEAQVITLDGTKHITTISDETSE QVTRWA 167

1 TV EWIDPDAHHAEAEAHLVEEAHVITLDGTKHITTISDETSE QVTRWA 49
118 TV EWIDPDAAAGE-EAHLVEDGQVIAVERA ALPDETSE QVTRWA 161
118 TV EWIDPDA—AGEEGALVEDGQLIAVERSG LSDEASE QVTRWA 160
125 AALAALAEEWGQLSPPETASQKSSSSESPIKTPLKRMHKEDSEEESVEGKDVKPVLNWV 184

168
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228
228
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25

222
221
244

AA ^GYRIOEQEKLGIPYDPIRWSTDQVLHWVVWVMl^FSMTDIDLTTLNISSRKLCSLNQ
AA ^GYRiaQERIAZPXDPXQHSTDQVLHWVVNVMiaBFSHTDXDLTTLNISGRKLCSLNQ
AA LEGYIUaQERLGZPXDPIQHSTDgVLBWVVNVMKKFSMTDZHI.TTIJIISGRELCSLSQ

ETGLTDINVNSLGITGRKLCNLNQ
AA^EGYRKEQVRLNIPYDPVQWTADQVIHWAVWVMKIFGIDEMEVGGIHIPGRQi"CGFSQ
AA^EGYRKEQVRLGIPTOPVLWSADQVIHWAVWVMKIFNIDEMEIGSIHIPGRDLCSFSQ
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EEFLQRVPS--GKILWSHLELLRKYM
EEFLQKVPN—GEILWSHLELLRKYTJ
EEFNQKLPRDPGNIFWTgLQLLKECb

LASQEQQMNEI—VTIDQPVQIIPA-SVPPATPT 282
[ASQEQQMNEI— VTIDQPVQIIPA-SVQSATPT 282

IQEQQMNEI—VTIDQPVQIIPA-SVQSATPT 164
LASQEQG-GEIATVTIDLPVQIIPA-SIQPSAQT 80
CASQDQSOEAT—VTIDQPVQIIPA-PVQQATPT 276
LASQDQSGGDAT-VTIDQPVQIIPT-QVN—-TPT 274
FVSVVHKRAEE--QRKPKQPRIMSANSISTNSGG 301

283 TI KVINSSAKAAKV3RSPRISGEDRSSPGNRT GNNl
283 TI KVINSSAKAAKVQRAPRISGEDRSSPGNRT GNN(
165 AI KAINSSAKAAKVQRAPRISGEDRSSPGNRT GNNl
81 TI KVINSQTKVAKIQRAPRISGEDRSSPGNRT

277 AI KVM KHNKTPRAPRISGEERSSPGNRT
2 75 AI KVL KQSRGPRAPRISGEERSSPGNRT GNNl
302 SLSLEQRIMRKSYQSVKSSDSVE-STTSSMNPSNYTTIGS'

334
334
216
132
324
322
360

VXXCIQ^^

Q PNT domain

JH ETS domain

[°] p interaction domain

Figure 2.5 - Evolutionary Conservation of the GABPa Protein Sequence.
Amino acid sequence alignment of GABPa proteins, using mouse as the reference sequence.
Identical residues are indicated in bold and protein domains are shaded. Gl: 13646482 M.musculus
(mouse) 454aa; Gl: 13645482 H.sapiens (human) 454aa, 96 % identity; GI:3046690 O.aries (sheep)
338aa, 95 % identity; Gl:992622 X.laevis (frog) 146aa, 82 % identity; Gl: 18858577 D.rerio
(zebrafish) 455aa, 74 % identity; GI:4204471 T.rubripes (fugu) 440aa, 70 % identity; Gl:544235
D.melanogaster (fruit fly) 464aa, 38 % identity.
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Figure 2.6 » Structure and Transactivation of GABP on DNA.
(a) NMR protein structure of the GABP complex bound to DNA (figure reproduced
from Wolberger 1998). (b) GABP complexes that can bind DNA. (i) GABPa alone has
no transactivation potential, (ii) GABPY binding to a results in weak transactivation
of target genes. GABPp binding to a results in (iii) moderate to (iv) strong target gene
transactivation, determined by presence or absence of a p homodimer.
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Figure 2.7 - Transcriptional and Post-Translational Control of GABP.
GABP is regulated at transcriptional and post-translational levels. Thyroid hormone (TH)
is able to transcriptionally upregulate expression of GABPa., as are the basal
transcription factors AP2 and Sp1. Cell signalling molecules, such as Neuregulin,
activate GABP via Erk and Jnk phosphorylation and the MAPK pathway, resulting in the
up-regulation of GABP target genes (Utrophin, AChRSand s, MTFA, COXIV and Vb)
together with basal transcription factors Sp1 and Sp3. In contrast, pro-oxidant conditions
within a cell inhibit the activity of the GABP complex.



DNA methylation within the GABP binding site can act as a cell type-specific means

of regulating GABP function in vivo. For example, methylation of a CpG dinucleotide

within the Gabp site in the enhancer of M-lysozyme (required for differentiation of

macrophage/granulocyte cell lineages) in fibroblasts, T cells, myelocytes and immature

macrophages prevents Gabp binding. However, the CpG dinucleotide is not methylated in

mature macrophages (Nickel et al. 1995; Short et al. 1996). Similarly, the Gabp binding

site within the promoter of the Cytochrome P450 gene Cyp 2d-9 encoding Ihe male-

specific steroid 16a-hydroxylase of mouse liver is methylated to a higher degree in female

cells than male cells (Yokomori et al. 1995), and methylation state of the Gabp binding site

within the rat Thyroid-Stimulating Hormone Receptor (TSHR) promoter determines gene

expression in non-functional versus functional thyroid cells (Yokomori et al. 1998).

The MAPK pathway, mediated by ERK/JNK kinases, is also known to play a key

role in the post-transcriptional regulation of GABP complex activity in skeletal muscle

(Fromm and Burden 2001). Neuregulin (NRG) is a growth factor that plays a key role in

morphogenesis of lung, skeletal muscle and heart, by remodelling epithelium (Chausovsky

et al. 1998). NRG binds to ErbB receptors and activates the MAPK kinase pathway,

resulting in phosphorylation and activation of both a and P subunits of GABP in skeletal

muscle cells in vitro (Flory et al. 1996; Fromm and Burden 2001).

As has been found ftr other ETS proteins, interaction of GABPa with other

transcription factors also aids in regulation of its ftansactivation potential (see Table 2.4).

For example, the N-terminus of GABPa binds ATF1 ond CREB and the three transcription

factors synergisticaliy activate the adenovirus E4 promoter in vitro (Sawada et al. 1999).

GABP also physically interacts (using an unr ormined region) with Spl and Sp3,

resulting in synergistic transactivation of the Utrophin promoter in skeletal muscle cells

(Galvagni et al. 2001; Gyrd-Hansen et al. 2002).

Physical interactions of GABPP also affect GABP complex function. Although

providing only weak transactivation potential, the yl isoform of GABPP has been shown

by yeast-2-hybrid and co-immunoprecipitation experiments to bind (using amino acids

149-347, encompassing the central 12 amino acid insertion and NLS) to the transactivation

domain of the cell cycle regulator E2F1 in cardiomyocytes (Hauck et al. 2002). This

interaction of GABPyl has a synergistic effect on E2F1 transactivation of the histone

H2A.1 promoter in vitro through use of the E2F1 DNA binding domain, however GABPyl
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represses the upregulation of proapoptotic E2F1 target genes (Hauck et al. 2002). GABPp

and y isoforms are also capable of binding to the tissue-specific cofactors of Polycomb

proteins, Y.VF-2 (YY1 -associated factor 2) and the closely related YEAF1 protein (YY1-

and E4TFl/hGABP- associated factor 1), using amino acids 249-310, overlapping with the

NLS (Sawa et al. 2002). YAF-2 and YEAF1 also bind the Ying-Yang -1 (YY1)

transcription factor, and can act as cofactors for formation of ternary complexes with YY1

and GABP (Sawa et al. 2002). However, in vitro transactivation of the Retinoblastoma

(Rb) promoter by GABP is enhanced by YAF-2 binding, yet repressed by YEAF1 binding

(Sawa et al. 2002). Taken together, this data suggests that, although GABPP does not bind

DNA, its functional domains and tissue-specific interactions with other proteins help

determine the effect of GABP binding to any given target gene.

2.2.4 GABP Expression

The GABP transcription factor is ubiquitously expressed in mouse, rat and human

tissues, and the p and y isoforms are more readily detected than a (Escriva et al. 1999).

Due to the multi-factorial nature of the GABP complex, it is not surprising that Gabpct and

Pl-l levels are concordant across all tissues in the mouse (de la Brousse et al. 1994).

However, study of Gabpa expression in the rat testes, liver and brain show no correlation

between the RNA and protein levels (Vallejo et al. 2000). Therefore, as described above,

Gabp is regulated at both transcriptional and post-transcriptional levels.

Alternative Transcripts

Multiple transcripts exist for both the a and psubunits of GABP (as detected by

Northern blot analysis), indicating alternative splicing or multiple initiation and

polyadenylation sites (LaMarco et al. 1991). However, only one form of GABPa protein

has been identified, and the p isoforms characterised do not account for all RNA transcript

sizes. Alternative transcripts have been described for other ETS factors: ETS-1 (Jorcyk et

al. 1991; Queva et al. 1993; Li et al. 1999a), ETS-2 (Watson et al. 1990), ERG (Reddy et

al. 1987; Murakami et al. 1993), FLI-1 (Prasad et al. 1998) and ELF-5 (Zhou et al. 1998).

These transcripts result from the use of alternative promoters, alternative splicing, or

alternative polyadenylation sequences. Some ETS proteins resulting from alternative

transcripts possess quite different functions. For example, the p42 isoform of ETS-1 lacks

the N terminal inhibitory domain and inhibitory phosphorylation site, and activates an

alternative apoptosis pathway in cancer cells by inducing Caspase-1 expression (Li et al.
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1999a). Hence identification of additional transcripts expressed by Gabpa and jS genes

would aid in a better understanding of gene and protein function.

Promoter Analysis

The target genes of ETS transcription factors is highly dependent upon their

expression patterns, therefore another important means of studying gene function is by

analysis of temporal and tissue-specific promoter elements. Recently, the mouse Gabpa

promoter was cloned and found to be bi-directional, driving expression of the

Mitochondrial ATP Synthase Coupling Factor F7gene in the opposite direction (Chinenov

et al. 2000). Binding sites for ETS proteins, SP1 and YY1 are present in the Gabpa

promoter (Chinenov et al. 2000), as shown in Figure 2.8. ETS sites are common in

promoters of other ETS genes, providing a means of competitive inhibition and

autoregulatory feedback (Majeius et al. 1992; Liu et al. 1997; Barbeau et al. 1999; Truong

and Ben-David 2000). Primer extension and analysis has also shown multiple transcription

start sites for both Gabpa and Mitochondrial ATP Synthase Coupling Factor VI genes, and

no TATA box (Chinenov et al. 2000). These features are common to other ETS genes,

such as ETS-1 (Jorcyk et al. 1991) and ETS-2 (Tymms and Kola 1994).

The arrangement of binding sites within the Gabpa promoter is actually quite similar

to the bi-directional promoter regulating expression of Surfeit (SURF) inner mitochondrial

membrane proteins SURF 1/2 (Cole and Gaston 1997), and promoters of GABP target

genes COXIV and COXVb encoding subunits of Cytochrome-c-oxidase, (Lenka et al.

1998), and Mitochondrial Transcription Factor A (MTFA) (Virbasius and Scarpulla 1994).

Taken together, this highlights the housekeeping function of mitochondrial proteins such as

Mitochondrial ATP Synthase Coupling Factor VI and correlates with the ubiquitous

expression of the Gabpa protein, and function of the Gabp complex to regulate the

transcription of many genes necessary for mitochondrial function (discussed below). Heart

and muscle-specific transcription factor binding sites present further upstream in the

Gabpa/ Mitochondrial ATP Synthase Coupling Factor VI promoter region may serve as

enhancers of Gabpa expression in these tissues of high energy use (Chinenov et al. 2000).

2.2.5 GABP Target Genes

Over 60 potential target genes of GABP have been identified to date (see Table 2.5).

This number is growing rapidly, as more promoter regions are being sequenced and

characterised by deletion and site-specific mutation analysis. To be classed as a valid
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-37 9 TCTCTCCTCGTGAAGAAACCCAGAAGCTCAGTCCCAGGAGGCCGAGCTAGCCCAGTTACC Mouse
* ********* ********** ******* ***** *** * ** ****

41121 CCAGGCCTCGTGAAAAAACCCAGAACTGGAGTCCCAAAAGGCCACGCTGATCTAGCTACC Human

AP1
-332 TAGCCCAGTTACCCT

* * ** ******

41168 TGATCTAGCTACCCT

-272 CCGCCACC GTTCTA
** ***** * ****

41228 CCACCACCT'XGCTCTA

CTTGCACTGAGTCCCGAGCTGCCAGAGTCACCGCCG
******** *************** *•* * ******

CTTGCACTCAGTCCCGAGCTGCCAAAGCCTCCGCCG

GABP Sp1 Sp1
3CCCTGGC TCCGCCT ^CACACGCCTA CCCGCCAJTCGC
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * •*,****

CCCTGGCTCCGCCC XACACGCCTA CCCGCCAfl'CGC:cA|r(

GABP
-215 AAGGCAOTATGGGCCGCGGCTTCAGTCGTTCGACGCTCACCGGAC

* * * * • * • * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

41288 AATGCATTATGGGCCGCCGTTTCAGTCGGTCGACGCTCACCGGAC \i

SRE

GCCTCGAA
* * * * * * *
GTCTCGGA

GABP

-95 GGGTAAGT
********

414 08 GGGTAAGTGJ

* * •

-15 5 GGGAGTCTGCGACCGGACGCCTCTAGGTGAGACAGAAG M

41348 GACAGTCTGCGACCGGACGGGTCTAGGTGAGACAGAAG

GABP YY1
uGTCCCTCAGCTAAGA'
****** ** **

GGTCCCCTGGCACAGC

-35 ACCC CCTTTTCCC-TCTTGGAGACACTGCAi
******* ** * ** ** ***

414 68 ACCCUTTCTTTTTCCCCTCCTTGAAACCTTGCT'

GGA

'ACACTTTAACTTC
* * * * * * *

TCGCCT-AATTTG

-TTC TGGCC
** *****

CTTTGAGTGGCC

AP1
18 TGTCCCCTAGTTCAAGCTCCCT

41528 TTTCCCCTAGTTCAAGCTCCCC

GTCCCGATCCTTGGGGTTGGGGAGGTG
* * * * * * * * * * * * * * * * * • * * *

[CGTCCTGTTCGTTAGGGTTATCGAAGTG

73 GATGTAGGGTGGGGGTACAAAGGAGCGCGTAAAAACCAAAACCAAAACAAAAC^AAAAAC
* * * * * ** * ** ** * ** *** **** *

41588 TATAAAGG-TGCAGGGA-AAGTGAGACTGTGTAAAACAAAGCGGATTG-

Figure 2.8 - Mouse and Human GABPa/ATP Synthase Coupling Factor 6
Intergenic Region.
Nucieotide sequence alignment of the mouse and human GABPalATP Synthase Coupling
Factor 6 intergenic regions. Conserved nucleotides are indicated by asterisks. Conserved
regulatory elements are shaded: GABP (blue), Sp1 (yellow), AP1 (green), SRE (orange), YY1
(red), NRF-1 (purple). Mouse Gabpa cDNA is indicated in bold, starting at nucieotide +1.
Figure reproduced from Chinenov et al. 2000.
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Table 2.5 - GABP Target Genes.

TARGET GENE ASSOCIATED TRANSCRIPTION
FACTORS

ASSAYS REFERENCES

Muscle Structure and Function
Mouse <x4 Integrin

Mouse Nicotinic Acetylcholine
Receptor 5 and £ subunits
(AchR 5 and e)

Mouse Acetylcholinesterase

Human Neuregulin

Human and Mouse HER2
heregulin receptor (neu/erbB2)

Human and Mouse
Utrophin A and B

API, AP2, Spl, PU.l binding sites

Unknown

EGR-1/Spl, AP2, NF-KB, GATA-1 binding sites

Unknown

Spl and PU.l binding sites

Spl and Sp3

DEL, GS, SS

DEL, GS, SS, TRAN, NEG, AFF, EXP

DEL, GS, SS

DEL, GS, SS, MUT, TRAN, DNASE, METH

GS, SS, MUT, TRAN, METH, UV

DEL, GS, SS, MUT, TRAN, AFF, IP

(De Meirsman et al. 1994; Rosen et
al. 1994)
(Baldwin and Burden 1988;
Gundersen et al. 1993; Koike et al.
1995; Duclert et al. 1996; Si et al.
1997; Fromm and Burden 1998a;
Sapru et al. 1998; Schaeffer et al.
1998; Ohnoetal. 1999)
(Chan etal. 1999)

(Scott et al. 1994; Fromm and Burden
1998a; Fromm and Burden 1998b)

(Tal et al. 1987; Scott et al. 1994)

(Dennis et al. 1996; Guo et al. 1996;
Gramolini et al. 1999; Khurana et al.
1999; Galvagni et al. 2001; Gyrd-
Hansen et al. 2002; Briguet et al.
2003)

Mitochondria! Function
Mouse Cytochrome oxidase
subunit Vb (COX Vb)

Rat and Mouse Cytochrome
oxidase subunit IV (COXIV)

Human Cytochrome oxidase
subunit VIA1(COX6A1)

Spl, NF-E1 (YY1), NRF-1, API, AP2, AP4, GTG,
CarG, UAS2, Hap2/Hap3, Mtl, Mt2, MO (rat), Mt4
(human)
Spl, NF-E1 (YY1), NRF-1, API, AP2, AP4, GTG,
CarG, UAS2, Hap2/Hap3, Mtl, Mt2, Mt3 (rat), Mt4
(human)

NRF-1, YY1 (represses), SP1

DEL, GS, SS, MUT, TR/.N

DEL, GS, SS, MUT, TRAN

GS

(Carter et al. 1992; Sucharov et al.
1995; Lenka etal. 1998)

(Yamada et al. 1990; Carter and
Avadhani 1991; Carter et al. 1992;
Virbasius et al. 1993; Carter and
Avadhani 1994; Scarpulla 1997;
Lenka et al. 1998; Bachman et al.
1999; Nie and Wong-Riley 1999)
(Wong-Riley et al. 2000)



Bovine Cytochrome oxidase
subunit VIIaL (COX7AL)

Bovine Cytochrome oxidase
subunit VIIc (COX7C)
Mouse Cytochrome oxidase
subunit 17 (COX 17)

Human succinate-ubiquinone
oxidoreductase (cybS or SDHD
- Succinate Dehydrogenase Ip
(Iron sulfur subunit))
Human y-Glutamylcysteine
Synthetase Regulatory Subunit

Human Mitochondrial ATP
Synthase P Subunit

Human. Rat and Mouse MTFA
(mitochondrial transcription
factor A)

Human MTFB (mitochondrial
transcription factor B)

Human Porin isoform 1

Human Mitochondrial Glycerol
Phosphate Dehydrogenase

Human Mitochondrial Outer
Membrane Receptor Tom20

Human Mitochondrial
RibosomalS12 Protein

Nrfl, Spl binding sites

YY1

Spl, Nrfl

Nrfl, cdxA, GATA1 and 2, Lyf-1, Nkx-2, Sox-5, SRY,
USF.YY1 binding sites

AP-1 (particularly JunD)

Spl

Spl and Nrfl

Spl, API, NFKB binding sites

Spl ?/sterol repressor site

Spl Sp3, Sp4, PU.l, API, AP2

Nrfl binding site

GS, MUT, TRAN, DNASE, METH

DEL, GS, TRAN

DEL, MUT, TRAN

DEL, GS, MUT

GS, SS

DEL, GS, SS, MUT, DNASE

MUT, TRAN, DNASE, METH

-

DEL, GS, TRAN

(Seelan and Grossman 1993; Seelan
et al. 1996; HUttemann et al. 2000)

(Seelan and Grossman 1997)

(Takahashi et al. 2002)

(Au and Scheffler 1998; Hirawake et
al. 1999)

(Moinova and Mulcahy 1999)

(Villena et al. 1994; Villena et al.
1998)

(Tominaga et al. 1992; Virbasius and
Scarpulla 1994; Mao and Medeiros
2001; Choi etal. 2002)
(McCulloch et al. 2002)

(Messina et al. 2000)

(Gong et al. 2000; Hasan and
MacDonald 2002)

(Hernandez et al. 1999)

(Johnson et al. 1998)

Immune Cell Function and Haematopoiesis
Ruminant Interferon T

Human Thrombopoietin

Human IL-2

Human IL-16

Ets-2

Unknown

Unknown

CREB binding protein (CBP)/p300) (enhancer)

MUT, TRAN, Y-l-H

DEL, GS, SS

DEL, GS, SS, MUT, TRAN

DEL, GS, SS, TRAN

(Ezashietal. 1998)

(Kamuraetal. 1997)

(Avots et al. 1997; Hoffmeyer et al.
1998)
(Bannert et al. 1999)
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Human CD 18

Mouse Tumour Necrosis Factor
(TNFa)
Human yc

(subunit of cytokine receptors)
Rat Factor IX
(coagulation factor)
Mouse Neutrophil elastase and
Proteinase 3
Mouse Lysozyme-M

Human Heparanase-1 (HPR1)

Mouse Uroporphyrinogen II
Synthase

PU.I (competitor), Spl, CREB binding protein
(CBP)/p300) (enhancer)

PU.I

Elfl (indirectly binds promoter)

DBP and HLF
C/EBP can co-occupy the ETS site
C/EBP, c-myb, Spl binding sites
PU.I and CBF.
Nfl, C/EBP, API binding sites

Spl

Spl.NFl.APl.Octl

DEL, GS, SS, MUT, TRAN, DNASE, PD

GS, SS, TRAN

DEL, GS, SS, TRAN

GS, SS, MUT, TRAN, EXP

DEL, GS, SS, MUT, TRAN

GS, SS, TRAN, DNASE, AFF, METH

DEL.GS, SS, MUT, TRAN

DEL, TRAN

(BOttinger et al. 1994; Rosmarin et al.
1995; Rosmarin et al. 1998; Bush et
al. 2003)
(Tomaras et al. 1999)

(Markiewicz et al. 1996)

(Bocciaetal. 1996)

(Nuchprayoon et al. 1999)

(Bonifer et al. 1994; Nickel et al.
1995; Short etal. 1996)
(Jiang et al. 2002)

(Aizencang et al. 2000)

Cell Cycle and Signal Transduction
Mouse Retinoblastoma Protein
(RB)

Human BRCA1

Mouse 180kDa Subunit of
DNA Polymerase a
Mouse Ribosomal Proteins
rpL27A,L30, S16.L32

Human Ribosomal S3 a
Mouse N-deacetylase/N-
sulfotransferase 2 (NDST-2)
Mouse HRS/SRp40
Mouse Cyp2d9

Human Fas

Human Oxytocin Receptor

Mouse Prolactin

BC1-3 (promotes GABP tetramer formation)
Spl, ATF/CREB and E2F binding sites

Unknown

Spl, E2F

Spl (site in S16 promoter)
GABP represses S16
GABP activates L30
GABP represses S3a
MITF (mi mutant inhibits)

YY1 (repressor), Spl (potentiator)
Nf2d9

AP-1 (synergistic)

API binding site (c-Fos/c-Jun), Spl

Ets-1, C/EBPa, SAP-1, E!k-1

TRAN

DEL, GS, SS, MUT, TRAN

DEL, GS, MUT, AFF

GS, SS, MUT, DNASE

DEL, GS, MUT, TRAN
GS, SS, NEG, IP, EXP

GS, SS, TRAN
GS, SS, TRAN, DNASE, AFF, METH

GS, SS, MUT

DEL, GS, SS, TRAN

GS, SS, TRAN, AFF, IP, UV

(Savoysky et al. 1994; Sowa et al.
1997)

(Atlas et al. 2000)

(Izumi et al. 2000)

(Genuario and Perry 1996; Curcic et
al. 1997)

(Goodin and Rutherford 2002)
(Morii etal. 2001)

(Du et al. 1998)
(Yokomori et al. 1995; Gonzalez and
Lee 1996)
(Lietal. 1999)

(Hoareetal. 1999)

(Ouyang et al. 1996; Schweppe and
Gutierrez-Hartmann 2001)



Human Apoltpoprotein A-II
(Apo A-II)
Mouse 6-phosofructo-2-kinase/
fructose-2-6-bisphosphatase
Human Folate-binding protein

Human Aldose Reductase

Rat Thyrotrophin-releasing
hormone receptor
Rat Thvrotropin Receptor Gene
(TSHR')

Human and Rat Thymidylate
Synthase

Human Cyclophilin 40

Human Tenascin-C

Human Adenylosuccinate Lyase
(ADSL)
Rat Pern Homeobox Gene

C/EBP

Spl

Spl

Spl binding sites

Unknown

TTF-1, Y-box protein
CBP binding site

Spl

Spl, Ap2, Apl binding sites

Spl,Sp3

Spl, E2F, C/EBP binding sites

Spl, Sp3, Elfl

GS, AFF, METH

GS, SS, MUT, TRAN

GS, SS, TRAN

DEL, GS, MUT, DNASE

-

GS, SS, TRAN, DNASE, METH

DEL, GS, MUT, TRAN, NEG

DEL, GS, SS, MUT, TRAN

DEL, GS, TRAN

DEL, GS, MUT

DEL, GS, SS, MUT, TRAN

(Cardotetal. 1994)

(Dupriez et al. 1993)

(Sadasivan et al. 1994)

(Wang etal. 1993)

(Sellaretal. 1993)

(Yokomori et al. 1998)

(Lee and Johnson 2000; Rudge and
Johnson 2002)

(Kumar etal. 2001)

(Shirasaki et al. 1999)

(Marie et al. 2002)

(Rao et al. 2002)

Viral Proteins
HIV LTR

HSV-1 IE genes
(Herpes Simplex Virus
immediate early genes)
Adenovirus Early 4 (E4)

Mouse Mammary Tumor Virus
LTR (MMTV LTR)

Human B19 Parvovirus
(P6 Promoter)

NFtcB and Spl binding sites

Cl (co-activator), aTIF, Oct-1, Spl

ATF/CREB (synergistically)

Glucocorticoid receptor (co-operates)
CBP and p300 site 19X

Spl (synergistically), YYl (represses synergy), an ETS
factor

GS, SS, MUT

DEL, GS, SS, MUT, TRAN, METH,
Y-2-H, PD

GS, MUT, TRAN, IP, GST

GS, SS, MUT, TRAN, DNASE

GS, SS, TRAN, DNASE

(Verhoefetal. 1999)

(Vogel and Kristie 2000)

(Sawada et al. 1999)

(Aurrekoetxea-Hernandez and Buetti
2000)
(Vassias et al. 1998)

GABP target genes, grouped according to product function. Transcription factors that interact with GABP, or nearby binding sites, are indicated, as are the
assays used to identify the GABP target genes: DEL= promoter deletion, GS= gel shift, SS= supershift, MUT= mutation of ETS site, TRAN= transactivation,
DNASE= DNasel footprinting, NEG= dominant negative mutants, AFF= affinity purification, IP= immunoprecipitation, METH= methylation interference, Y-2-H=
yeast-2-hybrid, PD= GST pull down, Y-1-H= yeast-1-hybrid, UV= UV crosslinking, EXP= expression pattern. Relevant references are also shown.



target gene, electrophoretic mobility shift assays with competition and supershifting of

specific complexes, transactivation assays, promoter deletion analysis and mutagenesis of

the ETS binding site should be performed (Sementchenko and Watson 2000).

Classes of genes regulated by GABP include these encoding ribosomal proteins, cell

cycle and cell survival regulators, immunophilins, splicing factors and remodelling

proteins, mitochondrial proteins, neuromuscular junction (NMJ) proteins, haemopoetic

proteins, genes of immune function and viral proteins. Usually, GABP acts as a positive

regulator. The ribosomal protein genes SI 6 (Genuario and Perry 1996) and S3a (Goodin

and Rutherford 2002), together with human Mitochondrial Glycerol Phosphate

Dehydrogenase (Hasan and MacDonald 2002), are the only target genes reported to daU

that are transcriptionally repressed by GABP. In the case of ribosomal proteins, it is

thought that location of the GABP binding sites, relative to the transcriptional start site,

determines whether GABP activates or represses the downstream gene (Goodin and

Rutherford 2002). ETS-1 has similarly been reported to act as an activator or repressor,

depending upon cell type and promoter context (Macleod et al. 1992). This is not

surprising, given the dependency of ETS proteins upon interacting transcription factors.

The function of GABP at the NMJ has been extensively characterised, with target

genes including Acetylcholine esterase, Acetylcholme receptors (AChR) S and e and

Utrophin. GABP aids in the specific expression profiles of these genes during NMJ

formation and retention (Koike et al. 1995; Duclert et al. 1996; Schaeffer et al. 1998).

However, GABPa is present in limiting amounts in skeletal muscle (Galvagni et al. 2001),

making it necessary for other transcription factors to help regulate target genes. Other well

established gene targets of the GABP complex encode proteins of mitochondrial function:

MTFA (the major TF of mitochondrial DNA), several subunits of Cytochrome-c-oxidase,

Mitochondrial ATP synthase (3, Succinate dehydrogenase iron sulfur subunit, and

Mitochondrial glycerol phosphate dehydrogenase. Therefore GABP appears to play a key

role in the regulation of cellular respiration.

2.3 GABP Complex Function
Due to the nature of its target genes, GABP function has been implicated in the

processes of skeletal muscle development and cellular respiration, and therefore in the

manifestation of muscular and mitochondrial diseases when deregulated.
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2.3.1 GABP in Skeletal Muscle Development and Function

Myogenesis

At the onset of myogenesis, mononucleated myoblasts withdraw from the cell cycle

and fuse, resulting in formation of multinucleated myotubes, decreased expression of non-

muscle isoforms of Actin, Troponiyosin and Myosin proteins, and increased expression of

their skeletal muscle-specific isoforms to function as the contractile proteins of muscle

fibres (Gunning et al. 2000). The Retinoblastoma (Rb) protein is transcriptionally

upregulated during myoblast differentiation (Okuyama et ai. 1996). Dissociation of the

repressor ATF-1 from the Rb promoter exposes overlapping GABP, Spl and E2F binding

sites, and Bcl-3 acts to increase GABP tetramer formation on the Rb promoter resulting in

increased Rb mRNA expression (Shiio et al. 1996). It is an accumulation of Rb protein,

forming complexes with MyoD transcription factors, that signals a cell to permanently

withdraw from the cell cycle and activate myogenic differentiation, and inactivation of the

Rb gene or protein results in an inhibition of myogenesis (Gu et al. 1993). During muscle

differentiation, heterodimeric a/p integrin cell surface receptors (particularly c<4 integrin,

encoded by a GABP target gene) also act to mediate cell-cell and cell-extracellular matrix

interactions (De Meirsman et al. 1994; Rosen et al. 1994; De Meirsman et al. 1996).

Following myogenesis, differential expression profiles of the MyoD family of

transcription factors (Hughes et al. 1993), and structural proteins such as Utrophin (a

GABP target gene) (Jasmin et al. 2002), Neural Cell Adhesion Molecule (N-CAM)

(Muller-Felber et a!. 1993) and Myosin Heavy Chain (MHC) (Schiaffino and Reggiani

1994) are found in fast twitch/glycolytic/phasic versus slow twitch/oxidative/tonic skeletal

muscle fibres. It is the different MHC isoforms that help determine the contractile

properties of muscle fibres (Barany 1967), and they are therefore used to identify the

various skeletal muscle fibre types: I, Ha, lib, He and IIx. Type I slow twitch fibres are

small in diameter and red coloured due to their high density of mitochondria and

capillaries, resulting in their high oxidative capacity. Type lib fast twitch fibres are large

in diameter and white coloured due to their low density of mitochondria and capillaries,

giving them a low oxidative capacity. Instead, type lib fibres contain high levels of

glycogen, resulting in their high glycolytic enzyme activity. Type Ha fibres are

intermediate in colour and display both glycolytic and oxidative properties, and type He

fibres are undifferentiated, contain MHC I and Ha isoforms, and are more common during

gestation than in adulthood, where they constitute <5 % of skeletal muscle (Fox et al.
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1989). Type IIx fibres display properties in between those of type Ha and lib fibres and

are highly abundant in the diaphragm muscle (SchiaffiriO et al. 1989). While each muscle

tissue is composed of a mixture of fibre types, glycolytic fibres are more predominant in

tissues used for rapid, forceful movements, such as quadriceps, and oxidative fibres

predominate in tonically active muscles, such as the soleus calf muscle (Fox et al. 1989).

Differential expression of isoforms of Myosin heavy chain (MHC) can be detected in

undifferentiated satellite cells and primary muscle fibres before specific muscle tissues

form, indicating that fibre type is (to some degree) an intrinsic property of each myoblast

type (DiMario et al. 1993; Barjot et al. 1995). However, even the fibre type composition

(thus contractile properties) of mature skeletal tissues can be altered by changes in

innervation (Esser et al. 1993), hormone levels (Yu et al. 1998), nutrition and exercise

(Goldspink and Ward 1979). A proposed mechanism of fibre type-specific gene

expression involves nerve-dependent determination of intracellular calcium levels and

subsequent activation of a calcineurin-dependent signalling pathway (Chin et al. 1998).

One alpha motor neuron (having a cell body in the ventral root of the spinal cord)

innervates 10-1700 muscle fibres by extending through the central region of a muscle,

perpendicular to the long axis of the myotubes, to form a functional motor unit (Bird

1992). Each motor unit may contain fibres scattered throughout a muscle tissue, but they

are always of the same fibre type (Howald 1982), and each small terminal nerve branch

innervates only a single muscle fibre (Sanes and Lichtman 1999). The point of contact

between each nerve and muscle fibre is termed a neuromuscular junction (NMJ), and

termination of motor axon branches adjacent to the main intramuscular nerve results in a

narrow and distinct endplate zone rich in NMJs (Burden 2002).

Neuromuscular Junction Formation and Signalling

Each NMJ is composed of three cell types; motor neuron, muscle fibre and Schwann

cell (Sanes and Lichtman 1999), as shown in Figure 2.9. The motor neuron forms the

presynaptic terminal, which has a high density of mitochondria, and synaptic vesicles

containing Acetylcholine (ACh). The Schwann cell forms a sheath capping the motor

nerve terminal, and Neuregulin is necessary for Schwann cell survival at the NMJ, with its

effects being mediated by ETS factors including Gabp, Ets-2 and Net (Parkinson et al.

2002). The skeletal muscle fibre constitutes the complex postsynaptic membrane

formation at the NMJ, known as junctional folds. At the NMJ, synaptic vesicles of the

motor neuron fuse with the presynaptic membrane, releasing their contents, including
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Figure 2.9 - The Neuromuscular Junction.
Schematic representation of a neuromuscular junction. The nerve terminal is coated
with a Schwann cell envelope and is filled with mitochondria that release calcium at the
endplate. Synaptic vesicles fuse to the presynaptic membrane of the nerve to form
active zones. This allows for diffusion of Acetylcholine (ACh) into the synaptic cleft, and
uptake of the ACh by receptors (AChRs) located in the postsynapticjunctional folds of
skeletal muscle, eliciting a contractile response. Image adapted from Siklos et al. 1995.



Acetylcholine (ACh), into the synaptic cleft. ACh is then taken up by Nicotinic

Acetylcholine Receptors (AChRs), located in the top third of junctional folds within the

postsynaptic membrane of skeletal muscle (Slater et al. 1992). It is binding of ACh to the

AChR ion channel that stimulates skeletal muscle contraction.

It has recently been shown that skeletal muscle can be classified into two groups,

independent of fibre type composition, by virtue of how fast NMJs develop, how many

AChR clusters are present, and AChR distribution (Pun et al. 2002). Fast synapsing

muscles include the adductor, tibialis anterior and intercostals, delayed synapsing muscles

include the gracilis anterior, lateral gastrocnemius, diaphragm and sternomastoid, and the

medial gastrocnemius exhibits intermediate synapsing (Pun et al. 2002). Therefore

changes in protein expression at the NMJ during development need to be studied across

both classes of skeletal muscle. Relative position and speed of synapse development of

hindlimb muscles is shown in Figure 2.10.

AChR components are highly conserved among mammals and mediate synaptic

transmission at all vertebrate NMJs (Beeson et al. 1993). The AChR complex is comprised

of G^PYS subunits in the embryo and c^PeSin the adult (Sanes and Lichtman 1999).

Neuronal innervation, and expression of Agrin, Neuregulin and Acetylcholine stimulate the

switch in receptor type in the first postnatal week of development in fast twitch muscle

fibres. This process continues until adulthood in slow tv/itch muscles such as the soleus

(Witzemann et al. 1990; Missias et al. 1996; Rimer et al, 1997). In foetal, non-innervated

muscle, AChRs are expressed across the myotube surface evenly, and a.U subunits

(including y) are upregulated in denervated muscle (Boulter et al. 1986; Schaeffer et al.

1998). In mature, innervated skeletal muscle, AChR expression is restricted to the top

third of junctional folds (Slater et al. 1992). Disease states of neuromuscular transmission

usually result in decreased folding or mislocalised AChR expression (Slater et al. 1992).

New clusters of AChRs emerge at sites of synapse formation even after muscle damage

and regeneration, by stimulation from neuronal factors such as Agrin (Frank and Fischbach

1979; Slater et al. 1985; Cohen et al. 1997; Meier et al. 1997; Ruegg and Bixby 1998;

Bezakova et al. 2001; Bezakova and Lemo 2001).

How important each of the three cell types (motor neuron, Schwann cell and muscle

fibre) at a NMJ is to the formation and clustering of AChRs remains controversial (Arber

et al. 2002). The neural isoforms of Agrin can stimulate transcription of the mature AChRs

39



(a)

§

2

superficial thigh

deep thigh

calf

FHL

(b)

i
2

superficial t h i g h ^ ^ ^

• / ^ ^ • B '

deep *high^__<_^^j^

calf

irJi

'SI

2.10 - Position of Mouse Hindlimb Muscles.
Schematic representation of the medial (a) and lateral (b) views of mouse hindlimb
muscles. Thigh and calf regions are as shown, and the distribution of fast synapsing
(green) and delayed synapsing (blue) muscles is indicated. Thigh muscles are: AB-
adductor brevis, AL-adductor longus, AM-adductor magnus, BF-biceps femoris, CF-
caudofemoralis, GMax, GMed and GMin-gluteus maximus, medius, and minimus,
GRA and GRP-gracilis anticus and posticus, P-pectineus, RF-rectus femoris, STd
and STv-semitendinosus dorsal and ventral, SM-semimembranosus, TFL-tensor
fascia lata, VM and VL-vast'Js medialis and lateralis. Calf muscles are: EDL and
FDL-extensor and flexor digiiorum longus, FHL-flexor hallucis longus, LGC and
MGC-lateral and medial gastrocnemius, P-plantaris, PB-peroneus longus, PO4 and
PD5-peroneus digiti quarti and quinti, PL-peroneus longus, POP-popliteus, SOL-
soleus, TA and TP-tibialis anterior end posterior. Dotted lines indicate positions of
bones. Figure reproduced from Pun et al. 2002.



subunit (rather than the immature ysubunit), by causing aggregation of Neuregulin and the

EnB receptors of muscle (Meier et al. 1998; Rimer et al. 1998), and both neuronal and

mussle Agrin reorganise the cytoskeleton around the synapse (Bezakova and Lemo 2001).

However, only the alternatively spliced z-Agrin isoform, expressed specifically by the

nerve, potentiates AChR clustering (Sanes et al 1998). Agrin deficient mice feature no

functional neuromuscular synapses, due to loss of AChR clusters and synapse-specific

transcription (Gautam et al. 1996). Skeletal muscle cells may also contribute to the

decision of which cells form NMJs, as they have been shown to possess heritable

positional memory during embryogenesis (Donoghue et al. 1992).

Knockout mice for the receptor (or downstream signalling molecule) of Agrin,

Muscle-specific kinase (MuSK), show that MuSK aids in clustering of AChRs and other

synapse-specific proteins, as well as synapse-specific transcription (DeChiara et al. 1996;

Till et al. 2002). A second unidentified ligand for MuSK is thought to exist, whiclh

activates AChR clustering and sodium channel aggregation, independent of Agrin (Jones eS

al. 1999; Till at al. 2002). However, this process still relies upon Neuregulin/ErbB

signalling for the upregulation o f AChR transcription, and i s potentiated by addition of

Agrin. Proteins such as Rapsyn are essential for tethering the AChRs into the

cytoskeleton. Rapsyn knockout mice die soon after birth, remaining motionless and unable

to breathe (Gautam et al. 1995). These mice feature no AChR clusters, and undetectable

levels of Utrophin, Syntrophin, a-and p-Dystroglycan throughout muscles. Re-

introduction of Rapsyn into Rapsyn-deficient muscle cells in vitro restores their ability to

cluster AChRs following Agrin treatment (Han et al. 1999). Hence Rapsyn is crucial for

organisation of the synaptic basal lamina and postsynaptic membrane, however it is not

essential for synapse-specific transcription. Neuregulin/ErbB signalling through the

muscle appears to play an important role in AChR transcription both with and without

innervation (Yang etal. 2001).

Mechanisms of Synapse-Specific Gene Expression

Only a small percentage of the total number of nuclei in differentiated myotubes

(myonuclei) express postsynaptic proteins to form NMJs (Young et al. 3 998). There are

two branches of specialisation at the NMJ. The first is local activation of expression of

synapse-specific genes, such as AChR (Klarsfeld et al. 1991; Sanes et al. 1991; Simon et al.

1992), Acetylcholine esterase, S-laminint N-CAM, Agrin, Rapsyn and Utrophin (Sanes and

Lichtman 1999). The second means of specialisation is the repression of these genes in
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non-synaptic regions. The later is due, at least in part, to the presence of electrical activity

(Esser et al. 1993; Tang et al. 1994; Bezakova and Lamo 2001; Schaeffer et al. 2001). As

the postsynaptic apparatus reaches maturity, Agrin expression is enough to cause protein

aggregation, change the conformation of the muscle fibre surface and redistribute

organelles (Cohen et al. 1997; Meier et al. 1997).

The E-box, which is the binding site of MyoD transcription factors, is the best

characterised element in promoters of AChR subunits and other skeletal muscle-specific

genes. However, these myogenic binding sites are dispensable for synapse-specific

expression. (Duclert et al. 1996). Recently, me N-box promoter element (5 CCGGAA 3 )

has been characterised and found to control both synapse-specific expression and

extrasynaptic gene silencing (Koike et al. 1995). GAB.P has been shown (by EMS A) to be

the transcription factor that binds the N-box, which is present in promoters of Utrophin

(Khurasia et al. 1999), AChRS and £ (Schaeffer et al. 1998; Si et al. 1999) and

Acetylcholine esterase (Chan et al. 1999).

The e subunit of the AChR, unlike others, needs local nerve-derived signals for its

expression (Gundersen et al. 1 993). Neuronal growth factors of the Neuregulin (NRG)

family (otherwise known as ARIA/Neu/Heregulin) are known to play an important role, as

they are released by motor neurons and accumulate in the synaptic basal lamina (Si et al.

1999). N euregulins h ave b een i mplicated i n d evelopment o f m any o rgans (Burden a nd

Yarden 1997), such as the trabeculation and atrioventriuular valve formation in the heart

(Meyer and Birchmeier 1995), differentiation of Schwann cells and oligodendrocytes

(Gassmann et al. 1995; Erickson et al. 1997), and lobuloalveloar budding in the mammary

gland (Yang et al. 1995). Neuregulin deficient mice (or those lacking the ErbB2, ErbB3 or

ErbB4 receptors) die by E10, due to heart, cranial and hindbrain defects, :vhile

heterozygous Neuregulin deficient mice present with myasthenia (severe muscle

weakness) and have a decreased number of AChR clusters (Lee et al. 1995; Burden and

Yarden 1997; Sandrock et al. 1997). Several isoforms of NRG exist, as a result of

alternative splicing, and can be grouped into three categories based upon their protein

structure; type I NRG proteins contain an Immunoglobulin (Ig)-like loop and a

glycosylation domain, type II NRG isoforms contain an Ig loop but no glycosylation

domain, and type III NRG proteins contain a cysteine-rich domain (Burden and Yarden

1997). Type II NRG isoforms predominate in skeletal muscle, and the ErbB3 receptor is

the key component of the receptor complex in skeletal muscle, its expression being
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upregulated during muscle differentiation (Burden and Yarden 1997). Both motor neurons

and skeletal muscle cells produce NRG (type III isoforms predominating in sensory and

motor neurons), allowing for autocrine actions, such as maintenance of the number and

position of Schwann cells in muscle (Burden and Yarden 1997).

NRG proteins are able to activate the Ras-MAPK pathway in muscle fibres, but are

either less important or act by different means in Schwann cells (Trachtenberg 1998). In

skeletal muscle, Neuregulin receptor binding results in activation of the ERK and JNK

serine-threonine kinases, which phosphorylate specific residues in both the a and p

subunits of GABP (Fromm and Burden 2001). This phosphorylation of GABP leads to

activation of the GABP complex (Fromm and Burden 2001), and subsequent

transactivation of target genes such as Utrophin (Gramolini et al. 1999) and AChRS and

e(Schaeffer et al. 1998; Si et al. 1999). Utrophin deficient mice exhibit a 30 % reduction

in the number of AChRs and junctional folds at NMJs (Deconinck et al. 1997a; Grady et

al. 1997), indicating the importance of Utrophin in skeletal muscle.

Recently, the proposed function of Gabp in the regulation of synapse-specific gene

expression was assessed by generation of a skeletal muscle-specific, Ets dominant-negative

mouse model, using the highly homologous DNA binding domain of Ets-2 linked to a lacZ

reporter gene (de Kerchove d'Exaerde et al. 2002). These mice exhibit decreased mRNA

levels of characterised GABP target genes AChRe, Acetylcholine esterase, fi2 laminin, and

Utrophin A, while no changes in levels of GABP-independent Utrophin B, MuSK or

Rapsyn mRNAs were observed (de Kerchove d'Exaerde etal. 2002). The ETS mutant

mice also feature correspondingly smaller AChR patches and disorganised junctional folds,

when compared to littermate controls (de Kerchove d'Exaerde et al. 2002). The effect of

specific loss of Gabp on skeletal muscle development and function is yet to be analysed.

2.3.2 GABP Function in Congenital Myasthenic Syndrome

Congenital Myasthenic Syndrome (CMS) is a term used to describe a collection of

heterogeneous disorders ofneuromuscular transmission that occur in < 1/500,000 people

(Vincent et al. 1997). CMS can be classified as presynaptic {Acetylcholine or

Acetylcholine esterase mutations), synaptic (mutations in the collagen tail, ColQ, that

anchors Acetylcholine esterase at the NMJ) or postsynaptic (Acetylcholine receptor

mutations) in origin (Engel et al. 1997; Liyanage et al. 2002). Most subsets of CMS are

autosomal recessive in inheritance, but occasionally cases of autosomal dominant
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f transmission are found. All forms of the syndrome result in muscle weakness (of varying

| degrees) by two years of age (Slater et al. 1997), with the possibility of becoming

[3 wheelchair bound. Symptoms progress slowly throughout life, with neonates suffering

$ from ocular, bulbar or respiratory weakness, exacerbated by crying. By two years of age,

j>| children suffer fluctuating ocular palsies, excessive fatigability and delayed motor

ii
5

development (Nichols et al. 1999). Patients can often have normal ultrastructure of NMJs,

while possessing decreased release of Acetylcholine and elongated pre-synaptic terminals

(Liley 1956; Slater et al. 1997). This subsequently results in decreased expression of

Rapsyn or Utrophin post-synaptically (Beeson etal . 1 997; Slater et al. 1 997). Clinical

findings differ from family to family (Gomez et al. 1996), and it has been hypothesised

•;| that a mutation in genes encoding these downstream targets oould also result in CMS

^ (Deconinck et al. 1997a; Vincent et al. J 997). Unlike Myasthenia Gravis, CMS patients

lack antibodies to the NMJ, and do not respond to immunotherapies (Beeson et al. 1997).

j.$ Most postsynaptic CMS disorders are due to a detectable decrease in the number of

AChRs, due to a decrease in functional AChRe protein or Acetylcholine esterase. Patients

with AChRe mutations have an increased level of foetal AChRy protein to compensate for

the loss of the e subunit (Engel et al. 1996; Ohno et al. 1997). Deficiencies of the other

AChR subunits result in foetal lethality, due to an inability to compensate (Engel e ta l .

1996). The mouse model of AChRe loss mimics CMS, with persistent AChRy expression

prior to premature death at 2-3 months of age due to progressive muscle weakness

(Witzemann et al. 1996). Until recently, the only genetic causes of CMS identified were

missense mutations in the coding regions of NMJ proteins, such as Acetylcholine,

'• 3 Acetylcholine esterase or AChRe (Nichols et al. 1999). These mutations result in structural

jvf changes o f the AChR ion channel and altered affinities for A C h binding (Ohno et al.

1997). However, recent studies have reported a homozygous mutation in the GABP

binding site (N box) of the AChRe promoter that results in decreased AChRs due to loss of

AChRe expression (Nichols et al. 1999; Ohno et al. 1999) (see F i g u r e 2.11). The same

C-> T transition has previously been shown to decrease Gabp binding to the mouse AChRe

promoter by 90 %, with a 70 % decrease in reporter gene expression (Duclert et al. 1996).

£] 2.3.3 GABP and Muscular Dystrophy
jrj| Skeletal muscle hypertrophy and regeneration are adaptive processes. Failure to

maintain a balance between the two phases results in aging and myopathies. Several
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Figure 2.11 - GABP Function at the Neuromuscuiar Junction.
(a) At a healthy NMJ, Neuregulin signals from the nerve to activate GABP (by
means of Erk/Jnk phosphorylation), resulting in upregulation of target genes
such as AChRe. (b) In CMS, a mutation within the AChRe promoter prevents
GABP binding, resulting in decreased NMJ signalling and muscle weakness.
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classes of myopathies exist. X-linked Duchenne Muscular Dystrophy (DMD) is the most

prevalent primary myopathy, occurring in 1/3500 male births (Matsumura and Campbell

1994). The protein product reduced or absent in the skeletal muscle of patients suffering

from DMD or Beckers Muscular Dystrophy (BMD) is Dystrophin. The position of the

mutation within the Dystrophin gene determines whether the DMD or BMD phenotype is

observed. An intact C-terminus of the protein results in the less severe BMD, as this

region of the protein is needed to bind membrane glycoproteins (Straub et al. 1992;

Matsumura and Campbell 1994). Dystrophin usually binds Dyrtroglycan-Sarcoglycan,

which links to the extracellular matrix through Laminm (Ahn and Kunkel 1993).

Lack of Dystrophin in the cytoskeleton leads to the production of fragile muscle

fibres sensitive to cycles of contraction and relaxation. This is due to a disruption of

linkage of Dystrophin Associated Glycoproteins (DAGs) to Actin and the cytoskeleton

(Matsumura and Campbell 1994; Gramolini et al. 1999). Patients with DMD are

hypotonic from birth, and display decreased tendon reflexes, increased serum Creatine

Kinase levels, delayed motor development, and seizures (Barkovich 1998). Current

treatment for DMD includes steroids. These molecules divert energy to the muscle,

leading to increased strength. However, if used for prolonged periods, steroids can result

in weight gain and increased hair growth (Khan 1993).

Fast twitch muscle fibres are preferentially degenerated in DMD, which may be due

to their low expression levels of Utrophin, a highly conserved homologue of Dystrophin

(Jasmin et al. 2002). Utrophin is a 13 kb transcript encoding a structural protein (Love et

al. 1989), which is expressed specifically at the NMJ in innervated, mature skeletal muscle

(Bewick et al. 1992; Gramolini et al. 1997). Dystrophin is expressed throughout muscle

fibres, whereas Utrophin is found specifically at NMJs. At the NMJ, Dystrophin is

expressed deep in the junctional folds, where the number of AChRs is low, while Utrophin

is found in the receptor-rich crests (Biral et al. 1996). Dystrophin is also upregulated after

denervation of skeletal muscle, while Utrophin is not (Biral et al. 1996).

Despite the differences in the normal expression patterns of Dystrophin and

Utrophin, DMD patients and Dystrophin knockout (jndx) mice both express Utrophin at the

sarcolemma as well as at the NMJ (Jasmin et al. 1995; Blake et al. 1996; Gramolini and

Jasmin 1998), presumably to compensate for Dystrophin loss. The complementary roles of

the two proteins are highlighted in double knockout Utrophin-Dystrophin mice, which

exhibit exacerbated muscular dystrophy and die prematurely (Deconinck et al. 1997b).
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Utrophin has also been shown to compensate for the loss of Dystrophin function in mdx

mice (Deconinck et al. 1997c), with expression in the correct regions (Tinsiey et al. 1996;

Tinsley et al. 1998). If loss of Utrophin in the sarcolemma is prevented, new myotubes

thrive a nd d egeneration s tops, a s o bserved i n U trophin-treated mdx m ice (Tinsley e t a 1.

1998). Utrophin overexpression also appears to have no side effects in mice (Tinsley et al.

1996), suggesting that increasing the expression and stability of the Utrophin transcript,

and/or increasing the rate of its transcription and translation, are possible means of DMD

therapy (Jasmin et al. 2002). As GABP has been shown to upregulate the Utrophin

promoter (Gramolini et al. 1999; Khurana et al. 1999) it may be possible to use GABP to

upregulate Utrophin in a therapeutic context.

2.3.4 GABP Function in Mitochondria

Mitochondria possess their own genome (mtDNA) and provide the energy for a cell,

by means of oxidative phosphorylation of molecules through the respiratory chain. The

respiratory chain consists of four multi-subunit enzyme complexes; NADH: Ubiquinone

oxidoreductase, Succinate: Ubiquinone oxidoreductase (Succinate dehydrogenase),

Ubiquinone: Ferricytochrome-c-oxidoreductase, and Ferrocytochrome-c: oxygen

oxidoreductase (Cytochrome-c-oxidase) (Capaldi et al. 1988; Taanman et al. 1997). It is

likely that there is co-ordinate regulation of nuclear and mitochondrial gene expression, as

many proteins that function within mitochondria are encoded by the nucleus (Scarpulla

1996). Examples include the major transcripticnal activators of mitochondria! gene

expression, Mitochondrial transcription factors A and B (MTFA and B), as well as

subunits of Cytochrome-c-oxidase and Succinate dehydrogenase.

The two transcription factors necessary for transactivation of nuclear-encoded

mitochondrial genes are Nuclear respiratory factors 1 and 2 (Nrf-1 and ~2) (Scarpulla

2002a). Nrf-2 is an alternative name for GABP. GABP (together with Nrf-1) regulates the

expression of COXIV, Vb (Virbasius et al. 1993), VIA1 (Wong-Riley ei a!. 2000), VIIAL

(Seelan et al. 1996), VIIC (Seelan and Grossman 1997) and XVII subunits of Cytochrome-

c-oxidase (Takahashi et al. 2002), as well as MTFA (Virbasius and Scarpulla 1994) and

MTFB (McCulloch et al. 2002), the key transcription factors of the mitochondrial genome

(see Table 2.5). Other GABP target genes encode the Succinate dehydrogenase iron sulfur

subunit (Hirawake et al. 1999) and Mitochondrial Glycerol Phosphate Dehydrogenase

(Gong et al. 2000). Mice lacking Nrf-1 die between embryonic day 3.5-6.5, and

blastocysts that lack Nrf-1 possess less mitochondrial DNA than their wildtype littermates
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(Huo and Scarpulla 2001). Hence, nuclear factors are necessary to maintain mitochondnal

proliferation. Together, this information has lead to the hypothesis that GABP helps

mediate the co-ordinate nuclear-mitochondrial communication within a cell (Nie and

Wong-Riley 1999).

2.3.5 GABP in Mitochondria! Diseases
With age, there is an increase in tota). mitochondnal volume due to an increase in

their size, and an increased frequency of random defects in complexes III and IV of

Cytochrome-c-oxidase in the liver (Mflller-H6cker et al. 1997). Mitochondrial DNA

mutations affect oxygen-consuming organs such as heart, muscle, renal and endocrine

systems (Capaldi et al. 1988; Wallace 1999). A 66-86 % loss of mtDNA results in

progressive mitochondrial encephalomyopathy, hypotonia, lactic acidosis, and a deficiency

of complex IV of Cytochrome-c-oxidase (Capaldi et al. 1988). However, such conditions

are usually Mendelian in inheritance, indicating the importance of nuclear-encoded factors

in the causation of mitochondrial diseases (Taanman et al. 1997).

Low levels of MTFA (a GABP target) are found in patients with mitochondrial DNA

depletion (Larsson et al. 1994). Cytochrome-c-oxidase deficiency is one of the most

common defects in mitochondrial disease, and can result from a defect in any of its three

mitochondrial proteins (I, II and III) or ten nuclear proteins (TV, Va, Vb, Via, VTb, Vic,

Vila, Vllb, VIIc, VIII) (Taanman et al. 1996), many of which are encoded by GABP target

genes. Cytochrome-c-oxidase deficiency is directly linked to floppy skeletal muscles in

newborn children (Sumegi et al. 1990). This condition leads to the diffuse structure of

myofibres and fusion of the mitochondrial cristae membrane (Sumegi et al. 1990).

Some case: of mitochondrial disease may be due to a halt in mtDNA replication

and/or absence of transcriptional co-ordination of nuclear and mitochondrial Cytochrome-

c-oxidase genes (Taanman et al. 1997). However, pathogenic nuclear mutations in

oxidative phosphorylation are rare and none have been assigned to specific genes

(Scarpulla 1996). GABP may be necessary for the co-ordinate regulation of the nuclear

and mitochondrial genomes, and loss of GABP expression could contribute to

mitochondrial disease, but this is yet to be shown.
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2.3.6 Down Syndrome

Down Syndrome Incidence and Origin

Trisomy 21 is the most commonly identified chiomosome abnormality in humans,

probably because HSA 21 is the smallest autosome, constituting 1-1.5 % of the haploid

genome (Epstein 20O1). Down syndrome (DS), which results from trisomy 21, was the

first chromosomal disorder to be defined (Lejeune et al. 1959). DS occurs in ~l/700 live

births and 25 % of aborted foetuses (Hassold and Jacobs 1984; Network 2000), and results

in many different conditions of varying expressivity. Approximately 86 % of DS cases are

of maternal origin, with 75 % due to nondisjunction in meiosis I (Hassold and Jacobs 1984;

Antonarakis and Group 1991; Antonarakis 1998; Petersen and Mikkelsen 2000; Epstein

2001). The remaining cases result from errors in paternal meiosis I, maternal and paternal

meiosis II, and de novo balanced translocations (Antonarakis 1998). Mosaic DS patients

with de novo translocations can survive longer than other DS individuals, but there is no

difference in phenotype (Taylor 196S). Cytoplasmic inheritance of mtDNA mutations is

one suggested reason for recurrence of aneuploidy in families (Arbuzova et al. 2001).

Other factors that increase the risk of a trisomy 2\ pregnancy include exposure to

abdominal radiation, tobacco smoking and alcohol consumption (Hassold and Jacobs

1984). Polymorphisms in the folate metabolism pathway are also linked to DS incidence

(Hobbs et al. 2000; Al-Gazali et al. 2001).

Pheaotypic Variation and Penetrance in Down Syndrome

Characteristics of DS include; premature aging (St.Clair and Blackwood 1985) and

early onset of Alzheimer-like symptoms (Yates et al. 1980; Van Keuren et al. 1982; Sawa

2001), seizure disorders (MSller et al. 2001), short stature (Cronk et al. 1988), cataracts

(Hestnes et a!. 1991), skeletal and facial dimorphisms (Kisling 1966), haematopoietic and

immune deficiency (Hallam et al. 2000), acute myeloid or lymphoblastic leukemia (Taub

et al. 1999; Wan et al. 1999; Savasan and Taub 2000), abnormal lung development (Schloo

et al. 1991), decreased fertility (Hejager et al. 1978), heart conditions (Hoffinan 1987;

Cohen 1999), muscular hypotonia (Morris et al. 1982), mental retardation, diabetes,

gastrointestinal abnormalities, ear defects and mitochondrial enzyme deficiencies (Prince

et al. 1994; Epstein 2001). Nearly every organ system is affected in DS, while it is rare for

an individual to have all pathologies (Epstein 2001).

The individual conditions observed in DS all occur throughout the general

population, but at a lower frequency (Epstein 2001). For example, congenital heart defects
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are observed in 30-60 % of children with DS (Hofrhian 1987; Cohen 1999), accounting for

70 % of all atrioventricular septal defects (AVSDs) (Barlow et al. 2001). Some

characteristics of DS are linked: congenital heart disease and short stature (Cronk et a!.

1988); thymus and heart defects (Bacchus et al. 1987); poor muscle tons, heart disease and

poor mental development (Schell 1984). However, external anomslies, such as the

distinctive facies of DS, are often more constant than internal traits (Rehder 1981). The

expressivity of DS phenotypes varies from one individual to another, due to allelic

heterogeneity, epistatic interactions, impriming, and environment (Korenberg et al. 1994).

Culture and psychosocial influences could also play a key role in development of some

conditions, such as heart disease (Und&i et al. 2001). C ytoplasmic risk factors (due to

mtDNA mutations) are another suggested cause of the phenotypic variability seen in

individuals with DS (Arbuzova et al. 2001).

Common Features of Down Syndrome

Premature aging and Alzheirner-like pathology is seen in all DS patients over 40

years of age (Wisniewski et al. 1985; Mann 1988; Roth et al. 1996; Anderson et al. 2000;

Capone 2001). The next most common pathologies seen in individuals with DS are mental

retardation and muscular hypotonia (Davisson and Costa 1999; Epstein 2001). The size of

the brain of DS individuals is smaller than that of a diploid person (visible by computer

tomography (CT scan)), however brain weight is proportional tc body size (Schapiro et a!.

1987). Also, DS neurons show increased apoptosis, generation of reactive oxygen species

and lipid peroxidation (Busciglio and Yankner 1995). The region of the brain most

affected in DS is the cerebellum, which is essential for motor function and learning

(Davidoff 1928; Crome et al. 1966; Kisling 1966; Aylward et al. 1997). The cerebellum is

highly susceptible to damage from the environment or in vivo imbalances such as free

radicals, as the cerebellum does not develop completely until several months after birth

(Thach 1998; Fonnum and Lock 2000; Rice and Barone 2000; Seidl et al. 2001; Shapiro

2001). Abnormalities in cerebellar structure are, by themselves, non-specific in CT scans

of the brain (Ramaekers et ai. 1997). However, combined with hypoplasia and frontal lobe

shortening, the accuracy of diagnosis of DS from analysis of brain morphology increases

(Winter etal. 2000).

Brain development in DS appears to atrophy at ~11 months, indicating incomplete

postnatal synaptogenesis (Schmidt-Sidor et al. 1990). Individuals with DS show a

decrease in synaptic density in their sensory-motor cortex and decreased synaptic
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transmission (Becker et al. 1991). This defect in synaptogenesis contributes to the learning

deficits seen in children with DS (Martinez-Cue et al. 1999). A gross loss and atrophy of

nerve cells in DS brains is also observed (Mann et al. 1985). Trisomy 21 neuronal cell

lines display decreased choline uptake and altered membrane receptor function, resulting in

impaired response to neurotransmitters and cytosolic Ca2+ buffering (Allen et al. 2000).

Some controversy exists as to whether the hypotonia observed in muscles of young

individuals with DS is linked to defects of the CNS (Crome et al. 1 966). R espiratory

chain disorders such as Cytochrome-c-oxiduse deficiency can also result in muscular

hypotonia and/or cerebellar hypoplasia (Lincke et al. 1996). In addition, humans witf

monosomy 21 can feature muscular hypertonia or hypotonia (Nielsen and Tranebj^rg

1984; Chettouh et al. 1995), indicating that the gene/s involved is/are extremely dosage

sensitive. This highlights the fact that one cannot diagnose DS on the basis of one or two

characteristics, karyotyping is required, and microdeletions within the trisomic

chromosome may also contribute to the phenotypic variability of DS (Barbi et al. 2000).

Treatment aad Prevention of Down Syndrome Phenotypes

Over half of individuals with DS survive into their fifth decade, due to early

diagnosis and treatment of symptoms. However, congenital heart disease and

susceptibility to infection significantly lower life expectancies, such that individuals with

DS have <3 % chance of living to 78 years (Baird and Sadovnick 1989; Prasher et al. 1998;

Yang et al. 2002b). No means of prevention currently exists for the development of DS

phenotypes, only treatment of symptoms (Epstein 2001).

Trials involving the treatment of DS symptoms have included: human growth

hormone to increase growth rate (Torrado et al. 1991); antioxidants to decrease free

radicals (Noguchi et al. 2000); megadoses of vitamins and minerals to increase intelligence

(Smith e t a l . 1984); 5-hydroxytryptophan to increase muscle tone (Bazelon et al. 1967;

Weise et al. 1974); intervention programmes to improve motor function (Morris et al.

1982); Serotonin to decrease self-injurious behaviours (Gedye 1990); Cholinergic

analogues and Cholinesterase inhibitors as treatments of cholinergic deficits (Yates et al.

1980); Folic acid and Betaine to aid in Homocysteine metabolism (Pogribna et al. 2001);

Ryanodine receptors to prevent effects of ischemic heart disease (Netticadan et al. 1996;

Yu et al. 2000) and brain damage (Sharma et al. 2000); and Enkephalin to strengthen

memory (Martinez and Weinberger 1987-1988). All drug trials have resulted in little effect

or unwanted side effects (Coleman 1971; Coyle et al. 1986). Therefore, further
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characterisation of the functions of genes involved in DS pathogenesis should enable the

deaign and trial of more specific DS therapeutics (Epstein 2001).

Mouse Models of Down Syndrome

Complex disorders are often studied by separating them into a series of phenotypes,

each of which can be effected by different genes (Barlow et al. 2001). Animal models are

useful to highlight differences in mechanisms of similar phenotypes (Panegyres 1997;

Dawson 2000; Rosenberg et ai. 2000). For example, oxidative stress, DNA damage and

protein oxidation are common pathological features of neurodegenerative diseases of

different origins, such as Parkinson's and Alzheimer's disease. Conservation of gene order

on HSA 21 exists between, human, pig (Tuggle et al. 2001), cat and mouse (Watson et al.

1986; Chens st al. 1988; Cabin et al. 1998; Reeves et al. 1998; Reeves and Cabin 1999;

Akeson et al. 2001; Fletcher et al. 2001). The mouse is the preferred model species due to

size, cost, generation time, and characterised genetics (Watson et al. 1986). MMU 16 is

the chromosome most similar to HSA 21, with an identical gene order in the region

between Stch and D16Xrf306 (Reeves and Cabin 1999) (see Figure 2.12). A break in

synteny occurs between the terminal portions of HSA 21 and MMU 1 6. H ence mouse

trisomy 16 is not a true model of DS (Cheng et al. 1988).

Unlike humans with DS, trisomy 16 (Tsl6) mice die early in development, perhaps

due to overexpression of genes whose homologues are encoded by HSA 17 and 10 (Coyle

et al. 1988). Similar to humans, only trisomy of the smallest autosome (trisomy 19)

survives to term in mice (Gearhart et al. 1986). However, Tsl6 mice do allow for some

analysis of DS phenotypes during foetal and embryonic development, such as decreased

brain development, thickened and shortened necks, small heads, short snouts, heart disease

and L .Jvere thymic hyperplasia due to proliferative defects in lymphoid and myeloid cells

(Epstein et al. 1985; Epstein et al. 1990). Such analysis is useful, as DS is primarily a

developmental problem (most consequences are apparent at birth), and developmental

analysis is almost impossible in humans (Baxter et al. 2000). Tsl6 chimaeras have been

produced to enable po?\1iatal studies, and these mice display a decrease in haematopoietic

cell populations but no congenital features (Epstein et al. 1985; Epstein et al. 1990). The

cardiac defects of Tsl6 mice are more complex than those seen in DS (Webb et al. 1997),

perhaps reflecting one of the differences between mouse and human development. Cardiac

defects, hypoplasia of the thymus and impaired associative learning have also been
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Figure 2.12 - Synteny of HSA 21 and MMU 16.
Conserved gene order of HSA 21 and MMU 16, and trisomic regions
present in MMU 16 mouse models. Gabpa (red) is trisomic in
Ts65Dn mice only. Figure reproduced from Reeves et al. 2001.
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observed when chimaeras were generated from mouse ES cells to which HSA 21 had been

added (Shinohara et al. 2001).

Partial Tsl6 mouse models have since been produced, by means of spontaneous

translocation mutations resulting from irradiation of testes (Davisson et al. 1990) (trisomic

regions indicated in Figure 2.12). Mice trisomic for chromosomal segments smaller then

chromosome 19 usually survive (Davisson et al. 1990). Ts65Dn mice carry an extra partial

MMU 16, from proximal of Gabpa (between Ncam2 and Gabpoc) to distal of Mx-1,

containing >80 % of HSA 21 homologues and <5 cM of MMU 17 euchromatin (Akeson et

al. 2001). However, one cannot rule out small deletions within the Ts65Dn chromosome.

The TslCje mouse carries a smaller trisomic chromosome, from proximal of Sod-1 to

distal of Mx-1 (Davisson et al. 1993).

The Ts65Dn mice have been partially characterised, and found to possess several DS

characteristics; male sterility, degeneration of basal fbrebrain cholinergic brain regions,

decreased cerebellar volume (Baxter et al. 2000) leading to poor motor learning (Hyde et

al. 2001a), decreased long-term potentiation (Siarey et al. 1997) and distinctive

craniofacial abnormalities (Davisson et al. 1993; Escorihuela et al. 1995; Richtsmeier et al.

2000) and decreased sensitivity to nociception (Martinez-Cue et al. 1999). Ts65Dn mice

also have an increase in the size of apposition length of excitatory synapses (Kurt et al.

2000), impaired place-learning (Hyde et al. 2001b), learning deficits in habitual behaviour

(Escorihuela et al. 1995) and impaired working and long term memory (Epstein et al. 1985;

Escorihuela et al. 1 995; Reeves et al. 1 995; Escorihuela et al. 1998; Nadel et al. 2000;

Hyde et al. 2001b). TslCje mice exhibit more subtle learning and behavioural

abnormalities (Sago et al. 1998). Effects similar to mental retardation have also been

described in Ts65Dn mice (Holtzmanet al. 1996). Ts65Dnmice are more active then

controls by 6 weeks of age and they develop muscular trembling (Reeves et al. 1995)

(Davisson et al. 1993), phenocopying the hypotonia and hyperactivity of DS. Their steps

are shorter and more irregular, with a lower running speed and weaker grip force than their

littermates (Costa et al. 1999). SAGE analysis of diploid and Ts65Dn mice lead to the

discovery that some of the most altered message levels were those of ribosomal proteins

(Chrast et al. 2000). Hence, perhaps this deregulation of ribosome function explains the

broad range of phenotypes seen in DS. As yet, no heart defects or Alzheimer-like

pathology have been found in these mouse models (Antonarakis 1998; Davisson and Costa

1999).
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A smaller trisomic region is found in MslTs65 mice (App-SodJ), but fewer defects

are seen is these mice (Sago et al. 1998). Therefore, further analysis ofgenes within the

trisomic regions of MMU 16 in these partial trisomic mice should aid in the identification

ofgenes causative of DS phenotypes. Also, making these trisomic mice transgenic for

BACs containing the remaining HSA 21 homologues (2.4 Mb of MMU 10 and 1.5 Mb of

MMU 17) would result in a more complete model for Down syndrome (Akeson et al.

2001; Davisson et al. 2001). Transchromosomal (Tc) mice with HSA 21 fragments

inserted into ES cells have been made successfully, with ~5 Mb of this foreign DNA being

transmitted to at least third generation mice (Kazuki et al. 200 i). These mice have

impaired cardiogenesis (Inoue et al. 2000). However, strain variation leads to differences

in fragment retention and fragments are lost randomly during development, resulting in

phenotypic variation. Future studies are looking into production of artificial chromosomes,

using the HSA 21 centromere to perhaps make the fragments more stable in

transchromosomal mice (Kazuki et al. 2001).

Overexpression models of single genes encoded by HSA 21 (and MMU 16) should

help directly unravel the mechanisms of individual genes in the manifestation of Down

syndrome phenotypes (Kola and Pritchard 1999). The Amyloid Precursor Protein (APP)

gene of HSA 21 is increased 3-fold at the mRNA level in DS versus non-DS brain (Coyle

et al. 1988). Extracellular P-amyloid containing deposits (formed by APP protein) also

become plaques in DS and Alzheimer's disease (Giaccone et al. 1989). It is not surprising

that transgenic mice overexpressing the APP Ap peptide die prematurely, suffering from

seizures and an increased level of cortical apoptosis (LaFerla et al. 1995). Transgenic mice

overexpressing human APP also exhibit a phenotype similar to human cataracts, which is

observed at an increased frequency in DS individuals (Frederikse and Ren 2002).

Superoxide Dismutase 1 (SOD-1) is an enzyme that helps detoxify free radicals.

Increased SOD-1 activity and protein levels are observed in DS tissue (Sawa 2001). This

resembles the situation of normal aging, and is thought to contribute to the premature aging

and/or mental retardation of DS by increasing apoptosis and lipoperoxidation (Feaster et al.

1977; Sinet 1982; Brooksbank and Balazs 1984; de Haan et al. 1992; Cristiano et al. 1995;

de Haan et al. 1997; Gulesserian et al. 2001; Turrens 2001). SOD-1 mediates such effects

by upregulating genes on other chromosomes, such as the detoxifying enzyme Glutathione

Peroxidase (GPX), GAP-43, and NOS3 (Sawa et al. 1997), the pro-apoptotic genes Box,

CD95 (or Fas) mdp53 (de la Monte et al. 1998; de la Monte 1999; Seidl et al. 1999), and
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downregulating others, such as the anti-apoptotic Bcl-2 (Sawa et al. 1997). Sod-1

transgenic mice suffer from hypoplasia of the thymus and increased apoptosis of

thymocytes, together with a 20-30 % reduction in numbers of haematopoietic progenitor

cells (Peled-Kamar et al. 1995). Although the lifespan of Sod-1 tramigenic mice is normal

(Huang et al. 2000) they do exhibit signs of premature aging (Yarom et al. 1988), including

degeneration and withdrawal of terminal axons at NMJs of the tongue (Avraham et al.

1988), resembling that seen in DS individuals (Yarom et al. 1986).

2.3.7 GABP Function in Down Syndrome
The specific roles of the ETS transcription factors encoded by HSA 21 (ETS-2,

ERG and GABPa) in the development of DS phenotypes remain unknown, however, Ets-2

transgenic mice show similar neurocranial, visceroeranial and cervical skeletal

abnormalities to those of DS individuals (Sumarsono et al. 1996), indicating that ETS-2

plays a role in skeletal development. In addition, the Ets-2 transgenic mouse exhibits a

smaller thymus and lymphocyte abnormalities similar to those observed in DS (Wolvetang

et al. 2003), suggesting that ETS-2 is involved in thymic development. Lack of the 21q21-

21q22.1 region of HSA 21, where GABPa maps, has been shown to be involved in 10/25

pathogenic features of monosomy 21, including muscular hypertonia and mental

retardation (Chettouh et al. 1995). Deletion within this region has also been found in a

case of first episode psychosis, where the patient presented with mild mental retardation

and dysmorphic features (Takhar et al. 2002). It is a hypothesis of this research that the

muscular hypotonia and cholineric signalling defects seen in DS individuals is due to a

common means of regulation of the Acetylcholine Receptors in brain and skeletal muscle.

GABP is known to regulate ACHR8 (Baldwin and Burden 1988) and e (Schaeffer etal.

1998) genes in skeletal muscle, and an ETS binding site has been identified in the

Neuronal Nicotinic Receptor gene cluster (McDonough et al. 2000). Figure 2.13

summarises how GABP may contribute to DS phenotypes.

Acetylcholine is one of the major neurotransmitter systems affected in Alzheimer's

disease and DS (Cairns 2001). Both disorders (and their mouse models) present with lc>s

of cholinergic neurons (Sacks and Smith 1989; Allen et al. 2000; Granholm et al. 2000)

and individuals with DS suffer from muscular hypotonia (floppy muscles) during the early

years of their lives (Morris et al. 1982; Baxter et al. 2000). This hypotonia may or may not

be associated with hyporeflexes and reduced muscle strength (Davisson and Costa 1999).

The tongue appears to be selectively hypertrophied in DS individuals, and shows an
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Figure 2.13 - Proposed Role of GABP in Down Syndrome.
Overexpression of GABPa leads to deregulated expression of GABP target genes
that function at the NMJ and within mitochondria. This may result in the production
of free radicals and oxidative damage contributing to Alzheimer's disease and
altered neuromuscular transmission resulting in muscular hypotonia.
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increase in fast muscle fibres of type Ha (Yarom et al. 1986). GABP is required for the

NMJ-specific expression patterns of Utrophin (Fromm and Burden 1998a; Schaeffer et al.

1998; Gramolini et al. 1999), Acetylcholine esterase (Chan et al. 1999), AChR8 (Baldwin

and Burden 1988) and 8 (Duclert et al. 1993). GABP also regulates the expression of key

components of the mitochondrial respiratory chain, COXTV, Vb (Virbasius et al. 1993),

VIA1 (Wong-Riley et al. 2000), VIIAL (Seelan et al. 1996), VIIC (Seelan and Grossman

1997) and XVII subunits of Cytochrome-c-oxidase (Takahashi et al. 2002), as well as

mitochondria's own transcriptional regulators MTFA (Virbasius and Scarpulla 1994) and

MTFB (McCulloch e t a 1. 2 002). T herefore, s elective o verexpression o f G ABPct i n D S

may result in deregulated expression of these GABP targets due to altered GABP complex

function, contributing to the causation of characteristic traits of DS.

The steady state expression level of Gabpa mRNA is lower then that of Gabpp in rat

liver, testis and brain (Escriva et al. 1999), suggesting that GABPa may be the limiting

component of the GABP complex. Therefore increased GABPa expression in DS may

enable the transcriptional upregulation of GABP target genes, resulting in enhanced

mitochondrial activity and the generation of an increased proportion of reactive oxygen

species and premature aging characteristic of DS individuals. Increased expression of

AChRS and e GABP target genes may also result in the formation of ACliRs of unbalanced

subunit proportions and decreased AChR function, contributing to muscular hypotonia.

Similarly in the brain, formation of receptor complexes of inappropriate composition may

result in impaired function of cholinergic neurons.

Alternatively, an increase in GABPa expression may result in the formation of

GABP complexes of decreased function. GABP regulates the expression of many proteins

required for oxidative phosphorylation in mitochondria, and defects in Cytochrome-c-

oxidase (respiratory chain complex IV) have been detected in the blood platelets and brains

of Alzheimer's disease patients (Prince et al. 1994). In addition, NADH3 (an enzyme of

complex I) is downregulated in DS brain, contributing to oxidative stress (Krapfenbauer et

al. 1999). Inhibition of mitochondrial complex I, III or IV results in a decrease in

superoxide, whereas a loss of function of more than one mitochondrial gene leads to an

increase in superoxide production (Schuchmann and Heinemann 2000). Therefore it has

been suggested that mtDNA mutations and mitochondrial deregulation could be a key

contributor to the development of Alzheimer-like symptoms and premature aging observed
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in DS individuals (Arbuzova et al. 2002). GABP itself is also redox regulated, with pro-

oxidant conditions (as in DS) resulting in inactivation (Martin et al. 1996). Therefore, an

imbalance in GABP complex stoichiometry and inefficient transactivation of target genes

may be observed both in DS or if GABP was lacking.

2A Summary - The Molecular Mechanisms of GABP Function
The GABP complex is a unique ETS transcription factor, in that it is composed of an

ETS protein (a subunit) necessary for DNA binding and an unrelated ankyrin-repeat

protein (P subunit) required for target gene transactivation (LaMarco etal. 1991). In a

healthy mammalian cell, the dimeric or tetrameric GABP complex is thought to enable the

co-ordinate regulation of nuclear and mitochondrial genomes (Scarpulla 1996). GABP is

also implicated in the differentiation of skeletal muscle fibres and establishment and

maintenance of synapse-specific gene expression at the NMJ (Schaeffer et al. 2001).

Disturbing the stoichiometry of the GABP complex, by means of GABPa

overexpression in DS, could contribute to the manifestation of muscular hypotonia, by

deregulating expression of proteins necessary for neuromuscular signalling. In addition,

GABPa overexpression may contribute to the oxidative damage seen in DS individuals,

due to a disruption of expression of nuclear-encoded mitochondrial proteins. Inactivation

of GABP, due to pro-oxidant conditions of DS cells, may also compound these effects.

Loss of GABP transactivation of target genes necessary for neuromuscular signalling

results in diseases of severe muscle weakness termed Congenital Myasthenic Syndrome.

GABP is also known to upregulate expression of Utrophm, the homologue of Dystrophin

(the protein lost in tissue of Muscular Dystrophy patients), and loss of GABP function is

implicated in the causation of some mitochondrial myopathies.

Therefore, if the pathway/s of action of GABP can be identified, methods of

regulating GABP expression, and hence the expression of downstream gene targets, could

be devised in the instance of disease. The research presented herein aims to better

understand t he r ole o f the D NA b inding s ubunit o f G ABP, G ABPa, in s keletal m uscle

development and function using mouse models.
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Chapter 3

Materials and Methods

1 I C l l , <

3.1 General Methods
Centrifugation steps were performed using the following: Sigma 1-15 microfuge

(Quantum Scientific) for volumes up to 1.5 ml, Heraeus Biofuge stratos for 2-50 ml

volumes, and Beckman J2-21M/E centrifuge for volumes greater than 50 ml. A Beckman

TL-100 ultracentrifuge was used for CsCl gradient separation, and Spintron GT-175S

swing-out rotor centrifuge for tissue culture work. C entrifugal force is denoted as x g,

except when the microfuge was used, in which case speed in rpm is included. Incubations

at 55°C, 65°C or 37°C were performed in Sanyo convection ovens (Quantum Scientific),

unless otherwise stated. Other incubation temperatures were achieved by use of an Xtron

dry block heater (Bartelt instruments). Enzymes used for molecular biology were supplied

by Promega, tissue culture reagents were supplied by Gibco™ Invitrogen Corporation, and

chemicals by BDH, unless otherwise stated. A list of all solutions is included in Appendix

A, a list of suppliers in Appendix B and a list of equipment in Appendix C.

1
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3.2 DNA Preparation and Methods

3.2.1 Library Screening

A mouse liver genomic library from 4-6 week old female 129SvJ mice, containing

SauSAl partially digested DNA (9-22 kb fragments) in the Xtiol digested XfixII vector

(Stratagene) was used. The XL 1-Blue MRA(P2) Escherichia coli (Stratagene) host strain

was used and X phage DNA extracted using a plate lysis method, as per manufacturer's

instructions, following three rounds of purification.

A SvJ129 BAC library (BACPAC Resources), in pBACe3.6 and pTARBAC2

vectors, was screened as per Southern blot, and the co-ordinates of the background grid

used to identify positive clones. Positive clones were obtained and DNA was extracted as

for plasmid minipreps.
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3.2.2 Restriction Endonuclease Digests
The required amount of DNA was supplemented with 10-20 units (U) of the

appropriate restriction endonuclease, together with 1 X buffer (Promega or NEB). The

total volume was adjusted to 20-50 p.1 with MQ H2O. Digests were left for 3 hours to

overnight (O/N), at the optimal temperature (37°C in a waterbath and other temperatures in

a dry heat block). Reactions were tested for complete digestion by electrophoresis of 2 jil

through a 1-2 % (w/v) agarose (Prcmega) gel.

3.2.3 Cloning of DNA into Plasmid Vectors

Blunt-Ending Restriction Endonuclease Digest Products

Upon restriction endonuclease digestion, DNA was blunt-ended by filling-in, usin^

Klenow DNA polymerase (Promega), or by cutting back, using T4 DNA polymeruse

(Promega), as per manufacturer's instructions.

Dephosphorylating DNA Fragments

Prior to ligation, the ends of restriction endonuclease digested vector DNA were

dephosphorylated, using Calf intestinal alkaline phosphatase (Promega), as per

manufacturer's instructions.

Purification of DNA Fragments

Single band PCR products were purified using the QIAquick columns (Qiagen), as

per manufacturer's instructions. Multiple band PCR products and restriction endonuclease

digest products were eleetrophoresed through 1-2 % (w/v) agarose gels, bands excised and

purified using QiaexII beads (Qiagen), as per manufacturer's instructions. Alternatively,

single-band restriction enzyme digest products were resuspended in at least 100 jil and

purified using phenol/chloroform extraction and ethanol/salt precipitation. In all cases,

DNA was resuspended in 30-50 fil MQ H2O and concentration determined by 1 jil was

eleetrophoresed through a 1-2 % (w/v) agarose (Promega) gel using 500 ng A. DNA

(Promega) digested with Hindlll and EcoRL as a size standard.

Addition of dATPs to FCR Products

Prior to ligation into the pGEM-T or pGEM-T easy T-overhang cloning vectors,

blunt-ended PCR products had dATPs added by incubation at 72°C for 15 minutes, in the

presence of 0.2 mM dATP, 2 U Tag DNA polymerase (Promega), 1 X DNA polymerase

buffer and 1.5 mMMgCb.
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Ligation Reaction

In a total volume of 10 jil, 20-30 ng purified vector DNA and the appropriate amount

of purified insert DNA were ligaied using 5 U T4 DNA Ligase, in 1 X Rapid ligation

buffer (Promega), as per the formula;

insert(ng) - [(insert size(kb) x vector(ng)) / vector size(kb)] x insert:vector ratio.

An insert:vector ratio of 3:1 was usually used. Enough MQ H2O was added to give a total

volume of IOJAI. Ligations were incubated at room temperature (R/T), for 4 hours for

cohesive-ended reactions, or O/N for blunt-ended reactions.

3.2.4 Transformation of Plasmid DNA into Bacterial Cells
Ligation reactions (5-10 ui) were routinely transformed into high efficiency JM109

competent cells (Promega). In cases of repetitive DNA sequences SoloPack Gold

competent cells (Stratagene) were used. Epicurian Coli SCSI 10 competent cells

(Stratagene) were employed when methylation sensitive restriction endonuclease sites

were required for subsequent cloning steps. In all cases transformations were performed as

per manufacturers' instructions. Transformation reactions were then plated out (100-400

fil) on LB agar plates with appropriate antibiotic selection and grown at 37°C O/N.

3.2.5 PCR Screening of Transformed Colonies
A single colony was used to inoculate both 50 [il TE (pH 8.0) and 100 ^1 LB

(containing appropriate antibiotic). Twcjtf of the inoculated TE solution was then used in

a PCR reaction to screen for ligation of insert into the vector, using vector-specific primers.

Concurrently, the LB culture was incubated at 37°C, and the cultures of positive colonies

were used to inoculate 2 ml miniprep cultures.

3.2.6 Plasmid DNA Minipreps

Three Solution Method

Two ml LB/antibiotic cultures were inoculated and grown at 240 rpra O/N at 37°C.

Bacterial cells were pelleted by centrifugation for two minutes at 14000 rpm. Supernatant

was discarded and pellets were resuspended in 100 pi Solution I, then tubes were left on

ice for 5 minutes. Solution II (200 jil) was added, tubes were mixed by inversion and left

on ice for a further 5 minutes. Solution III (150 Jil) was then added; tubes were mixed by

inversion and left for a final (5 minute) incubation on ice. Samples were centrifuged for 10

minutes at 14000 rpm to collect debris, and supernatants were removed into fresh tubes.
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RNaseA (100 fig/ml) was added to each tube and samples were incubated at 37°C for 30

minutes, or 65°C for 15 minutes. Samples were phenol/chloroform then chloroform

extracted (to remove contaminating phenol) using equal volumes, followed by DNA

precipitation of the final upper phase with 0.6 volumes of 100 % (v/v) isopropanol.

Following centrifugation at 14000 rpm for 10 minutes, DNA pellets were washed with 50

uJ 70 % (v/v) ethanol, dried, then resuspended in 50 |Xl 0.2 X TE.

Purification of Miniprep DNA for Sequencing

Miniprep DNA was re-precipitated by addition of 12 % (w/v) polyethylene glycol

(PEG 6000) and 1.5 M NaCl solution, incubation on ice for one hour, then centrifugation

for ten minutes at 14000 rpm. After removal of the supernatant, the DNA pellet was

washed with 70 % (v/v) ethanol, dried, and resuspended in MQ H2O. Sequencing was

performed with 0.6 pmol of template-specific primer (or T7 and SP6 primers specific to

the pGEM-T cloning vector (Promega), sequences 1 and 2 of Appendix D), using 400 ng

DNA, as determined by quantifying 1 J.U of purified DNA by electrophoresis through a 1 %

(w/v) agarose (Promegfii) gel, using 500 ng X DNA (Promega) digested with HindRl and

EcoRl as a size standard.

3.2.7 Plasmid DNA Maxipreps

Three Solutions Method

A 250 ml culture was inoculated and grown at 240 rpm O/N at 37°C. The culture

was centrifuged for 10 minutes at 3000 x g to pellet cells. The pellet was thoroughly

resuspended in 10 ml of Solution I by vortexing. After incubation on ice for 5 minutes, 20

ml of Solution II was added, and the sample was mixed by inversion. Following a 5

minute incubation on ice, 15 ml of Solution III was added, and the sample was again mixed

by inversion and incubated on ice for 5 minutes. After centrifugation at 3500 x g for 10

minutes, the cleared supernatant was strained through 8-ply gauze (Smith + Nephew).

RNaseA (50 pg/ml) was added and the mixture was incubated at 37°C for 30-60 minutes,

or 65°C for 15 minutes. Phenol/chloroform was used to extract DNA twice (centrifuged at

3500 x g for 5 minutes), and the DNA in the final upper phase was precipitated by addition

of 0.6 volumes of 100 % (v/v) isopropanol. DNA was collected by centrifugation at 3500

x g for 15 minutes, washed with 70 % (v/v) ethanol, pelleted by centrifugation for 5

minutes at 3500 x g, and air-dried. DNA was then resuspended in 1 2 ml of 0.2 X TE.
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CsCI Method

A single bacterial colony was used to inoculate 225 ml Terrific Broth (TB)

supplemented with 25ml TB salts and appropriate antibiotic, and the culture was grown at

240 rpm O/N at 37°C. The overnight culture was centrifuged at 4500 x g for 10 minutes at

4°C. The pellet was resuspended in 18 ml Solution I by vortexing. Two ml Solution I

containing 100 mg lysozyme was then added, the solution was vortexed and left at R/T for

8 minutes. Forty ml freshly made Solution II was added and the mixture was left at R/T

for 10 minutes, following inversion. Twenty ml Solution III was then added, the combined

solution was mixed by inversion, and left on ice for 20 minutes. Following centrifugation

at 10000 x g for 15 minutes at 4°C, the supernatant was strained through 8-ply gauze

(Smith + Nephew), and 0.6 volume of 100 % (v/v) isopropanol was added. DNA was then

pelleted by centrifugation at 3500 x g for 25 minutes at 4°C. After removal of the

supernatant, DNA was washed with 70 % (v/v) ethanol and the pellet was dried at R/T,

before resuspension in 5 ml TE (pH 8.0). To the DNA, 5 g CsCI was added, and

mechanical inversion was used to dissolve this prior to addition of 300 jug ethidium

bromide. T he C sCl m ixture w as 1 oaded i nto 2.5 m 1 heat-seal tubes ( Beckman C oulter)

using a needle and syringe, tubes were heat-sealed and subjected to ultracrotrifugation at

540960 x g O/N.

Following ultracentrifugation, the top of the heat-sealed tube was pierced with a

needle to release air, and the middle band of ethidium-stained nucleic acid was withdrawn

with a syringe into a sterile 15 ml tube (the remaining upper band being chromosomal

DNA and the lower band RNA). Ten extractions with water-saturated butanol (of equal

volume) were performed, and 3 volumes of MQ H2O were added. DNA was then

precipitated by addition of an equal volume of 100 % (v/v) isopropanol. This mixture was

then centrifuged at 3500 x g for 10 minutes to pellet the DNA. The supernatant was

removed and DNA resuspended in 1 ml MQ H2O. A second round of precipitation was

performed by addition of 0.1 volume 7.5 M ammonium acetate and 2.5 volumes 100 %

(v/v) ethanol and centrifugation at 3500 x g for 10 minutes. The supernatant was removed,

and the DNA washed in 70 % (v/v) ethanol, prior to resuspension in 1 ml TE (pH 8.0).

Endotoxin-Free Method

In order to ensure the absence of any bacterial endotoxins in the plasmid DNA

preparation prior to transfection of cells, the EndoFree® Plasmid Maxi Kit (Qiagen) was

used, as per manufacturer's instructions.
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3.2.8 Preparation of DNA for Pronuclear Injection

Removal of Vector Backbone

The vector backbone of the construct was removed by restriction endonuclease

digestion and subsequent QiaexII (Qiagen) gel purification and resuspension in TE buffer

(pH 8.0). The pure DNA fragment was then dialysed against TE buffer (pH 8.0) for two

hours at R/T. Purified DNA (1 j*l) was quantified by electrophoresis through a 1 % (w/v)

agarose (Promega) gel, using 500 ng X DNA (Promega) digested with Hindill and EcoUl

as a size standard.

Linearisation of Vector Construct

The vector was linearised by restriction endonuclease digestion and DNA was

purified using a QIAquick (Qiagen) purification column, as per manufacturer's

instructions, and resuspended in either TE buffer (j>H 8.0) or MQ H2O. The amount of

DNA was quantified by electrophoresis of 1 fil of purified DNA through a 1 % (w/v)

agarose (Promega) gel, using 500 ng X DNA (Promega) digested with HindUl and EcoKl

as a size standard.

3.2.9 Mouse Genomic DNA Preparation

Ear Clip Lysis Method

One hundred pi ear clip lysis buffer containing 10 fig/ml Proteinase K (Roche) was

added to tissue from mouse ear clippings, and the mixture was incubated at 55°C for 1

hour. The proteinase K was then inactivated by incubation at 95°C for 10 minutes. Ten fil

of this solution was used in a 50 |il PCR reaction to genotype mice.

Mouse Tail Phenol/Chloroform Method.

A ~0.5 cm segment of mouse tail was incubated O/N at 55°C in 500 jil tail buffer

containing 0.5 mg/ml Proteinase K. The following day, 20 jug/ml RNaseA was added and

the mixture was incubated at 37°C for 1 hour. DNA was extracted twice using an equal

volume of phenol/chloroform, and once using chloroform, prior to the addition of 1 ml 100

% (v/v) ethanol to the final upper phase to precipitate the DNA. The melted end of a glass

Pasteur pipette was used to spool out genomic DNA, which was then washed in 500 jal 70

% (v/v) ethanol, and left to dry at R/T for 2 minutes. DNA was resuspended in 200 JJ.1 0.2

X TE buffer by incubation at 55°C O/N.
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DNA Extraction from Cells

Cells at 80-100 % confluence were washed in PBS and lysed by incubation in cell

lysis buffer at 55°C for 4 four hours. DNA was precipitated by addition of 2 volumes 100

% (v/v) isopropanol, and genomic DNA was spooled out using a heat-sealed glass Pasteur

pipette, rinsed in 80 % ethanol (v/v), air-dried and resuspended in 0.2 X TE at 55°C O/N.

3.2.10 Thermal Block Cycler PCR
Approximately 250 ng of genomic DNA or 20 ng of plasmid DNA was used as

template for PCR. DNA was denatured at 94°C for five minutes, followed by 35-40 cycles

of; 94°C for 1 minute, 1 minute at the determined annealing temperature (TA), and

68°C/72°C for the determined extension time (ET). A final extension at 68°C/72°C for 5

minutes was also performed. TA = TM (primer melting temperature) - 5°C and ET = 1

minute per kb of product. PCR reactions were performed in Applied Biosystems Gene

Amp PCR System 2400 or 9600 block cyclers.

Taq DNA polymerase (Promega) was used (1.25 U/reaction) for all standard PCRs,

however Elongase DNA polymerase mix (Invitrogen) (1 U/reaction) was used when

genomic fragments >2 kb were being amplified. Blunt-ended or high fidelity PCR

products were amplified using Pfii DNA polymerase (Promega) (1.5 U/reaction). In all

cases 10 pmoles of each oligonucleotide primer and 2 mM Mg2+ were used (unless

otherwise stated). Where specified, product amplification could only be achieved by

addition of 1 M N,N,N-trimethylglycine (Betaine) (Sigma) or 0.3 mg/ml acetylated bovine

serum albumin (BSA) (Promega). PCRs were performed as 50 fil reactions, and results

assessed by electrophoresis of 10 .̂1 through 1.0-2.0 % (w/v) agarose (Promega) gels.

3.2.11 DNA Electrophoresis

Agarose/TAE Gel Electrophoresis

Agarose (Promega) gels of 0.8-2.0 % (w/v) were made by dissolving agarose

(Promega) in 1 X TAE buffer, followed by addition of one drop of 1 mg/ml ethidium

bromide (Promega) to visualise DNA. Gels were electrophoresed (BioRad Mini-Sub or

Pharmacia Biotech GNA 200 gel tanks) in 1 X TAE buffer at 50-100 Volts (V) (BioRad

Power Pac 300 or 3000, or Pharmacia GPS 200/400) for 1-5 hours, depending upon the

resolution of DNA fragments required. To determine size and quantity of DNA fragments,

500 ng of a DNA marker was included on each gel; 500 ng X bacteriophage DMA
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(Promega) digested with HindUl and EcoKL, or 100 bp, 1 kb or 2 log ladders (NEB). Gel

photographs were taken under ultraviolet (UV) light using a BioRad GelDoc 1000.

3.2.12 DNA Transfer

Southern Blot

Restriction endonuclease digested genomic DNA, or PCR products, were

electrophoresed at 80 V for 2-5 hours through 0.8-1.0 % (w/v) agarose gels. NaOH (0.4

M) was used to transfer DNA to Gene Screen Plus nylon membrane (NEN) by capillary

action, according to manufacturer's instructions. After O/N transfer, the membrane was

soaked in 2 X SSC for 2 minutes prior to drying O/N at R/T or at 55°C for 1 hour.

Colony Lifts

LB plates of transformed colonies were stored at 4°C prior to use. Hybond-XL

circular nylon membranes (Amersham Pharmacia Biotech) were marked for orientation

and placed gently over the colonies until membranes were completely wet. Membranes

were removed and DNA fixed by autoclaving for 1 minute at 100°C at 350 kPa.

3.2.13 DNA Hybridisation

Pre-Hybridisation

Membranes were pre-hybridised for at least 1 hour prior to radioactive probe

addition. A solution of 10 ml dextran sulphate hybridisation mix (for double stranded (ds)

DNA probes >100 bp) or 10 ml oligonucleotide hybridisation mix (for oligonucleotide

probes of 20-30 bp), containing 0.1 mg/ml denatured (boiled) single-stranded herring

sperm DNA (Roche), was used. Incubation of membranes was performed at 65°C for ds

DNA probes, or 42°C for oligonucleotide probes, in an Xtron HI 2002 hybridisation oven

(Bartelt instruments).

Hybridisation with Random Labelled dsDNA Probes

DNA (25-50 ng) was labelled with 0.5 mCi a 32P-dCTP (Amersham Pharmacia

Biotech), using the dry Rediprime labelling kit reagents (Invitrogen) or wet Random

Primed DNA Labelling Kit (Boehringer-Mannheim), as per manufacturer's instructions. A

Poly-prep chromatography column (BioRad) containing G50 sephadex (Amersham

Pharmacia Biotech) was used to rid of any unincorporated a 32P-dCTP. The probe was

boiled to denature the ds DNA, and the volume required to achieve £1 x 107 counts/ml

(determined in a Packard 1900 TR Tri-Carb liquid scintillation analyser) was used to probe
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a pre-hybridised membrane 0/N at 65°C in an Xtron HI 2002 hybridisation oven (Bartelt

instruments).

Hybridisation with End Labelled Oligonucleotide Probes

A 20-30 bp oligonucleotide (10 pmoles) was labelled with 0.2 mCs y32P-dATP

(Amersham Pharmacia Biotech), by incubation with 5 U T4 polynucleotide kinase in 1 X

kinase buffer (Promega), for 30 minutes at 37°C waterbath (Ratek instruments). The entire

reaction mix was then added to a pre-hybridised membrane and incubated at 42°C O/N in

an Xtron HI 2002 hybridisation oven (Bartelt instruments).

Image Development

Following O/N hybridisation, membranes probed with dsDNA were washed at 65°C

for 10-15 minutes; once in 2 X SSC/0.1 % SDS (w/v), and twice in 0.1 X SSC/0.1 % SDS

(w/v). Membranes probed with an end labelled oligonucleotide were washed sequentially

at 42°C for 10-15 minutes once in each of; 2 X SSC/0.1 % SDS (w/v), 1 X SSC/0.1 % SDS

(w/v), and 0.1 X SSC/0.1 % SDS (w/v). Results were imaged using a FujiFilm FLA-2000

Phosphorimager with Image Reader FLA-2000 vl.21 and Image Gauge v.3.46 software, or

by exposure to Kodak BioMax MR or Amersham Pharmacia Biotech MP or ECL

hyperfilm at -80°C (with enhancing screen) for 1-7 days. Film was developed in a Kodak

X-OMAT 480 RA processor.

3.2.14 DNA Sequencing and Analysis

Sample Preparation

Gel-purified PCR products (5 ng per 100 bp) or purified plasmid miniprep DNA

(400 ng) was sequenced using ABI PRISM BigDye Terminator chemistry (v.3.4.1), and

analysed on an ABI 377 DNA sequencer (PE Applied Biosystems), a service provided by

Vivien Vasic, Wellcome Trust DNA Sequencing Facility, Monash Medical Centre,

Victoria, Australia.

DNA Sequence Analysis

DNA sequence text files were analysed with the Sequencher v.3 sequence alignment

program and compared to Genbank database sequence entries using Basic Local

Alignment Search Tool (BLAST) analysis (Altschul et al. 1990). Alignment of mouse, rat

and human GABPa sequences was performed using AVID software (Dubchak et al.

2000b; Bray et al. 2003), using a window size of 100 bp and a conservation level of 50 %,

and results were viewed with the Visual Tools for Alignment (VISTA) program (Dubchak
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et al. 2000a). Mouse genomic Gabpa sequence was analysed via the Nucleotide Identify

X (NIX) suite of programs (Williams et al.. 1998) for the presence of CpG islands and

predicted exons and promoter regions. Transcription factor binding sites were predicted

using the University of Pennsylvania Transcription Element Search System (TESS) (Schug

and Overton 1997), Baylor College of Medicine (BCM) Search Launcher program (Smith

et al. 1996b; Smith et al. 1996a) as well as the Matlnspector (Quandt et al. 1995a; Quandt

et al. 1995b) and rVISTA programs (Dubchak et al. 2000a; Loots et al. 2002). Secondary

structures of transcripts were predicted using mfold (Zuker 1999; Zuker 2003).
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3.3 RNA Preparation and Methods

3.3.1 Poly-A* (mRNA) Preparation

Preparation of Oligo-dT Cellulose

One gram of oligo-dT cellulose (NEB) was used, to which 20 ml 0.4 M NaOH was

added. The tube was mixed and left for five minutes, then centrifuged at 150 x g for 5

minutes. The supernatant was removed and 20 ml 1 M Tris-Cl (pH 7.5) was added. The

tube was then mixed and left for 5 minutes before centrifiigation for 5 minutes at 150 x g.

This washing process was repeated twice with 20 ml binding buffer, and this suspension

was stored at 4°C (in the dark) until use.

RNA Preparation

Liquid nitrogen frozen cells/tissue was homogenised in 25 ml extraction buffer

(containing 10 mg Proteinase K), at 20,500 min"1 for 2 minutes, using a Labortechnik Ultra-

Turrax T25 homogeniser (Janke & Kinkel IKA®). This mixture was incubated in a 55°C

waterbath (Ratek instruments) for 30 minutes, cooled to R/T, then 2.5 ml of 5 M NaCl was

added. To this, 2.5 ml of resuspended oligo-dT beads (equivalent to 0.125 g) were added,

and the tube was incubated for 1-2 hours at R/T on a R.S.M.6 rotating wheel (Ratek

instruments) or Xtron SH-2004 tilting platform (Bartelt instruments). Following

centrifiigation at 300 x g for 5 minutes, beads were washed twice with 8 ml binding buffer,

and once with 8 ml wash buffer. Poly-A+ RNA was eluted from the beads in 2 ml elution

buffer, by incubation in a 60°C water bath (Ratek instruments) for 5 minutes, followed by

centrifiigation at 300 x g for 2 minutes. This elution process was repeated with 1.5 ml

elution buffer, and the total 3.5 ml of eluted RNA was extracted with an equal volume of

buffered phenol (Sigma) and centrifiigation at 3500 x g for 5 minutes. This was followed
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by one chloroform extraction, and RNA was precipitated by addition of 2.5 volumes 100 %

(v/v) ethanol and 0.1 volume 3 M sodium acetate (pH 5,2) (Sigma) and incubation of the

sample at -20°C O/N. RNA was pelleted by centrifugation at 10000 x g for 1 hour at 4°C

and almost all the supernatant was removed. The final ~1 ml of solution was used to-

resuspend the pellet, which was then transferred to a 1.5 ml microfuge tube. Five hundred

îl 100 % (v/v) ethanol was used to remove residual RNA and was also added to the tube.

RNA was re-pelleted by centrifugation at 14000 rpm for 10 minutes at 4°C. After drying

the pellet, RNA was resuspended in 200 |il DEPC-treated TE (pH 8.0) containing 40 U

RNasin® Ribonuclease Inhibitor (Promega). Ten jal of this solution was quantified in a

Lambda Bio20 UV/Vis Spectrometer (Perkin Elmer), where 1 OD260nm = 40 ng/ml RNA.

To the remaining 190 p.1 of RNA 2.5 volumes 100 % (v/v) ethanol and 0.1 volume 3 M

sodium acetate (pH 5.2) were added and this mixture was stored at -80°C.

3.3.2 Total RNA Preparation (AGPC Method)
The rapid AGPC (acid guanidinium thiocyanate-phenol/chloroform) method was

used (Chomczynski and Sacchi 1987) for total RNA preparation. Specifically, 500. uJ of

solution D was added to 0.1-0.2 g of frozen tissue/cells. This mixture was homogenised

for -30 seconds at 20,500 minI using a Labortechnik Ultra-Turrax T25 homogeniser (Janke

& Kinkel IKA®). To this, 50 jal 2 M sodium acetate (pH 4.0) was added, and the sample

was mixed by inversion. An equal volume of unbuffered phenol (Sigma) was then added,

and the sample was mixed. To, this, an equal volume of chloroform/isoamylalcohol (49:1)

was added, and the sample was mixed by inversion, prior to incubation on ice for 15

minutes and centrifugation at 14000 rpm for 15 minutes at 4°C. RNA in the upper phase

was precipitated by addition of 0.6 volumes 100 % (v/v) isopropanol and incubation of the

sample at ~80°C for at least 30 minutes. RNA was pelleted by centrifugation at 14000 rpm

for 15 minutes at 4°C, washed in 70 % (v/v) ethanol, air dried, and resuspended in 25 pi

DEPC-treated MQ H2O. RNA was quantified in a Lambda Bio20 UV/Vis Spectrometer

(Perkin Elmer), where 1 OD260nm = 40 ng/ml RNA.

3.3.3 DNasel Treatment of RNA
Prior to conversion to cDNA, 10 ng total RNA was incubated with 10 U RQ1

RNase-Free DNasel and 80 U RNasin® Ribonuclease Inhibitor (Promega) at 37°C for 30

minutes. The reaction was stopped by addition of 3 mM EDTA and heating the sample at

65°C for 20 minutes.
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3.3.4 Reverse Transcription of RNA

If total RNA was being used to prepare first strand cDNA, 5-15 jul aiiquots (10

of resuspended RNA were used for reactions with and without reverse transcriptase (RT).

If polyA+ RNA was being used, 500 ng aiiquots were used. PolyA+ RNA was

precipitated by addition of 2 pil of 10 mg/ml tRNA (Sigma) to the ethanol slurry, and

centrifugaiion at 14000 rpm for 20 minutes at 4°C. Pellets were washed in 70 % (v/v)

ethanol and air-dried.

First strand cDNA synthesis was performed with Avian Myeloblastosis Virus

(AMV) reverse transcriptase (Promega) in most cases, using oljgo (dT) primer, as per

manufacturer's instructions. For synthesis of high fidelity cDNA for RACE RT-PCR

analysis, first strand cDNA synthesis was performed with Superscript II RNase H" reverse

transcriptase (Invitrogen), using oligo (dT) primer, as per manufacturer's instructions.

3.3.5 RACE RT-PCR
RACE RT-PCR was performed on a mouse El4 placenta cDNA library (Fl: C57B16

x CBA) using the Marathon™ RACE kit (Clontech), as per manufacturer's instructions.

3.3.6 Real-Time RT-PCR PCR

The program for real-time RT-PCR reactions was run for 45-55 cycles, using a Light

Cycler (Roche) (v3.5 software). An appropriate dilution (neat or 1 in 5) of first strand

cDNA w as u sed a s t emplate, a s determined b y o ptimisation for e ach p rimer p air. F ast

Start SYBR Green Master Mix (Roche) was used, with 10 pmoles of each primer, in 10 ^1

reactions. An extension time (seconds) of 1/25 product length (bp) was used and an

optimal MgCh concentration (2-4 mM) was determined for each primer pair. The entire

reaction was electrophoresed through a 1 % (w/v) agarose gel to check for correct PCR

product size. To create a standard curve, five 10-fold dilutions of plasmid DNA were used

as template (10"1-10'9 ng/jil, depending upon the primers).

3.3.7 RNA Electrophorosis

Agarose/MOPS Gel Electrophoresis

Three jig of poly-A+ RNA was precipitated by addition of 2 |ol 10 mg/ml tRNA

(Sigma) carrier to the ethanol slurry, and centrifugation at 4°C for 15 minutes at 14000

rpm. The supernatant was removed and pellet dried at 37°C, before being resuspended

thoroughly in 10 |xl RNA resuspension buffer. The RNA was heated at 65°C for 5 minutes
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then placed on ice and 2 ul RNA loading dye was added. RNA was electrophoresed

through denaturing 1 % agarose (Promega) gels, containing 0.72 M formaldehyde, 1 X 4-

morpholine-propane sulfonic acid (MOPS) (Roche) and i }ig/ml ethidium bromide

(Promega). Electrophoresis was performed in BioRad Mini-Sub gel tanks, containing 1 X

MOPS buffer, for 4-5 hours at 70-80 V (using a BioRad Power Pac 300 or 3000). RNA

millennium size markers (Ambion) were included on each gel, and photographs were taken

under UV light in a BioRad GelDoc 1000.

3.3.8 RNA Transfer
RNA was transferred O/N by capillary action onto Hybond-C extra nylon membrane

(Amershani Pharmacia Biotech), according to the manufacturer's instructions, using 20 X

SSC as the transfer buffer. Following transfer, the membrane was rinsed in 2 X SSC and

dried at R/T, prior to baking at 80°C in a Dynavac V015/200 500 W vacuum oven at -100

kPa for 2 hours.

3.3.9 RNA Hybridisation

Pre-Hybridisation

Membranes were pre-hybridised for at least 1 hour prior to radioactive probe

addition. A solution of 10 ml northern pre-hybridisation mix, containing 0.1 mg/ml

denatured (boiled) single-stranded herring sperm DNA (Roche), was used. Incubation of

membranes was performed at 42°C, in an Xtron HI 2002 hybridisation oven (Bartelt

instruments).

Hybridisation with Random Labelled dsDNA Probes

cDNA (25-50 ng) was labelled with 0.5 mCi a 32P-dCTP (Amersham Pharmacia

Biotech), as described for DNA hybridisation. The probe was boiled to denature the ds

DNA, and the volume required to achieve >1 x 107 counts/ml (as determined in a Packard

1900 TR Tri-Carb liquid scintillation analyser) was used to probe a pre-hybridised

membrane O/N at 42°C in an Xtron HI 2002 hybridisation oven (Bartelt instruments).

Image Development

Following O/N hybridisation, membranes were washed at 65°C for 10-15 minutes in

2 X SSC/0.1 % SDS (w/v) (once), followed by 0.1 X SSC/0.1 % SDS (w/v) (twice).

Results were imaged as described for DNA hybridisation.
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3.4 Protein Preparation and Methods

3.4.1 Protein Extraction

Protein Extraction from Mouse Tissue

After dissection, tissue was homogenised in 10 mM Tris, 0.1 M EDTA (pH 7.4)

supplemented with one Complete Mini EDTA-Free Protease Inhibitor Cocktail Tablet

(Roche) per 10 ml (1 jxi per mg of tissue), using a plastic pestle. An equal volume of 2 X

EDTA sample buffer was added, and the protein extract was boiled for 5-10 minutes.

Residual tissue was pelleted by centrifugation at 14000 rpm for 15 minutes at 4°C, and the

supernatant containing cytoplasmic and nuclear proteins was stored at -20°C.

Protein Extraction from Cell Lines

Cells from one 80-100 % confluent 175 cm2 flask were scraped off with a rubber

policeman in 1 ml 2 X EDTA sample buffer. This mixture was boiled for 5-10 minutes

and passed through a 21-gauge needle (Becton Dickinson) several times, to break down

any remaining genomic DNA present. Protein extracts were stored at -20°C.

Bradford Assay

Aliquots of tissue/cell extracts in 10 mM Tris, 0.1 M EDTA (pH 7.4) or phosphate

buffered saline (FBS) were serially diluted in PBS, 0.2 volume of Protein Assay Reagent

(BioRad) was added, and samples were mixed by pipetting. Known concentrations (0.5-

100 fig/ml) of BSA (fraction V) (Sigma) were used as standards, and the coloured reaction

was left to develop for 30 minutes. Results were read by absorbance at 595 nm using a

BioRad 3550 microplate reader.

Coomassie Spot Test

To confirm results of Bradford Assays, samples were spotted onto a sheet of 135

gsm blotting paper and air-dried. The paper was then dipped into a solution of 0.25 %

(w/v) Coomassie brilliant blue in 10 % methanol (v/v), 7 % glacial acetic acid (v/v) for 30

seconds, and washed in 10 % methanol (v/v)s 7 % glacial acetic acid (v/v) for 5 minutes.

Blotting paper was air-dried and samples quantified by visual comparison with BSA

(fraction V) (Sigma) standards.

Coomassie Brilliant Blue Staining
Following SDS-PAGE, gels were soaked in Coomassie blue staining solution for one

hour at R/T on a tilting platform (Bfirtelt instruments). The gels were then washed MI
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a im

destaining solution O/N at R/T while shaking. Gels were soaked in a mixture of 10 %

(v/v) glacial acetic acid, 1 % (v/v) glycerol for at least 2 hours, prior to being dried O/N

between two sheets of damp cellophane.

3.4.2 Sodium Dodecyl- Polyacrylamide Gel Efectrophoresis

A lower gel mixture (reducing) containing 8-15 % 29:1 Bis/Acrylamide (BioRad),

375 mM Tris-HCI (pH 8.8), 0.1 % (w/v) SDS, 0.1 % (w/v) Ammonium persulphate (APS)

(BioRad) and 0.04 % (v/v) TEMED (BioRad) was poured into a Hoefer gel stacker

apparatus (Amersham Pharmacia Biotech) and left vo polymerise with a layer of 100 %

(v/v) butanol covering the surface. Once set, the alcohol layer was removed and upper

surface rinsed thoroughly with distilled water. A stacking gel mixture (reducing)

containing 5 % 29:1 Bis/Acrylamide (BioRad), 62.5 mM Tris-HCI (pH 6.8), 0.1 % (w/v)

SDS, 0.1 % (w/v) APS (BioRad), 0.1 % TEMED (BioRad) was poured onto the lower gels,

combs were inserted and gels were left until polymerised (5-10 minutes). Protein samples

(10-40 jig) in 2 X EDTA sample buffer were electrophoresed through the polyacrylamide

gels in Hoefer AB Mighty Small II tanks (Amersham Pharmacia Biotech), with 1 X

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) running buffer.

Samples were electrophoresed at 60 V until they entered the lower phase, then at W V

until the dye front reached the base of the gel. The Bench Mtirk Pre-stained Protein Ladder

(Invitrogen) was included on each gel as a size standard.

3.4.3 Protein Transfer

Protein gels were transferred onto Immobilon-P polyvinylidene fluoride (PVDF)

membranes (Millipore) after pre-treating the membrane by soaking in 100 % (v/v)

methanol for 15 seconds, MQ H2O for 2 minutes and then anode buffer II for 5 minutes. A

Hoefer Semi Phor transfer apparatus (Amersham Pharmacia Biotech) was used, as per

manufacturer's instructions. Protein w as fixed o nto m embranes b y treatment i n 100 %

(v/v) methanol for 10 seconds, and membranes wers air-dried prior to immunodetection.

3.4.4 Immunodetection of Proteins

Western Blot Immunodetectiou

Membranes were blocked for at least 2 hours at R/T on a shaking platform (Bartelt

instruments) in a solution of 10 % (w/v) semi-skimmed milk protein in 1 X TBST.

Membranes were then incubated (with shaking) O/N at 4°C in a solution of 5 % (w/v)

semi-skimmed milk protein in 1 X TBST containing the primary antibody (concentrations
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detailed in relevant results chapters). Membranes were washed for 45 minutes in 1 X

TBST at R/T, changing the solution every 15 minutes, before incubation with the

secondary antibody (concentrations detailed in results chapters) in a solution of 5 % (w/v)

semi-skimmed milk protein in 1 X TBST for 1 hour at R/T. Membranes were again

washed in 1 X TBST, as following primary antibody. Protein bands were detected using

SuperSignal West Pico Chemiluminescent Substrate (Pierce), and exposure to film

(BioMax MR (Kodak) or Hyperfilm ECL (Amersham Pharmacia Biotech)) for 2 seconds

to 10 minutes. Film was developed in a Kodak X-OMAT 480 RA processor.

Exposed film was scanned at 100 dots per inch (dpi) using a Canon N1220U, and the

intensity of individual bands was determined using FujiFilm MacBAS v2.5 software.

Protein levels were quantified as an average ratio to P-tubulin for each sample.

Enzyme-Linked Immunosorhant Assay (ELISA)

Wells of a 96-well immunosorp plate (NUNC) were coated with !jj.g reccmbinant

protein, in carbonate coating buffer, and stored at 4°C O/N. Wells were washed with

PBS/0.05 % Tween 20 (v/v) three times for 5 minutes each, and blocked with PBS/1 %

BSA (w/v) for 1-2 hours at R/T. Dilutions of the relevant antibody were added to each

well and incubated for 1-2 hours at R/T. The wells were washed as before, prior to

incubation with horse radish peroxidase (HRP)-conjugated secondary antibody (DAKO) in

PBS/1 % BSA (w/v) for 30 minutes at R/T. Again the wells were washed, ABST solution

containing 2,2'-Azino-di-(3-Ethylbenzthiazoline Sulfonic Acid) was then added to each

well for 10 minutes, before stopping the colour reaction by addition of 2 % SDS (w/v).

Results were read as sbsorbance at 405 nm using a microplate reader (BioRad).

3.4.5 Recombinant His-Tag Protein Production

Recombinant protein was expressed from the pQE-31 N-terminal His-tag expression

vector (Qiagen) using 0.4 mM isopropyl-bsta-D-thiogalactopyranoside (IPTG) induction

and purification with TALON nickel resin (Clontech), as per manufacturer's instructions.

3.4.6 Poiyclonal Antibody Production

Recombinant protein was used to immunise two rabbits. On day i, 15 ml pre-

immune bleed samples were taken, and 0.8 fig of recombinant protein in Freund's,

complete adjuvant was used to immunise each rabbit. On days 21, 49 and 77 booster

injections of 0.8 pig protein in Freund's incomplete adjuvant were administered, before the

rabbits were terminally bled. Sera were stored at ~80°C.
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5.5 Tissue Culture

3.5.1 General Tissue Culture Methods

Thawing Cells

Frozen cells were removed from liquid nitrogen storage and warmed at 37°C until

almost thawed. Pre-warmed growth media was then added and cells were centrifuged at

150 x g for 5 minutes to rid of residual freezing media. Cells were plated out in an

appropriate volume of growth media and incubated at 37°C with 5 % CO2.

Visualisation of Cells

Growth of cells was monitored by visualisation with a Leica DM IRB light

microscope. This allowed for an estimation of cell density, cell death and presence of any

bacterial or fungal contamination.

Trypan Blue Staining

Cells were diluted 1:5 in 0.4 % (w/v) Trypan blue (Sigma) in PBS, and incubated for

10 minutes at R/T. The number of non-stained viable cells was then counted using a

Precicolor haemocytometer (HBG Germany), while Trypan blue staining indicated non-

viable cells.

Gelatin Coating of Plates

When growing ES cells, C2C12 mouse myoblast cell line or primary myoblasts,

plastic ware was pre-coated in 0.2 % (w/v) gelatin in PBS for 30 minutes at R/T, as gelatin

is known to promote adhesion of cells to plastic ware, in particular myoblasts. Excess

liquid was removed prior to addition of cell cultures.

Poly L-lysine Coating of Plates

When growing the neuronal-like PC 12 rat adrenal pheochromocytoma cell line,

plastic ware was pre-coated in 5 j-ig/ml poly-L-lysine (Sigma) in PBS for 1 hour at R/T, as

poIy-L-Jysine is known to promote adhesion of certain cell types, in particular neurons.

Excess liquid was removed prior to addition of cell cultures.

3.5.2 Culturir g of Coll Lines

Maintenance and Freezing

Specific growth media for each cell line used is detailed in Appendix A. All cells

were maintained at 37°C/5 % CO2 and passaged when 80 % confluent. Cells were

trypsinised by the addition of 0.25 % Trypsin-EDTA (v/v), incubation at 37°C/5 % CO2 for
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5 minutes, and subsequent dilution (up to 1 in 12) in fresh growth media. Cell lines were

frozen by trypsinising an 80 % confluent 175cm2 flask of cells, pelleting cells by

centrifugation at 150 x g for 2 minutes, washing in growth media, and resuspension in 1 ml

freezing media. Cells were stored for up to 1 month at -80°C, prior to transfer into liquid

nitrogen.

Stable Transfectien of NIH3T3 Cells

Cells at 80 % confluence were trypsinised, pelleted by centrifugation at 150 x g for 2

minutes, and washed with RPMI containing 10 mM HEPES to rid cells of FCS. Cells were

counted using a haemocytometer, and 2 x 106 cells were electroporated with 10 fig of

linearised DNA in a 0.5 cm glass cuvette (BioRad), at 350 V/960 fiF for 10 seconds. Cells

were then grown in Dulbecco's Modified Eagle > medium (DMEM) supplemented with

10% FCS (v/v), at 37°C/5 % CO2 for 2 days. After recovery, 3 ^ig/ml puromycin selection

antibiotic was added to the media for several days, until the no DNA electroporation

control cells had died. Surviving clones were picked by dislodgernent under a dissection

microscope and propagated.

Transient Transfection of Cell Lines

The day before transfection, cells were plated out in antibiotic-free media at a

density of 2.5-5 x 104 cells/well in a 24-well plate or 1-2.5 x 10s cells/well in a 6-well

plate. For i mmunohistochemical a nalysis, c overslips p re-coated w ith g elatin o r p oly-L-

lysine were added to 6-well plates. Cells were transfected with DNA using Fugene 6

(Roche), as per manufacturer's instructions, the optimised Fugene 6 (^1):DNA (jig) ratio.

Media was changed 24 hours post-transfection (supplemented with FCS and antibiotics),

and after 48 hours, cells were harvested.

Luciferase and P-Galactosidase Reporter Assays

Cells co-transfected with Luciferase and fi-galactosidase reporter vectors were

harvested 48 hours post-transfection, and Luciferase reporter activity was tested using a

Luciferase Reporter Gene Assay with constant light signal (Roshe), as per manufacturer's

instructions. Cell lysates were added to a Costar® 96-well opaque white plate, and relative

luciferase activity was measured immediately in a Packard Lumi Count™ luminometer,

using a read length of 7 seconds and a gain of 1. One fifth of each cell lysate was added to

an equal volume of 2 X (3-galactosidase buffer in a 96-well plate and reactions were
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incubated at 37°C 0/N in order to determine transfection efficiency. {3-galactosidase

activity was measured by absorbance at 415 run in a BioRad 3550 microplate reader.

MTT Growth Assay

NIH3T3 cells were plated out in DMEM growth media on replicate 96-well plates (2

x 103 - 2 x 104 cells/well). Media alone was used as a control. Cells in each well were

treated with 0.4 mg/ml 3-(4,5.dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MIT) (Sigma), incubated at 37°C/5 % CO2 for 3 hours, then stored at -20°C. This

process was repeated on Days 0, 1, 2 and 3 after cells were plated, using replicate plates.

On Day 3, all cells were thawed, media was removed, and 150 nl DMSO was added to

each well. Following incubation at 37°C/5 % CO2 for 30 minutes results were read at 595

run absorbance, using a BioRad 3550 microplate reader.

Oxygen Consumption Assay
NIH3T3 cells were trypsinised, pelleted and resuspended at a concentration of 1 x

106 in 2 0 fil i immediately p rior 10 u se. A C lark e lectrode in a water-jacketed c hamber,

connected to a circulating waterbath (Hofhaus et al. 1996), was used to measure oxygen

consumption of cells. The electrode was calibrated with oxygenated water (maximum

reading) and addition of several milligrams of sodium dithionite (minimum reading).

Media alone was measured prior to each sample addition, as a negative control, and cell

samples were added into the 37°C media chamber using a syringe. Readings were

recorded as nmol O2 per second, before and after the addition of 1 mM carbonyl cyanide

m-chloro phenyl hydrazone (CCCP) (Sigma), an uncoupling agent of the respiratory chain

and phosphorylation system of intact mitochondria.

Cell Synchronisation

Mitotic Shake Off

NIH3T3 cells were seeded at a density of 1 x 106 per 175 cm2 flask in DMEM. Cells

were serum starved with 0.5 % FCS (v/v) for 12 hours, prior to the addition of 20 % FCS

(v/v) for 14 hours. At this point 0.4 jig/ml nocodozole was added to the media for 6 hours,

arresting cells in G2/M phase (characterised by detachment of cells). Afier removal of the

nocodozole-treated cells by tapping flasks, T~0 hour (late G2/M) and T=3 hours (early

G0/G1) timepoint samples were taken; 1 x 106 cells were used for fluorescence activated

cell sorter (FACS) analysis and 1 x 106 ceils for protein analysis.

78



Double Thymidine Block

NIH3T3 cells were seeded at 1 x 106 per 175 cm2 flask in DMEM. Initially, 2 mM

thymidine was added to the media for 14 hours to arrest cells at the Gj/S boundary and in

S-phase. Cells were released into S-phase by addition of 20 % FCS (v/v) and removal of

thymidine for 9 hours, before a second thymidine block of 14 hours allowed the exit of

cells from S-phase and entry into the Gi/S boundary. At T=0 hour (late Go/Gi) and T=3

hours (S-phase), 1 x 106 cells were harvested for FACS analysis and protein extraction.

FACS Sample Preparation
Propidium Iodide Staining

Cells were pelleted by centrifugation at 150 x g for 2 minutes, and fixed by

resuspension at a density of 1 x 106 cells in 0.5 ml by 90 % (v/v) ethanol in PBS. Cells

were stored at -20°C for at least 16 hours prior to staining. To stain cells with propidium

iodide (PI), cells were centrifuged at 150 x g for 15 minutes at R/T and resuspended in 40

jig/ml PI containing 60 jig/ml RnaseA in PBS. To allow for adequate penetration of the

dye into DNA, cells were stored at 4°C (in the dark) for at least 2 hours prior to analysis

with an EPICS 752 flow cytometer (service provided by Paul Hutchison, Department of

Medicine, Monash Medical Centre, Victoria, Australia).

EGFP Staining

NIH3T3, PC 12 and C2C12 cells expressing the enhanced green fluorescent protein

(EGFP) were pelleted by centrifugation at 150 x g for 2 minutes and resuspended at a

density of in 1 x 106 cells in 0.5 ml PBS, prior to FACS analysis with an EPICS 752 flow

cytometer (service provided by Paul Hutchison, Department of Medicine, Monash Medical

Centre, Victoria, Australia).

3.5.3 Isolation of Primary Skeletal Muscle Cells

Mice were sacrificed at day 2-3 after birth and the end of the tail clipped for

genotyping (by e ar-clip 1 ysis m ethod). A fter s kin removal, a 111 imbs w ere i mmediaSsly

placed into Hanks buffered saline solution (HBSS) containing no Ca2+ or Mg2+, with 20

mM Hepes (Gibco™ Invitrogen Corporation). Skeletal muscle was then teased away from

adjoining cartilage and bone and placed into fresh HBSS. In a sterile hood, muscle tissue

was transferred into a solution of 0.25 % (w/v) trypsin and 0.5 mg/ml DNasel (Sigma), and

incubated in a shaking water bath (Ratek instruments) for 40 minutes at 37°C. Cells were

pelleted by centrifugation at 150 x g for 5 minutes and resuspended (by 15-20 pipetting

actions) in growth media. Residual bone and connective tissue was removed by passage of
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cells through a 150 \un stainless steel woven wire mesh (Metal Mesh Pty. Ltd.), prior to

plating out onto gelatin coated dishes. Cells were grown at 37°C/5 % CO2 and media

changed after 24 hours (following a PBS wash). Three days after isolation, the media was

changed and myoblasts differentiated into myotubes by the addition of differentiation

media. This initial solution of differentiation media contained 5{iM cytosine arabino-

furanoside (Ara-C) (Sigma), to rid of contaminating fibroblasts. Cells were returned to

fresh differentiation media without Ara-C 2 days later.

3.5.4 Culturing of MPI Mouse Embryonic Stem (ES) Cells

Maintenance and Freezing of MPI ES Cells

MPI ES cells from mice of an SvJ129 background were grown on a feeder layer of

50 % confluent mouse embryonic fibroblasts, at 37*^ with 5 % CO2, with fresh Jl media

added daily. Embryonic fibroblast cells were maintained in Embryonic Feeder Cell Media

(EFM) prior to the addition of ES cells. ES cells were passaged onto a fresh feeder cell

layer when 80 % confluent, by incubation with a solution of 0.25 % Trypsin-

EDTA+HEPES and dilution (up to 1 in 8) in fresh Jl growth media. ES cells were frozen

by addition of an equal volume of 2 X Freezing Media following trypsinisation, stored at -

80°C for one week, prior to transfer into liquid nitrogen.

Electroporation of MPI ES Cells

Cells were trypsinised and counted prior to the resuspension of 2 x 106 cells in 0.5 ml

electroporation buffer. DNA was electroporated into cells at 350 V (960 jxF) in a 0.4 cm

Gene Pulser® cuvette (BioRad), then plated onto embryonic feeder cells for subsequent

growth and antibiotic selection.

When electroporating the Gabpa conditional knockout construct, cells were selected

for 7 days, using geneticin at 15 mg/ml and gancyclovir (GANC) at 2 pM. When

subsequently electroporating these clones with the PGK-Cre recombinase construct, a

PGK-puromycin construct was co-transfected, and 3 ng/ml puromycin was used to select

cells for 2 days.

Pk dng MPI ES Cell Clones

ES cells were grown for 3-5 days following electroporation, at 37°C in 5 % CO2.

Clones were then picked using a sterile mouth pipette, Cells were first washed with

Hanks/HEPES to remove any traces of foetal calf serum (FCS). ES cell clones were
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disaggregated by incubation with 0.25 % (v/v) Trypsin/HEPES for five minutes at 37°C,

before being resuspended in Jl media by means of 8-10 pipetting actions. Clones were

then grown for several days in a 24-well plate at 37°C in 5 % CO2, prior to DNA extraction

and freezing. Mouth pipetting was performed by Elisabetta De Luca, Centre for

Functional Genomics and Human Disease, Monash IRD, Victoria, Australia.

DNA Extraction from MPIES Cells

Cells were washed with Hanks/HEPES buffer prior to addition of cell lysis buffer

and incubation at 55°C for 4 hours. DNA was precipitated by addition of 2 volumes 100 %

(v/v) isopropanol, allowing genomic DNA to be spooled out with a heat-sealed glass

Pasteur pipette. DNA was washed twice with 80 % (v/v) ethanol, air-dried, and

resuspended in 0.2 X TE.

Blastocyst Injection of MPI ES Cells

ES cells were trypsinised and a haemocytometer was used to estimate cell number.

A total of 1.5 x 10s cells in 1 ml Jl media were injected into blastocysts harvested from

C57B1/6 female mice that had been superovulated by intra-peritoneal injection of 5 U/0.1

ml pregnant mares serum and 48 hours later intra-peritoneal injection of 5 U/0.1 ml human

chorionic gonadotrophin. These manipulated blastocysts were subsequently transferred

into pseudopregnant (mated with vasectomised male mice) C57B1/6 female mice.

Blastocyst injection and transfer was performed by Susan Tsao, Centre for Functional

Genomics and Human Disease, Monash IRD, Victoria, Australia.

: v

3,6 Animal Work

3.6.1 General Animal Husbandry

Mice were housed in windowless rooms with controlled temperature (22 ± 2°C) and

a 12-hour light (8:00 am to 8:00 pm) and dark cycle. Pups were weaned 21-28 days after

birth, and numbered by ear clipping. Ear clips or 0.5 cm segments of tail tissue was used

for genotyping, as previously described.

3.6.2 Behavioural Testing of Mice

Grip Strength
Skeletal muscle strength of mice was analysed by use of the hanging wire test

(Crawley 2000). A metal mouse cage lid was edged with masking tape, and mice were
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allowed to grip to the cage lid prior to it being shaken 3 times and inverted over a 30 cm

deep sink. The time (in seconds) until mice fell from the inverted cage lid was recorded,

with a maximum test time of 60 seconds. Tests were repeated over several weeks to assess

changes in grip strength with age.

Gait Analysis

Gait analysis was performed by dipping the hindlegs of mice in Higgins® Indian ink

(Eberhard Fabcr) and allowing them to walk though a 5 cm x 60 cm cardboard tunnel,

lined with white paper (Baxter et al. 2000). The angle between each set of footprints and

regularity of movement was measured (Sango et al. 1995; Crawiey 2000),

3.6.3 Collection of Mouse Tissues
Mice were humanely killed by CO2 asphyxiation if older than 21 days, or by

decapitation i f y ounger. T o e ollect e mbryonic t issues, p regnant females w ere k illed b y

CO2 asphyxiation, their embryos dissected from the uterus and subsequently killed by

decapitation. Tissues collected for RNA or protein extraction were snap frozen in liquid

nitrogen and those to be used for histology were processed immediately.

3J Histology

3.7.1 Tissue Fixation and Sectioning

Formalin Fixed Tissue-Paraffin Sectioning

Dissected organs were rinsed in PBS and transferred to 10 % (v/v) formalin in PBS

O/N at R/T. Organs were rinsed in 70 % (v/v) ethanol three times over a 24 hour period,

processed through a 70-100 % ethanol series in a Leica TP1020 processor and embedded

in paraffin wax using a Leica EG1160 apparatus. Tissue blocks were stored at R/T.

Paraffin blocks were chilled in iced-water for 1 hour prior to sectioning at 5-6 urn

with a Leica RM 2135 microtome. Sections were floated onto a 54°C water bath and

mounted onto Superfrost Plus* (Menzel-GIaser) glass slides. Mounted sections were dried

O/N at 37°C prior to storage at R/T.

Prior to staining of paraffin tissue sections, slides were dewaxed with solvent

3B2026 (HiChem) and dehydrated through an ethanol series ( 2 x 5 minute washes in 100

% (v/v) ethanol, 5 minute wash in 70 % (v/v) ethanol), then rinsed in tap water.
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Fresh Tissue-Cryosectioning

Dissected organs were rinsed in PBS and embedded directly into Tissue Tek®

Optimal cutting temperature compound (OCT) (Sakura) in foil moulds. OCT (Sakura)

blocks were slowly frozen by placement into a plastic tray filled with 100 % (v/v)

isopentane, resting on a bed of dry ice. OCT (Sakura) tissue blocks were stored at -80°C.

Prior to use, tissue blocks were thawed to -20°C in the cryostat chamber for 30 minutes.

Tissue was sectioned at 10-16 jim at -17 to -18°C using a Leica CM 3050 cryostat, and

tissue was collected onto Superfrost Plus® (Menzel-Glaser) glass slides. Mounted sections

were air-dried prior to storage at -80°C. Prior to tissue staining, mounted slides were

thawed to R/T and washed in PBS for 5 minutes to rid of excess OCT (Sakura) compound.

3.7.2 Tissue Staining

Haeraatoxylin and Eosin Staining

Slides were incubated in Harris haematoxylin (Amber scientific) for 5 minutes,

rinsed in tap water for 5 minutes, dipped in acid ethanol, and again rinsed in tap water for 5

minutes. Next, slides were incubated in Scott's blue solution (Amber scientific) for 1

minute, rinsed with tap water for 5 minutes and counterstained with eosin (Amber

scientific) for 2 minutes. After dipping in tap ;vater, slides were dehydrated through an

ethanol series (5 minutes in 70 % (v/v) ethanol, 2 x 2 minute washes in 100 % (v/v)

ethanol). Finally, slides were soaked in histolene (Amber scientific) for 5 minutes, prior to

addition of DePex (BDH) mounting solution and a glass cover slip. Staining was imaged

using a MPS60 digital camera, on a DMR microscop 'Leica Instruments).

X-Gal Staining of Whole Organs or Tissue Sections

Organs to be stained with X-gal (5-bromo-4-chloro-3-indolyl p-D-galactoside) were

dissected in cold PBS prior to fixation. When whole organ staining was performed, tissues

were fixed in 0.2 % (v/v) gluteraldehyde (BDH) in PBS for 1 hour 4°C, whereas

cryosections of fresh tissue were fixed in 4 % (w/v) paraformaldehyde in PBS at R/T for

10 minutes prior to staining. Following fixation, samples were rinsed three times for 15

minutes at R/T in X-gd rinse buffer. Samples were incubated for 4 hours to O/N at 37°C

(in the dark) with X-gal staining buffer, rinsed thoroughly in X-gal rinse buffer, and then

PBS. Following staining of whole organs, a series of glycerol washes was used to clear

background. Organs were incubated in 25 % (v/v) glycerol, 50 % (v/v) glycerol, 75 %

(v/v) glycerol and finally 100 % (v/v) glycerol, each for 2 hours at 4°C, prior to being

photographed. Tissue sections were counterstained with eosin (Amber scientific),
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dehydrated and mounted in histolene (Amber scientific) and DePex (BDH), prior to

viewing on a Leica MPS60 digital camera, using a Leica DMR microscope.

NADH Staining

Slides of transverse cryosections (16 pm) of skeletal muscle were submerged in

Nicotinamide adenine dinucleotide (NADH) staining solution and incubated at 37°C for 25

minutes (in the dark). Slides were then rinsed in distilled water for 5 minutes, prior to

dehydratior. and mounting ii? histolene (Amber scientific) and DePex (BDH) solution, and

viewing with a Leica MPS60 digital camera, on a Leica DMR microscope.

oc-Bungarotoxin Staining of Tissue Sections

Longitudinal cryosections (16 pm) of skeletal muscle were outlined using a pap pen

(Daido Sango) and acetylcholine receptor (AChR) staining was performed G/N at 4°C (in

the dark) with 1 (ig/ml Texas red-conjugated a-bungarotoxin (Molecular Probes) in PBS.

Sections were rinsed and mounted in PBS immediately prior to imaging on a MPS60

digital camera using a DMR microscope (Leica Instruments).

Staining of Wholemount Diaphragms and Teased Muscle Fibres

Intact diaphragm, stemomastoid and soleus muscles were dissected out and rinsed in

PBS, prior to being pinned out on Sylgard cured silicone rubber (Dow Coming), and fixed

in 2 % paraformaldehyde for 1-2 hours at R/T. After removal of excess fixative by rinsing

Vissue several times in PBS, muscle fibres from sternomastcid and soleus were teased into

small bundles using fine forceps. Intact diaphragm muscles and teased fibre bundles were

soaked in 0.1 M glycine for 4 hours at R/T, and excessive connective tissue was then

removed under a dissection microscope. Tissue was made permeable by incubation in a

blocking solution of 4 % BSA (w/v), 0.5 % Tween 20 (v/v) in PBS for 2-3 hours at R/T (or

O/N at 4°C). Muscle tissue was then incubated O/N at 4°C in blocking solution, to which

primary antibody was added (concentrations detailed in Chapter 7). Muscle tissue was

washed 3 times in 0.5 % (v/v) Triton X-100 in PBS, for 1 hour each. Secondary antibody

(diluted in blocking solution) was added to tissues and incubated in th« dark at 4°C O/N,

prior to washing of muscle tissue as before mentioned. Teased muscle fibre bundles of the

stemomastoid and soleus were further separated 'into groups of 1-3 muscle fibres under a

dissection microscope, at low light conditions, using line tungsten needles. Diaphragms

were mounted in Vectorshieid ° Hardset Mounting Medium for fluorescence (Vector

Laboratories) and teased muscle fibres were mounted in antifade aqueous mounting
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medium (BioRad). Stained fibres and wholemount diaphragms were imaged with a TCS

NT digital camera on a DMRXE upright confocal microscope (Leica Instruments).

3.7.3 Electron Microscopy

Diaphragm and soleus muscles were dissected out, rinsed in PBS and pinned out on

Sylgard cured silicone rubber (Dow Corning), prior to their fixation in 2.5 %

gluteraldehyde solution in PBS O/N at 4°C. Tissue was rinsed in PBS 5 times to remove

excess fixative, and diaphragm muscles were further dissected into cubes of approximately

2 mm. The soleus muscle was cut once, transversely ~2 mm from the point of entry of the

central nerve. Muscles were then returned to 2.5 % gluteraldehyde in PBS and stored at

4°C before being processed on a Lynx automatic processor through buffer washes, 1 %

Osmium tetroxide, 2 % Uranyl acetate in 0.1 M Maleate buffer, then dehydrated through a

graded series of acetone and into epoxy resin (ProSciTech). Samples were infiltrated in

resin firstly on a rotating wheel, then in a vacuum oven (Dynavac) for a minhnuni of 48

hours, before being blocked and polymerised at 60°C for a minimum of 24 hours. Survey

sections were cut at 0.5 fim and stained with 1 % Toluidine blue in 1 % Sodium

tetraborate, then areas were chosen for thin sectioning. Thin sections were cut at 70 ran,

and collected on copper/palladium mesh grids. Sections were stained with Reynolds lead

citrate (Reynolds 1963) and neuromuscular junctions were examined and photographed

using a JEOL 1010 transmission electron microscope.

3,8 Electrophysiology

Whole mouse diaphragm and soleus muscles with intact nerves were dissected free

and pinned to the bottom of a 3 ml waterbath, on a bed of Sylgard cured silicone rubber

(Dow Corning). Preparations were continuously perfused at the rate of 3 ml per minute

with Tyrode solution, and the waterbath was maintained at 32-34°C, pH 7.3, and gassed

with 95 % O2 and 5 % CO2. The nerve supplying either muscle was gently sucked into a

glass pipette filled with Tyrode solution. Two Ag-AgCl wires, one within the pipette and

the other outside, were used as the anode and cathode, respectively, to stimulate the axons

innervating the muscle. The nerve was stimulated with square wave pulses of 0.08

millisecond duration and 10-15 V strength at a frequency of 0.1 Hertz using a Grass

Instruments stimulator (SD48) coupled to a Grass stimulus isolator (SIU5).
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Extracellular recordings of spontaneous/miniature endplate currents (MEPCs) and

evoked endplate currents (EPCs) were obtained using micropipettes (20 \im diameter)

filled with Tyrode solution. Focal extracellular recordings were obtained by adjusting the

position of the electrode until both EPCs and MEPCs with rise times of less than 1

millisecond were detected. Once the neuromuscular junction was located, stimulation was

halted for 5 minutes before recording MEPCs and EPCs to allow the terminals to replenish

vesicle pools.

3.9 Statistical Analysis
Data analysis was performed using Microsoft Excel, unless otherwise stated. The

sampled values of two populations (e.g. wildtype and knockout) were deemed to be

statistically significant if a two-tailed t-test gave a p value of <0.05.
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Chapter 4

Results:

Characterisation of Gabpa and fil Gene Structure

4.1 Introduction
GABP complex function has been shown to vary depending on subunit composition;

in particular which P isoform is present. Northern blot analysis identifies the existence of

multiple transcripts of both a and /Ji, some of which are tissue-specific (Brown and

McKnight 1992). Presented herein is the characterisation of the gene structure and

promoter of Gabpa, and various transcripts of Gabpa and /Ji.

4.2 Gene Structure of Gabpa

4.2.1 Genomic Library Screening

An SvJ129 mouse genomic library (Stratagene) was screened for Gabpa genomic

clones. In order to obtain clones representative of the 51 end of the gene, an Ncol-BamHl

restriction digest product spanning 413-678 bp of the Gabpa cDNA (GLM74515) was

used as a probe (library screen performed by Dr. Sika Ristevski, Centre for Functional

Genomicsand Human Disease, Monash IRD, Victoria, Australia). DNA was extracted

from three positive X phage clones, and subsequent restriction endonuclease digestion and

oligonucleotide hybridisation confirmed the presence of exons 1-3 (primers 52, 117 and

118) (see Figure 4.1a). From this analysis, a restriction endonuclease map of the 5' end of

the mouse Gabpa locus could be established (see Figure 4.1b). A 3.2 kb BamHl-EcoRI

fragment was identified as encompassing exon 2, the first coding exon of Gabpa, and was

used as the basis of a conditional knockout construct (see Chapter 6). A 6.7 kb BamUl

fragment encompassing exon 1 was also isolated for promoter analysis and transgenic

construct assembly (see Chapter 6).
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Figure 4.1 - Characterisation of the Mouse Gabpa Gone Locus.
(a) Oiigonucieotide mapping of BamHl or EcoRI digested DNA extracted from X
phage genomic clones, hybridised with oiigonucleotides within Gabpa exon 1,
exon 2 and exon 3. Sizes of genomic fragments (kb) and X clone numbers are
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BAC DNA for presence of intron 7, by amplification of a 700 bp product spanning
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In order to obtain 3* Gabpa genomic sequence, an SvJ129 bacterial artificial

chromosome (BAC) library (BACPAC Resources) was screened. A 977 bp SacYL-Spel

fragment within Gabpa intron 3, spanning 12695-13672 bp of GL27960443 (see

Appendix E), was used as a probe. Six Gabpa positive BACs were identified by

hybridisation, three of which were confirmed to contain Gabpa intron 7 by PCR of

purified BAC DNA template with primers 151 and 152 (see Figure 4.1c). These Gabpa

BACs were used for further genomic analysis.

4.2.2 Mouse Gabpa Genomic Structure
The m ouse Gabp a i ntron-exon b oundaries w ere p redicted b y a lignment o f mouse

(GI: 193382) and human (GI:286026) cDNA sequences, as those of the human gene had

been defined previously (Goto et al. 1995). Primers were designed 50-100 bp either side

of the predicted boundaries and PCR reactions were performed using Elongase DNA

polymerase (Invitrogen). Template genomic DNA used was of the SvJ129 strain from X

phage clones, BAC clones and embryonic stem (ES) cells. As shown in Figure 4.2a,

sequences 51 and 3* of the intron-exon boundaries of Gabpa conform to the gt-ag splice

rule (Shapiro and Senapathy 1987). It is of interest to note that Gabp a introns 5 and 6 are

the largest intervening sequences, at 6.3 and 4.2 kb, respectively.

Sequence analysis (Sequencher v3.0 software) generated three genomic fragments

(gaps within introns 5 and 6 due to their large size). These have been submitted to

Genbank (GI:27960443-27960445) and the full sequences are attached in Appendix E.

Subsequent to this analysis, a complete 26595 bp genomic sequence of Gabpa has been

assembled, through comparison of the three genomic fragments of Gabpa with the public

genome-sequencing database. This assembled sequence is also included in Appendix E.

As shown in Figure 4.2b, Gabpa consists of 10 exons, separated by 9 introns. The total

genomic region spans ~26 kb in length, and as shown in Figure 4.2c, the relative intron

sizes of the mouse, while smaller, are comparable to those of the human GABP a gene

(Goto etal. 1995).

The 5' UTR of Mitochondrial ATP Synthase Coupling Factor VI is found in the

reverse orientation to Gabpa, and is located 165-240 bp upstream of the 5' UTR oiGabpa

(Chinenov et al. 2000). This gene arrangement is conserved in humans. The first coding

exon of Mitochondrial ATP Synthase Coupling Factor VI is 3.6 kb away from exon 1 of

Gabpa (Figure 4.2b). This confirms that the human and mouse gene structures and
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promoter sequences are highly conserved, establishing the mouse as an ideal model for

studying GABP a gene function. In addition, the presence of bi-directional promoter

elements between the two genes (Chinenov et al. 2000) is suggestive of coupled regulation.

4.3 Identification of Gabp a and pi Alternative Transcripts
Alternative splicing of pre-mRNAs is an important means of regulation of gene

expression, and the production of diverse protein products. Heterogeneity of mRNAs

observed by Northern blot analysis or identification of multiple protein isoforms are prime

indicators of involvement of alternative promoters, alternative splice donor-acceptor sites,

and/or alternative 5' and 3' UTRs. As multiple transcripts are detected by Northern blot

analysis for both GABPamd J3 (LaMarco et al. 1991; Brown and McKnight 1992; Escriva

et al. 1999), we investigated their identity.

4.3.1 Gabpa and (51-1 Transcript Expression Analysis

The expression of Gabpa and fil-1 mRNA between mouse embryonic day (E) 10.5

and E15.5 was examined by Northern blot analysis (kindly performed by Daniela Koleski,

Centre for Functional Genomics and Human Disease, Monash IRD, Victoria, Australia), as

shown in Figure 4.3a. Expression of both transcripts is detected at all stages in placenta,

yolk sac and embryo and levels appear to increase slightly with gestational age. Gabp a is

expressed as a major transcript of 5.4 kb and minor transcripts of 2.8 and 2.5 kb, and

Gabpfil-1 is expressed as a 2.8 kb transcript. Gabpa mRNA was detected using a probe

spanning 413-1884 bp of sequence GI: 193382 (primers 52 and 53) representing the full

length open reading frame (ORF). Gabppl-1 was detected by hybridisation with a cDNA

probe spanning 1150-1418 bp of the unique /?/-/ exon 9 region of sequence GI: 193384

(primers 87 and 88). Levels of Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) were

determined to indicate loading, by hybridisation with a probe spanning 585-985 bp of

cDNA sequence GI: 193423 (primers 58 and 59).

In the adult, the major 5.4 kb Gabpa transcript is detected in all tissues, at varying

levels, although is barely detectable in small intestine, spleen and epididymis (see Figure

4.3b). The minor 2.8 kb and 2.5 kb Gabpa transcripts are expressed in a tissue-specific

manner, with highest levels observed in testis, seminal vesicles, thymus, liver, lung and

large intestine. In addition to the 2.8 kb form of Gabpfll-1 that is detected in all tissues at
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Figure 4.3 - Expression Anaiysis of Gabpa and $1-1 Transcripts.
Gabpa and pf-f transcripts were detected by Northern biot analysis of mRNA derived
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varying levels, there are two additional transcripts of 3.1 and 2.5 kb, respectively,

expressed in a restricted manner. The 3.1 kb transcript is detected in cerebellum, lung,

tongue, seminal vesicles and skin, whereas the 2.5 kb form is found in small intestine,

lung, testis, ovary/uterus and skin.

Alternative transcripts have been found for other ETS proteins; Ets-1 (Jorcyk et al.

1991; Queva et al. 1993), Ets-2 (Watson et al. 1990), Erg (Reddy et al. 1987) and Elf-5

(Zhou, J., PhD thesis 2001). Some of these alternative splice products possess distinct

functions to these of the predominant product. For example, the p42 isoformof Ets-1

lacks the N-terminal inhibitory domain and inhibitory phosphorylation site, and activates

an alternative apoptosis pathway in cancer cells by inducing Caspase-1 expression (Li et

al. 1999a). Therefore, to better understand how the expression pattern and function of the

multi-subunit ETS transcription factor Gabp is regulated, the nature of the various Gabpa

and pj-1 transcripts was investigated further.

4.3.2 Identification of Alternative 5' and 3* UTR Transcripts of Gabpa
Template cDNA from kidney, thymus and testis was used in RT-PCR analysis of

Gabpa expression, as these tissues express minor transcripts detectable by Northern blot

analysis (see Figure 4.3b). RT-PCR amplification was performed ac-ioss the entire coding

region of Gabpa with primers spanning 5' and 3' UTR sequence (primers 52 and 53), using

Elongase DNA polymerase (Invitrogen). In each of the three tissues, only the transcript

representing the full length ORF was detected by this method. Therefore, 51 and 31 RACE

RT-PCR was used to identify alternative non-coding regions. An El4.5 mouse placental

cDNA library (kindly provided by Dr. Melanie Pritchard, Centre for Functional Genomics

and Human Disease, Monash IRD, Victoria, Australia) was screened using the universal

API primer (primer 6) and various Gabpa primers (exon 2r-primer 227, exon 5f-primer

229, exon 7f-primer 231 and exon 9f-primer 232).

Amplification from exon 2 of Gabpa yielded multiple RACE RT-PCR products.

Sequencing of these products, after sub-cloning into the pGEM-T vector (Promega), lead

to the identification of two alternative Gabpa exons 1 (exon la and lb), within intron 1

(see Figure 4.4a). Both exon la and lb are capable of splicing into exon 2, producing

identical coding regions to that of the exon 1, as the translation initiation site is located in

exon 2. Exon lb begins at the same 5* site as exon la and includes an additional 216 bp

downstream of exon la. See Figure 4.4b for a diagram of the alternative splicing of
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Gabpa, and Appendix E for the exact location of the alternative exons 1. Sequences of

the three 51 UTRs of Gabpa have been submitted to Genbank (accession no:AY282793,

AY282794 and AY282795) and are attached in Appendix F. Visual inspection of the

sequence of exons la and lb revealed that exon la contains a start codon followed

immediately by a stop codon. In addition, exon lb is predicted to encode three short ORFs

of 40-50 bp in length, one of which extends into exon 2 and terminates 3 bp downstream of

the initiating ATG of the translated Gabpa protein. This third potential translation

initiation site within Gabpa exon lb may compete with the site within exon 2 for ribosome

binding, as both regions resemble the 5 GCC(A/G)CCAUGG3 Kozak consensus sequence

to a similar degree (Kozak 1987). Therefore alternative 5' UTRs may play a role in

translational regulation of Gabp a expression.

RACB RT-PCR products of exon 5f-APl, 7f-APl and 9f-APl reactions varied in

size, due to use of alternative polyadenylation signals within exon 10. Sequence analysis

(Sequencher) yielded identification of four alternative polyadenylation signals at 25628 bp,

26191 bp, 26472 bp and 26539 bp of the complete Gabpa genomic sequence (Appendix

E). These alternative polyadenylation signals result in mRNA sequences of 1965 bp

(GI:193382) as previously described (LaMarco et al. 1991), 2528 bp, 2809 bp or 2911 bp.

The last coding exons of Gabpa therefore start at the same 5' point, but continue for

varying lengths following the termination codon. These alternative last exons have been

termed exons 10a, 10b, 10c, lOd, in order of increasing size (see Figure 4.4c for relative

lengths of 3' UTRs). Sequences of the four Gabpa 3' UTRs have been submitted to

Genbank (accession no:AY282796, AY282797, AY282798 and AY282799) and are

attached in Appendix F. It is important to note that only two of the four Gabpa

polyadenylation signals conform to the 5 AAUAAA3 consensus sequence (those at 26191

bp and 26472 bp), suggesting that transcripts utilising these polyadenylation sites may be

more stable than those with the alternative 5AUAAAUA3' or 5UAAAAAAUA3'

polyadenylation signals (Wickens and Stephenson 1984).

Taken together, this data suggests that a total of twelve Gabp a transcripts may exist,

with various combinations of exon 1, la or lb, and exon 10a, 10b, 10c or lOd. Transcripts

containing exons la and lb may result from alternative promoter usage. Therefore, prior

to the design of a Gabpa overexpression (transgenic) construct, the tissue distribution of
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Gabpa exon la and lb transcripts and promoter activity of the Gabpa upstream region

were investigated further.

Expression Patterns of Exon la/b-containing Gabpa Transcripts

In order to confirm that Gabpa exon la/b transcripts are expressed, RT-PCR was

performed using cDNA of a panel of Fl (C57B1/6 x CBA) mouse tissues as template. 7fhe

exon 1 transcript was amplified with primers 52 and 118 to give a 144 bp product spanning

413-557 bp of cDNA sequence GI: 193382 (see Appendix F) from exon 1 to exon 3 of

Gabpa. Only one product was ever generated from this reaction, indicating that exons la

and lb are alternative exons 1, never found between exons 1 and 2 in cDNA products (see

Figure 4.5a). The exon 1 Gabpa transcript is expressed in all tissues, ranging from almost

undetectable levels in liver and pancreas, to relatively high levels in brain, lung and large

intestine.

The exon la and lb transcripts were amplified with primers spanning Gabpa exon

la to exon 3 (primers 246 and 118), to give a 201 bp exon la product (15-216 bp of partial

cDNA sequence AY282794, see Appendix F) and a 417 bp exon lb product (15-432 bp of

partial cDNA sequence AY282795, see Appendix F). As shown in Figure 4.5b, internal

oligonucleotide hybridisation within exon 2 (primer 61) demonstrated that both exon 1 and

exon lb RT-PCR products were GaZ>/?a-specific. An additional 600 bp product cross-

reactive with Gabpa was also amplified from some tissues, the identity of which is yet to

be found. Exon la and lb transcripts appear to be lowly expressed in most mouse tissues,

with highest expression of exon la in placenta, hindbrain, heart, kidney, spleen and large

intestine, and exon lb in hindbrain, lung, kidney, liver and testis. However, given that

oligonucleotide hybridisation was necessary to vis alise RT-PCR products containing exon

la and lb indicates that they are expressed at a low level relative to the exon 1 transcript.

Implications of Gabp a Alternative Transcripts

A possible explanation for the existence of alternative 5' UTR transcripts of Gabpa

described here is alternative promoter usage. An ETS gene that has been shown to possess

two promoters, resulting in two transcripts of differential expression, is Fli-1 (Prasad et al.

1998). Use of the second Fli-1 promoter results in an alternative 5' UTR producing a

shorter Fli-1b transcript and protein product (Prasad et al. 1998), Transcripts of a more

restricted expression pattern to the full length form are known to exist for many other

genes. For example, the mitochondria! transcription factor AfTFA is known to exist as
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(a)
Exon 1-Exon 3 RT-PCR
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Figure 4.5 - Expression of Gabpa 5* UTR Transcripts in Adult Mouse.
Gabpa 5' UTR transcripts were detected by RT-PCR, using 5' primers specific for exon
1 or exon 1a/b and a common 3' primer within exon 3. Products were hybridised with
an internal oiigonucleotkie within exon 2. The 144 bp product representing the exon 1
transcript is shown in (a). The 201 bp and 417 bp RT-PCR products representing exon
1a and exon 1b transcripts are shown in (b), and an uncharacterised 600 bp product.



multiple transcripts, one of which encodes a testis-specific isoform of unknown function

(Larsson et al. 1996). Initiation of transcription at several sites, generating transcripts that

differ only in their 5' UTRs, can render gene expression less vulnerable to gene silencing

by means of promoter mutation (Ayoubi and Van De Ven 1996). Therefore,

Gabp a alternative 5' UTR transcripts may have evolved as a means of ensuring Gabpa

protein is expressed in all tissues.

The presence of three predicted upstream ORFs within exon lb indicates that the

alternative exons 1 of Gabpa may also play a negative role in translational regulation of

Gabpa. Upstream open reading frames often lead to interference of ribosome scanning

(Kozak 1996; van der Velden and Thomas 1999). Long 51 UTR sequences can also be

inhibitory, due to the presence of stable mRNA secondary structures, making shorter 5*

UTRs (such as exon la) more favourable for translation (Willis 1999). Sequences

contained within the 3' UTR and poly-A tail of mRNA are thought to regulate translation

also, by way of protein-protein interactions causing functional interactions between the 5'

and 3* UTR (Sonenberg 1994). In addition, a consensus polyadenylation signal is known

to be important for transport of transcripts into the cytoplasm (Wickens and Stephenson

1984). It has been suggested that use of alternative 3' UTRs, lacking consensus

polyadenylation signals and containing A-T rich sequences, results in ETS-2 transcripts of

lesser stability than the major transcript (Watson et al. 1990), and the 3' UTR of the GABP

target gene Utrophin is known to be necessary for regulating mRNA stability and

transcript localisation within skeletal muscle cells (Gramolini et al. 2001a). Hence,

alternative Gabpa 3' UTR usage could contribute to differences in translation efficiency.

4.3.3 Identification of Gabp(51-1 and p1-2 Alternative Transcripts
As alternative isoforms of GABPp influence the function of the GABP

transcription factor complex (Suzuki et al. 1998) and multiple Gabpf}l-1 transcripts were

detected by Northern blot (see Figure 4.3), the identity of novel Gabppl transcripts was

explored. The intron-exon boundaries of the mouse Gabpftl gene locus were determined

by Basic Local Alignment Search Tool (BLAST) analysis (Altschul et al. 1990) of mouse

/?/-/ (GI: 193384) and fil-2 (GI:6753933) cDNA sequences against the mouse genome.

This confirmed that the 0J-J transcript differs from fil-2 by splicing from within the

common exon 8 to a unique exon 9 further downstream. RT-PCR analysis was performed

using ElongaseDNA polymerase (Invitrogen) and cDNA from adult mouse brain, lung
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and skin, as minor transcripts are detected in these tissues by Northern blot. Gabpfil-1

transcripts were amplified with primers 242 and 243 spanning 244-1197 bp of GI: 193384,

from exon 3 to exon 9. Alternatively, a Gabpfil-1 RT-PCR product from 49-1418 bp of

GI: 193384, spanning exon 1 to exon 9 (primers 114 and 88) was amplified. Gabpfil-2

transcripts were amplified with primers 242 and 245 spanning 243-1171 bp of GI:6753933,

frorri exon 3 to exon 8, or with primers 114 and 245, spanning exon 1 to exon 8, from 49-

1171 bp of GL6753933. Several RT-PCR products smaller than those of the full length

Gabpfil transcripts were identified and sub-cloned into the pGEM-T vector (Promega).

Sequence analysis (BLAST) identified these products as novel splice variants of Gabpfil;

three alternatively spliced Gabpfil-1 transcripts and three alternatively spliced Gabpfil-2

transcripts. Partial cDNA sequences of each splice variant have been submitted to

Genbank (see Appendix G for sequences), and novel transcripts have been named

according to the splice sites used. Figure 4.6 details all previously identified and novel

Gabpfil transcripts, and the protein domains they encode.

The novel exon 7-9 spliced transcript of Gabpfil-1 (accession no:AY282802) would

result in loss of translationai reading frame, premature termination, and therefore loss of

functional transactivation and homodimerisation domains (see Figure 4.6a). This

transcript was also identified as a partial cDNA sequence on the Genbank mouse EST

database (GI:9813503), isolated from a 5 month old DH10B mouse infiltrating ductal cell

carcinoma of the mammary gland. If produced, this Gabppi-1 protein product would be

able to bind Gabpa and transport the Gabp complex to the nucleus, allowing a to bind

DNA of target genes, but not exert any transactivation, therefore acting as a dominant

negative. The second novel splice form of Gabpfil-l from exon 3-5 (accession

no:AY282800) would produce a GabpPl-1 protein lacking only the C-terminal end of the

a binding domain. This region of the domain is known to contain the amino acids Ml02,

L103, El 13, K135, F136, K138, six of the ten residues essential for Gabpa binding

(Batchelor et al. 1998). Therefore the exon 3-5 GabpfU-l protein product may not be able

to bind Gabpa, or may bind at a greatly decreased affinity, leading to decreased Gabp

complex activity. The third novel splice form of Gabpfil-l from exon 3-9 (accession

no:AY282801) would translate into a protein lacking the C-terminal end of the a binding

domain, as well as the NLS. Therefore the resultant decrease in binding to Gabpa and lack

of import into the nucleus would cause this isoform to act as a dominant negative.

' . :*

J .V

r

V >

I 1

I •?

i

111

7

99



(a)
Full Length f>1-

Alpha! Traraacltvation

Exon 7-9 p*f-f
i n m iv v vi vn

IIHIIC
Alpha binding

Exon 3-5 pf-f
i n m v vi vn vm

IIIIICB
Alphabinding Transactlvation

IX

Exon 3-9
i n iu

Alpha binding Tran*acttva«on

(b)

Full Length pf-2
i n in iv v vi vii vni

Alpha binding Transaclivattet

Exon 6-8 pf-2
« n in iv v vi vm

Alphabinding

Exon 4-6 pf-2
I u m iv vi vn vm

Alpha binding

Exon 3-5 0f-2
i n in v vi vn vm

•IIHCB
Alpha binding Trantactivatlon

Exon 3-6 pf-2
i n m vi vu viu

Alpha binding

In Frame
(953 bp RT-PCR product)

• Out of Frame
(841 bp RT-PCR product)

• In Frame
(762 bp RT-PCR product)

• In Frame
(233 bp RT-PCR product)

In Frame
(928 bp RT-PCR product)

• In Frame
(842 bp RT-PCR product)

• Out of Frame
(817 bp RT-PCR product)

• In Frame
(734 bp RT-PCR product)

• Out of Frame
(621 bp RT-PCR product)

r ,

l ,

Figure 4.6 - Alternative Transcripts of Mouse Gabpfi 1.
Protein domains encoded by full length j?nd alternatively spliced transcripts of mouse
Gabp$1-1 (a) and Gabp$1-2 (b). The sizes of RT-PCR products amplified with primers
spanning exon 3 to 9 ($1-1) or exon 3 to 8 (p7-2) of novel $1 transcripts are indicated,
as are reading frames of putstive protein products. * indicates premature stop codons,
in frame regions are shown in red, out of frame regions in white, NLS in yellow and p*
homodimerisation domain (Beta) in blue.



We detected more splice variants for Gabppi-2 than for J31-I (see Figure 4.6b). The

novel exon 4-6 splice form of Gabpfil-2 (accession no:AY282805) would translate out of

frame, terminating prematurely within exon 6, and would therefore lack functional NLS

and transactivation domains. This would trap Gabpct in the cytoplasm and result in lack of

transcription factor function, acting as a dominant negative. Translation of the second

novel GabpPl-2 splice form, from exon 3-5 (accession no:AY282803), would result in a

Gabppi-2 protein lacking just the C-terminal end of the a binding domain. As in the case

of the GabpPl-1 exon 3-5 isoform, this protein would either bind inefficiently or not at all

to Gabpa, resulting in a decrease or loss of transactivation of target genes. The third novel

GabpPl-2 transcript identified, splicing out the region between exons 3 and 6 (accession

no:AY282804), would translate into an out of iframe protein lacking the C-terminal end of

the a binding domain, as well as functional NLS and transactivation domains, due to

premature termination within exon 6. Examination of the Genbank mouse EST database

revealed an additional exou 6-8 splice variant of Gabpfil-2 (GI:4058535), isolated from

C57B1/6 mouse E14.5 placenta cDNA. If translated, this would form a GabpPl-2 protein

lacking only the NLS. Therefore a Gabp complex containing this subunit would not

localise to the nucleus, or transactivate target genes, acting as a dominant negative. Hence,

the most likely role for all novel alternative splice forms of GabppI is to interfere with the

activation of target genes, in a dominant negative manner.

Expression Patterns of Alternative Gabppl-1 and {$1-2 Transcripts

The expression of all GabppI-1 transcripts was confirmed by RT-PCR using primers

spanning 244-1197 bp of GI: 193384, from exon 3-9 (primers 242 and 243). Tissues from

adult Fl (C57B1/6 x CBA) mice were used to generate template cDNA, and all RT-PCR

products were confirmed to be specific by hybridisation with an oligonucleotide within the

unique GabppJ-J exon 9 region (primer 87). As shown in Figure 4.7a, the full length

GabppI-] transcript (953 bp product) was found in all tissues examined, except for

pancreas and spleen. Conversely, the exon 7-9 transcript (841 bp product, see AY282802

in Appendix G) was only detected in brain, heart, small intestine, skeletal muscle and

tongue. The exon 3-5 transcript (762 bp product, see AY282800 in Appendix G) is also

restricted in its expression, being expressed in hindbrain, kidney, liver, small intestine,

skeletal muscle, tongue and eyes. The smallest GabpPl-1 transcript, spliced from exon 3-9

(233 bp product spanning 195-428 bp of AY282801), was only detected at high levels in
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(a)
Gabp$1-1 Exon 3-Exon 9 RT-PCR

placenta brain cortex hindbrain heart lung kidney liver pancreas spleen bp

233

stomach large int. small int. fat sk. mus tongue eyes testia
ovary/

epidid. uterus

-953

•841

•762

•233

(b)
Gabp$1-2 Exon 3-Exon 8 RT-PCR

stomach large int. small int.

Figure 4.7 - Expression of GabpfM Transcripts in Adult Mouse.
RT-PCR products representing Gabp$1-1 (a) and Gabpfl1-2 (b) transcripts, amplified
with primers spanning exons 3 to 9 and exons 3 to 8, respectively, and hybridised with
specific oligonucleotides. The 953 bp band represents full length $1-1, and 841 bp,
762 bp and 233 bp bands represent exon 7-9, 3-5 and 3-9 splice forms, respectively.
The 928 bp band represents full length $1-2, while 842 bp, 817 bp, 734 bp and 621 bp
bands represent exon 6-8, 4-6, 3-5 and 3-6 splice forms, respectively.



heart and spleen. Due to their potential role as dominant negative proteins, these

alternative isoforms of GabpPl-1 may play a role in tissue-specific regulation of Gabp

complex activity.

Abundance of the various Gabpfil-l splice forms relative to the full length transcript

could be estimated by intensity of bands on exposed x-ray film, as all products were

amplified in the same RT-PCR reaction. In brain, the exon 7-9 splice form (841 bp

product) is expressed at equivalent levels to that of the full length transcript. Similarly, the

exon 3-5 fiJ-1 splice form (762 bp product) is expressed highly in kidney, liver, small

intestine, skeletal muscle, tongue and eyes. The exon 3-9 splice form (233 bp product) is

the only /?/-/ transcript detected in spleen, and is also highly expressed in the heart.

Hence, GabpfiJ-1 possesses alternative splice forms that are expressed in a tissue-specific

manner, at varying levels.

The expression of all Gabp$l-2 transcripts was confirmed by RT-PCR with primers

242 and 245, spanning 243-1171 bp of GI:6753933, from exon 3-8. A panel of Fl

(C57B1/6 x CBA) adult mouse tissues were used to generate cDNA, and RT-PCR products

were confirmed to be specific by hybridisation with an oligonucleotide within the unique

Gabp(}l-2 exon 8 region (primer 89). As shown in Figure 4.7b, the expression pattern of

the Gabppl-2 transcripts differs quite remarkably from that of Gabpfil-1. Full length

GabpjiI-2 (928 bp product) is detected in all tissues except pancreas, and barely detected

in lung. Exon 6-8 (842 bp product, GL4058535) and exon 4-6 (817 bp product, see

AY282805 in Appendix G) transcripts were expressed at very low levels in brain, skeletal

muscle and tongue. Similarly, the exon 3-5 transcript (734 bp product, see AY282803 in

Appendix G) was detected at low levels, in brain, tongue and eyes. Interestingly, the

expression pattern of the fiJ-2 exon 3-5 transcript differs from that of the fi]-J exon 3-5

transcript. The most abundant of Gabpfll-2 alternative splice forms is the exon 3-6

transcript (621 bp product spanning 195-816 bp of AY282804), expressed in brain, heart,

lung, pancreas, stomach, fat, skeletal muscle and tongue. Therefore, it is likely that these

transcripts, being expressed in a tissue-specific manner, may function as negative

regulators of Gabp complex function in a cell-specific manner.

Unlike ftl-1, the abundance of Gabpfil-2 alternative transcripts relative to the major

transcript is quite low. However, the exon 3-6 splice form (621 bp product) predominates

in pancreas, and the exon 6-8 and 4-6 transcripts (842 bp and 817 bp products) are found at
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equivalent levels to full length pi-2 in the cortex and hindbrain. All other tissues express

the full length Gabppl-2 transcript at higher levels than the alternative splice forms. This

suggests that expression of GabpPl-1 is regulated in a more complex manner than pl-2,

and has important implications upon transcription factor function, as pi-1 is the

predominant protein found in Gabp complexes.

Implications of Novel Gabppl-1 and J31-2 Splice Forms

The alternative splice forms of GabpPl described here may produce dominant

negative isoforms. Protein deletion and cell transfection experiments have previously been

used to determine the PPAKR region necessary for nuclear localisation and amino acids

153-267 for transactivation (Sawa et al. 1996). Therefore, if the alternative transcripts of

Pl-l exon 7-9, exon 3-9 and fil-2 exon 6-8, exon 4-6, exon 3-6 were translated into

proteins, this would result in loss of Gabp transcription factor function. R etardation of

Gabp within the cell cytoplasm would also allow other ETS family members an

opportunity to act on genes normally regulated by Gabp, resulting in different levels and/or

temporal expression. Therefore Gabp function may be negatively regulated in a similar

manner to NF-KB, to the extent that the binding protein IKB prevents NF-KB from

translocating to the nucleus, and hence prevents target gene regulation by NF-KB (Baeuerle

and Baltimore 1988).

The amino acids essential for Gabpp binding to a have been identified as; W35, L37,

K69, V70, M102, L103, El 13, K135, F136, K138 (Batchelor et al. 1998). Two of these

residues are positioned at the tip of each ankyrin repeat loop of GabpP and interact with the

carboxy terminal extension of the ETS domain of Gabpa via hydrophobic and hydrogen

bonds (Ely and Kodandapani 1998). It is this Gabpa/p interaction that results in the

complex b eing s ignificantly m ore s table than a b inding D NA a lone (Graves 1998). I n

those GabpP 1 isoforms missing exon 4 (produced from transcripts pl-l exon 3-5, exon 3-9

and pl-2 exon 3-5, exon 3-6 splicing), amino acids M102, L103, El 13, K135, F136, K138

would be absent. Therefore the Gabpa/pi interaction would be weaker, if at all possible,

in tissues where these transcripts are highly expressed, such as heart, kidney and pancreas.

The inability of some isoforms of GabpP 1 to bind Gabpa introduces the possibility

of P being available to bind other proteins, utilising its transactivation domain and NLS for

purposes other than transactivation of Gabp complex targets. Recently, yeast-2-hybrid

104



experiments identified the Polycomb protein cofactors YAF-2 (YY1 -associated factor 2)

and the closely related YEAF1 protein (YY1- and E4TFl/hGABP- associated factor 1) as

being able to bind to the NLS of GABP(3 and y proteins (Sawa et al. 2002). Whether lack

of Gabppl binding a affects these and other protein interactions, by means of altered

protein structure remains to be tested, however lack of the NLS may prevent binding to

YAF-2 or YEAF-1. The net effect of any alternative protein interactions of GabpPl would

be altered transactivation of Gabp target genes.

4.4 Gabp a Promoter Analysis

Some genes are transcribed in tissues from a promoter that yields a 5' UTR full of

upstream ORFs, while in the tissue that constitutes the major site of gene expression, a

different promoter is used to produce a 5' UTR which is less encumbered (TCozak 1991).

Promoter analysis of the Gabp a upstream region was performed to identify regulatory

elements, and to address the question of exon la and exon lb transcript function. This

regulatory information was subsequently used to produce in vitro and in vivo models of

Gabp a overexpression, to mimic the increased gene dosage of GABP a in Down syndrome

(see Chapters 5 and 6).

4.4.1 Analysis of Gabpa Upstream Sequence
Comparative analysis of the human (GI: 14861133), mouse (see Appendix E) and rat

(GI:25006870) GABPa sequences was performed using the Visualisation Tools for

Alignments (VISTA) program (Dubchak et al. 2000b) (see Figure 4.8). This analysis

demonstrates a high conservation level between mouse and rat Gabpa across the whole

locus. High sequence similarity is also maintained within the coding regions of the human

gene. This is not the case for exons la and lb, which are unique to the mouse, suggesting

a species-specific means of regulation. The only non-coding regions of GABPa which are

highly conserved (£ 75 %) between mouse and human are the CpG island flanking exon 1,

a 100 bp region within intron 3, and a 750 bp region within intron 9, immediately upstream

of the last coding exon. These areas may contain important regulatory ~<?quences that have

been conserved during evolution.

Three putative promoter regions (PI, P2 and P3) were predicted within the Gabpa5'

UTR and intronic regions (see Appendix E for their sequence and location), using the
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Figure 4.8 - Conservation of GABPa Genomic Structure Between Species.
VISTA alignment of human, mouse and rat GABPa genomic sequences. The first exon of the closely linked gene ATP Synthase Coupling Factor 6 is
included, as are the predicted CpG island and promoter regions (P1, P2 and P3). Positions of start and stop codons are indicated and numbering is
relative to the GABPa translation start site (+1). The midline represents a threshold of 75 % conservation.



Nucleotide Identify X (NIX) application (Williams et al. 1998). The most distal promoter

region (PI) is downstream of ATP synthase coupling factor 6 (-6996 to -6700 relative to

the translation start site of Gabpa +1). The second predicted promoter region (P2) lies

within exon I of Gabpa (-3927 to -3627), and the third (P3) immediately downstream of

this (-3601 to -3310), within the flanking CpG island of-4314 to -3162. Therefore, we

examined whether these predicted promoter regions, as well as exons 1, la and lb of the

mouse, possess promoter function.

4.4.2 In vitro Analysis of Gabpa Promoter Activity

The promoter activity of the Gabpa 5' region was assessed using the Luciferase

reporter assay, which has conventionally been used for measuring transcriptional activity

in mammalian cell lines (Nordeen 1988; Brasier et al. 1989). Four reporter constructs were

created, using unique restriction endonuclease sites that flank the three predicted Gabpa

promoter regions P1, P2 and P3, and sub-cloning upstream of Luciferase in the pGL-3

basic reporter vector (Promega) (see Figure 4.9a) Constructs were sequenced (with primer

3, spanning 4760-4779 bp of GI:U47295), then transiently co-transfected with the /J-

galactosidase reporter vector (Promega) into NIH3T3 mouse fibroblast, PC 12 neuronal-

like rat adrenal pheochromocytoma and C2C12 mouse myoblast cell lines, and assayed for

cell type-specific promoter activity.

Expression Analysis of Gabp a-Luciferase Reporter Constructs

As shown in Figure 4.9b, when Luciferase expression level was adjusted to account

for transfection efficiency (P-galactosidase expression level) and expressed as fold

induction above the empty pGL3 basic vector, the highest level of Gabpa promoter

activity was observed in the C2C12 skeletal muscle cell line, consistent with the proposed

role of Gabp in the regulation of neuromuscular signalling proteins. Gabpa promoter

activity was enhanced in C2C12 cells by addition of differentiation media immediately

following transfection, indicating that Gabp may function by regulating genes involved in

skeletal muscle differentiation. The same relative pattern of promoter activity was seen

across 3T3, C2C12 and differentiated C2C12 cell lines. Induction of Luciferase activity

was observed across the three cell lines (10 to 40-fold) with the Pmel-BbvCl construct (-

6983 to -4081), which encompasses PI and sequence upstream of Gabpa exon 1. This

activity was enhanced (up to 80-fold induction in differentiated C2C12 cells) when cells

were instead transfected with the Pmel-BspEl construct (-6983 to -3588), which also
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Figure 4.9 - Analysis of in vitro Gabpa Promoter Activity.
The Gabpa promoter and relevant 5' restriction fragments are shown in (a). Restriction
endonuclease sites, exons, predicted promoter elements (P1, P2 and P3), and CpG
island encompassing exon 1 of Gabpa are indicated, (b) Resulting Lucifemse activities
of each construct are shown for 3T3, PC12, C2C12 and differentiated C2C12 cell lines,
expressed as fold induction above background (empty pGL3 vector). Error bars show
SEM, where n=16 for differentiated C2C12s, n=19 for PC12s and n=23 for 3T3s and
C2C12s. Nudeotide numbering is relative to the Gabpa translation start site (+1).



includes Gabpa exon 1 (P2). No Luciferase activity was detected when cells were

transfected with construct BspEl-BstZllI (-3588 to -80), which contains Gabpa intron 1,

P3 and exons la and lb. This indicates that the alternative 51 UTRs of mouse Gabpa do

not function as alternative promoters. However, when exon 1 was added to this intronic

region, in the form of construct BbvCl-BstZlll (-4081 to -80), promoter activity was

obtained at equal levels (10 to 40-fold induction) to those seen with construct Pmel-BbvCl.

Therefore the exon 1 region, and sequence immediately upstream, possesses most of the

promoter activity of Gabpa

The exception to this trend of results was seen in PC 12 cells (see Figure 4.9b),

where the addition of construct Pmel-BspEl, which gave highest Luciferase induction in all

other cell lines, yielded no promoter activity. In PC 12 cells the Pmel-BbvCl construct,

containing promoter elements upstream of Gabpa exon 1, gave similar Luciferase

induction (8-fold) as seen in 3T3 cells. The highest promoter activity in PC 12 cells was

observed when transfected with the BbvC\-BstZ\l\ construct, containing Gabpa exons 1,

la, lb and intron 1 (encompassing predicted promoters P2 and P3). However, as with the

other cell lines tested, transfection of PC 12 cells with the BspEl-BstZXll construct,

containing only Gabpa exons la and lb and intron 1 (P3), resulted in no Luciferase

induction. This indicates the presence of a unique repressing transcription factor or

absence of an activator in the PC 12 cell line, and highlights the ability of Gabpa

expression to be regulated in a cell type-specific manner. Together, the results obtained

from the Luciferase assay are consistent with the presence of a CpG island encompassing

exon 1, as these structures often contain functional promoter elements (Gardiner-Garden

and Frommer 1987). We examined this sequence further, for the presence of transcription

factor binding sites.

Transcription Factor Binding Sites within the Gabpa Promoter
Transcription factor binding sites within the sequence encompassed by the CpG

island flanking exon 1 of Gabpa (-4314 to -3162) were predicted using the Transcription

Element Search System (TESS) (Schug and Overton 1997), BCM Search Launcher (Smith

et al. 1996b), Matlnspector (Quandt et al. 1995b) and rVISTA (Loots et al. 2002) computer

programs. Several basal and skeletal muscle-specific initiation sites were identified in this

region by the prediction programs, as shown in Figure 4.10. Few transcription factor

binding sites lie within the P2 region of exon 1, with most clustering immediately upstream
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or downstream of exon 1. The three ETS binding sites and the Ying-Yang 1 (YY1)

repressor binding sites in the region upstream of P2 were previously described (Chinenov

et al. 2000), and this upstream region has been shown to possess bi-directional promoter

activity, driving expression of Gabpa and the closely linked gene ATP synthase coupling

factor 6. This is consistent with our transactivation data, however successive 5' promoter

deletion is necessary to determine if this region of Gabpa (within the CpG island) is the

minimal promoter. The general transcription initiation sequences and binding sites for

ETS proteins, Spl, YY1, NFKB, Myc/Max and AP2 present within the CpG island

promoter region of Gabpa correlate with the ubiquitous expression of the Gabpa protein.

However, presence of muscle-specific transcription initiation sequences and binding sites

for the haematopoietic transcription factor Mzfl reflect the ability of Gabp to transactivate

tissue-specific genes. Site-specific mutation studies are necessary to identify the

transcription factors responsible for basal Gabpa expression, and the cell type-specific

effects seen in PC 12 cells.

4.4.3 Gabpa 5' UTR Transcript Secondary Structures
The alternative 5' UTRs of Gabpa, exons la and 1b, do not contain any functional

promoter elements. Therefore, to assess whether the alternative exons 1 may play a role in

Gabpa translational efficiency, secondary structures and the corresponding free energy

values of Gabpa transcripts containing the three different 5' UTRs (together with the

previously characterised exon 10a polyadenylation signal) were predicted using the mfold

program (Zuker 2003). As shown in Figure 4.11, a Gabpa transcript containing exon la

has a less branched secondary structure than transcripts containing exons 1 or lb, and is the

least stable structure, with the highest free energy value of-433.91 kcal/mol. The exon 1

Gabpa transcript is the most stable, with a free energy of -612.79 kcal/mol and lengthy

stem-loop structures. The exon lb Gabp a transcript has a free energy of-480.16 kcal/mol

and a predicted secondary structure with shorter branches than the exon 1 transcript.

During the course of investigation of the Gabpa 5' UTR transcripts, it was generally

noted that RT-PCR products spanning exon 1 to the initiation codon within exon 2 were

less efficiently amplified than those spanning exon la or exon lb to exon 2, even though

amplification of larger RT-PCR products shows the exon 1 transcript to be more abundant

than exon la and exon lb Gabpa transcripts (see Figure 4.5). This correlates with the

predicted central location of the initiation codon within the exon 1 Gabpa transcript
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(a)

Figure 4.11 - Secondary Structures of Gabpa 5' UTR Transcripts.
The stem-loop secondary structures of the mouse Gabpa (a) exon 1, (b) exon 1a, and
(c) exon 1b 5* UTR transcripts (containing exon 10a), as predicted by the mfold program.
The 5' end of each transcript is indicated in green and the 3' end in red.



branched secondary structure. Together with the low free energy of the exon 1 Gabpa

transcript, the location of the initiation codon may result in decreased translational

efficiency, as more free energy would be required to melt the secondary structure to reach

the initiating AUG. This has been shown in vitro to be the case for the bovine liver

mitochondrial Aldehyde dehydrogenase mRNA, versus that of the rat, by means of

translation of chimaeric mRNAs in rabbit reticulocytes (Guan and Weiner 1989).

Therefore, Gabpa transcripts containing the less structured exon la may be favoured for

translation due to the ease of ribosomal binding, and transcripts containing exon 1 may be

less efficiently translated due to increased secondary structure.

Repressors and activators that bind to the 5' UTR can also influence where

ribosomes bind to initiate translation, resulting in variable protein expression due use of

alternative 5' UTRs (Sonenberg 1994). The expression pattern of the three Gabpa 5' UTR

transcripts suggests that the translation efficiency of Gabpa may be regulated in a cell

type-specific manner. This is the case for the Gli-1 oncogene, where expression of the

usually lowly abundant y-51 UTR variant correlates with increased cell proliferation in

basal cell carcinomas (Wang and Rothnagel 2001). The translational efficiencies and

stabilities of the three 5' UTR Gabpa transcripts are yet to be tested experimentally. Only

then can a definitive conclusion be made in regard to their function.

4,5 Summary - Transcriptional Regulation of the GABP Complex

The genomic structure and 51 regulatory region of GABPa is highly conserved

between human and mouse, suggesting conserved protein product function. However, the

alternative exons 1 within intron 1 of Gabpa are unique to the mouse, indicating a species-

specific means of transcript regulation. Alternative transcripts of the Gabpa and ftl

subunits may be the mechanism behind the Gabp complex achieving specificity of

function, in order to regulate such a large number of diverse target genes. Use of

alternative transcripts may be an important regulatory mechanism of gene function, only

now becoming apparent with the high-throughput sequencing of genomes and expression

libraries. For example, a recent genome-wide analysis of 2.2 million human expressed

sequence tags (ESTs) identified 27790 alternative splice forms, 667 of which are tissue-

specific (Xu et al. 2002).
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Gabpa and f$J genes appear to be subject to tissue-specific modes of regulation.

Production of tissue-specific dominant negative splice forms of Gabppi may aid in rapid

post-translational regulation of Gabp complex activity in response to environmental

stimuli. Expression of alternative Gabpa 5* UTRs may be the result of an as yet

unidentified alternative promoter. Alternative promoter usage is a suggested means of

ensuring ubiquitous expression of a protein, and prevention of gene silencing due to

promoter methylation (Ayoubi and Van De Ven 1996). A second possibility is that the

alternative 5' and 3' UTRs of Gabpa aid in the translational regulation of Gabpa, due to

differences in mRNA stability and accessibility of ribosome binding sites. Thirdly, the 5'

and 3' UTRs of Gabpa may determine the intracellular localisation of Gabp a transcripts.

114

iJ



Chapter 5

Results:

Characterisation of Gabp a Expression

5.1 Introduction

Gabpa mRNA is expressed in all mouse tissues examined to date (LaMarco et al.

1991), however the quantified expression levels and cellular distribution of Gabpa protein

have not been determined. As Gabpa forms a complex with p, the expression level of

each subunit may have functional significance for the Gabp complex. Here the generation

of polyclonal antibodies raised against Gabpa is described, and characterisation of Gabpa

protein levels in the adult mouse. To further our understanding of Gabpa function, in vitro

overexpression of Gabpa was performed and its effect on cellular respiration, cell cycle

and target gene expression evaluated. The eifect of in vivo Gabpa overexpression was

also assessed, u sing D own syndrome fibroblast cell lines and tissues of Ts65Dn partial

trisomy 16 mice.

5.2 Characterisation of Gabp a Expression

We have examined Gabpa expression at the mRNA and protein level. This is

important, as another ETS factor, PEA3, is expressed in some human cell types at the

mRNA level, but not at the protein level (de Launoit et al. 1997). In the few rat tissues

studied for Gabpa expression (testes, liver and brain), no correlation was found between

mRNA and protein levels (Vallejo et al. 2000). This indicates that, at least in the rat, gene

regulation of Gabpa occurs at both the transcriptional and post-transcriptional levels. We

investigated this further in the mouse.

5.2.1 Production of Gabpa Polyclonal Antibodies
Sequence analysis (BLAST) of the Gabpa mouse (GI:6679899) and human

(GI: 13646482) protein sequences revealed 96 % amino acid identity (see Figure 5.1),
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Identities = 436/454 (96%), Positives = 445/454 (98%)

Human: 1 MTKREAEELIEIE1DGTEKAECTEESIVEQTYAPAECVSQAIDINEPIGNLKKLLEPRLQ 60
MTKREAEELIEIEIDGTEKAECTEESTVEQTY PAECVSQAIDINEPIGNLKKLLEPRLQ

Mouse: 1 MTKREAEELIEIEIDGTEKAECTEESIVEQTYTPAECVSQAIDINEPIGNLKKLLEPRLQ 60

Human: 61 CSLDAHEICLQDIOLDPERSLFDQGVKTDGTVQLSVQVISYQGIEPKLNILEIVKPADTV 120
CSLDAHEICLQDIQLDP+RSLFDQGVKTDGTVQLSVQVISYQG+EPKLNILEIVK A+ TV

Mouse: 61 CSLDAHEICLQDIQLDPDRSLFDQGVKTDGTVQLSVQVISYQGM^PKLNILEIVKTAETV 120

Human: 121 EWIDPDAHHAESEAHLVEEAQVITLDGTKHITTISDETSEQVTRWAA^LEGYRKEQERL
EWIDPDAHHAE +EAHLVSEAQVITLDGTK; ZTTISDETSEQVTRWAAjiLEGYRKEQERL

Mouse: 121 EVVIDPDAHHAEAEAHLVEEAQVITLDGTKHr:TISDETSEQVTRWAAAlLEGYRKEQERL

180

180

Human: 181

Mouse: 181

Human: 241

Mouse: 241

GIPYDPIQWSTDQVLHWWWVMKEFSMTDIDLTTLNISGRELCSLNQEDFFQRVPRGEIL
GIPYDPI+WSTDQVWIWVVWVMKEFSMTDIDLTTLNISGRELCSLNQEDFFQRVPRGEIL
GIPYDPIRWSTDQVLHWWWVI4KEFSMTDIDLTTLNISGRELCSLNQEDFFQRVPRGEIL

240

240

WSHLELLRKYVLASQilQQMNEIVTIDQPVQIIPASVQSATPTTIKVINSSAKAAKVQRAP 300
WSHLELLRKYV LASQEQQMNEIVTIDQPVQIIPASV ATPTTIKVINSSAKAAKVQR+P
WSHLELLRKYVLASQEQQMNEIVTIDQPVQIIPASVPPATPTTIKVINSSAKAAKVQRSP 300

Human: 301 RISGEDRSSPGNRTGNN
RISGEDRSSPGNRTGNNi

Mouse: 301 RISGEDRSSPGNRTGNN

DLKTLIGYSAAELNRLVTE
ILKTLIGYSAAELNRLV £

:DLKTLIGYSAAELNRLVIE 420

] Pointed Domain

ETS Domain

_l GabpP Interaction Domain

Figure 5.1 - Conservation of GABPa Protein Sequence.
BLAST alignment of the 454 amino acid sequences of human and mouse GABPa proteins, showing
96 % amino acid identity and 98 % amino acid similarity between the two species. The consensus
amino acid sequence is shown between those of human and mouse, and identical amino acids are in
bold typeface. Residue numbers are indicated on either side of the sequence. Conserved protein
domains are highlighted; Pointed in yellow, ETS in blue and Gabpp interaction domain in pink.



therefore any antibody generated should be capable of recognising GABPoc from both

species. Antibodies to GabpP were not generated, due to lack of a unique sequence of

sufficient length between different isoforms of the protein, as well as the presence of

repetitive ankyrin repeats.

Gabpoc contains ETS and Pointed domains that are conserved in other ETS factors,

therefore a unique N-terminal region of 108 amino acids of Gabpcc was chosen for

antibody production (see Figure 5.2a). Bases 572-895 of Gabpa cDNA GI: 193382,

corresponding to amino acids 40-147 of GL6679899, were cloned into the Smal site of the

pQE-31 His-tag expression vector (Qiagen), using a BstOl-Banl digest and the construct

was sequenced with primer 51, spanning 3371-3388 bp of the pQE-31 vector sequence

(Qiagen) (cloning performed by Dr. Sika Ristevski, Centre for Functional Genomics and

Human Disease, Monash IRD, Victoria, Australia). Recombinant protein expression was

performed using BL21 DE3 (pLysS) bacterial cells (Stratagene) and eluted on TALON

nickel resin (Clontech), as per manufacturer's instructions. An induction series with 0.4

mM IPTG was performed and a plateau of protein production was found to occur after 1

hour (see Figure 5.2b). The protein concentration resulting from a large-scale preparation

under these conditions was estimated using a Coomassie Spot Test, and Bradford assay,

and 0.8 jig of recombinant protein was injected into each of two rabbits (in Freund's

complete adjuvant (Sigma)), with two subsequent booster injections. Sera samples taken

following the second booster injection were tested for specificity towards Gabpa prior to a

final booster injection.

Antibody titres of sera from the two immunised rabbits were determined by ELISA

against the recombinant Gabpa immunogen. As shown in Figure 5.2c, pre-immune sera

from both rabbits showed no innate reactivity to Gabpa. The titre of rabbit 1 was deemed

to be 1/10000 and that of rabbit 2 was 1/5000. Pre-absorbing the antisera overnight at 4°C

with 1 fig Gabpa recombinant protein prior to use did not, however, result in any decrease

in reactivity. This could have been due to addition of too little recombinant protein and/or

use of too high a concentration of antisera. Therefore 10 \xg Gabpa recombinant protein

was subsequently used to pre-absorb antisera of higher dilution prior to Western blot

immunodetection of Gabpa.
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Figure 5.2 - Production of Poiycionai Gabpa Antibodies.
Protein domains of mouse Gabpa are shown in (a); Pointed in yellow, ETS in b!ua and
Gabpp interaction domain in pink. The 40*147 amino acid (aa) region used for Gabpa
poiycionai antibody production is indicated, (b) Coomassie stained SDS-PAGE of the
purified 30 kDa His-tagged Gabpa recombinant protein 0-4 hours post-1PTG induction
in DH10B or BL21 DE3 bacterial cells. Empty vector (pQE-31) was also included as a
negative control, (c) ELiSA testing the reactivity and titre of rabbit antisera against the
30 kDa Gabpa recombinant protein. Dilutions are indicated for test bieed, pre-immune
and pre-absorbed sera. No primary antibody (No 1°) was used as a negative control.
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5.2.2 Validation of Gabpa Polyclonal Antibodies

The specificity of the antisera derived from the two rabbits was examined by

Western blot analysis using Gabpa recombinant protein, quadricep skeletal muscle extract

and lysate from NIH3T3 cells. Initial testing showed that both antisera detect a 58 kDa

band representing full length Gabpa (in combination with 0.3 jag/ml goat anti-rabbit horse

radish peroxidase (HRP) conjugated IgG (DAKO) secondary antibody), which can be

successfully pre-absorbed with 10 jig of recombinant Gabpa protein (see Figures 5.3a and

5.3c). Other bands were deemed non-specific, as they did not disappear after pre-

absorption of the antisera with Gabpa recombinant protein. Titration of primary and

secondary antibodies demonstrated that the antiserum from rabbit 2 shows more non-

specific immunoreactivity than that of rabbit 1 (see Figures 5.3b and 5.3d). Therefore, in

all Gabpa protein analyses shown in the following chapters, 8 % reducing SDS-PAGE and

Western blot were followed by incubation of membranes with a 1/5000 dilution of rabbit 1

antisera, followed by 0.15 ug/ml g oat anti-rabbit HRP conjugated IgG (DAKO), as this

displayed few non-specific bands and detected Gabpa at low concentrations.

5.2.3 Analysis of Gabpa Expression in the Adult Mouse

Tissues from 3 male and 6 female 8-9 week old mice of an Fl (C57/B16 x CBA)

background were analysed for Gabpa protein expression levels (see Figure 5.4a). Pooled

protein extracts were used to reduce any effects of natural variation between animals.

Western blot analysis was performed and duplicate membranes were probed with 0.05

fig/ml anti-3-tubulin mouse monoclonal antibody (Chemicon), followed by 0.3 jig/ml

rabbit anti-mouse HRP IgG (DAKO), to indicate protein loading. Gabpa was found to be

expressed in ail tissue examined, although barely detected in small intestine and liver.

Gabpa protein levels were quantified relative to p-tubulin. In order to average the results

of several experiments, ratios of Gabpa to P-tubulin were adjusted such that the tissue of

highest expression had a ratio equal to 1. As shown in Figure 5.4b, Gabpa is most

abundant in the bone marrow, spleen, thymus, lung, ovary/uterus and seminal vesicles.

The high levels of expression seen in haematopoietic and immune tissues reflect Gabp

function in regulating expression of IL-2, IL-J6, CDJ8, thrombopoietin and the yc chain of

cytokine receptors (see Table 2.5). High levels of Gabpa protein in reproductive organs

may reflect the fast proliferation rate and high density of mitochondria in these cells, as

other target genes of GABP include the cell cycle regulator Rb, components of
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Figure 5,3 - Western Blot Immunodetection with Gabpa Antisera.
Rabbit antisera were tested for Gabpa immunoreactivity using samples of recombinant
Gabpa protein (Gabpa), and extracts from mouse quadricep muscle and 3T3 fibroblast
cells. Dilutions of (a) rabbit 1 and (c) rabbit 2 antisera (primary Ab) recognise the
30 kDa recombinant polypept de immunogen, as well as an endogenous 58 kDa protein
band. Lack of immunoreactivity of pre-immune and pre-absorbed antisera with these
two bands confirms their specificity. The concentration of secondary antibody (Ab)
was titrated with two dilutions of (b) rabbit 1 and (d) rabbit 2 antisera.
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Figure 5.4 - Expression Levels of Gabpa Protein in Adult Mouse.
Western blot analysis of adult mouse tissues was performed for Gabpa and pMubulin
proteins (a), allowing Gabpa levels to be expressed as a ratio to pMubulin (b). Ratios
were adjusted across experiments such that the expression in the bone marrow was
equal to 1. (c) Comparison of Gabpa mRNA and protein levels in adult mouse tissues,
relative to the housekeeping Gapdh mRNA or p-tubulin protein, where + to +++++
represents relative expression leva! and N/D indicates not determined.
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Cytochrome-c-oxidase, and mitochondrial transcription factors MTFA and B (see Table

2.5). The reason for Gabpa abundance in the lung is less clear, but could reflect the high

abundance of macrophages in this tissue.

Northern blot analysis of Gabpa mRNA levels was also performed on poly-A+

purified RNA from adult Fl (C57B1/6 x CBA) mice. As described in Chapter 4, RNA

filters were hybridised with a full length Gabpa cDNA probe, and relative Gabpa

transcript levels were determined by subsequent hybridisation of filters with a probe

specific for the housekeeping mRNA Gapdh (see Figure 4.3b). In summary, Gabpa

mRNA is expressed in all tissues, but at varying levels. As shown in Figure 5.4c, in most

tissues, the relative Gabpa protein levels reflect Gabpa mRNA levels. However, when

only two or three tissues are studied (i.e. testes, liver and brain of the rat (Vallejo et al.

2000)) this pattern may be missed, as some tissues appear to exhibit post-transcriptional

regulation of Gabpa. For example, Gabpa mRNA is expressed lowly in tongue, quadricep

skeletal muscle and skin, yet relatively highly at the protein level. C onversely, Gabpa

mRNA i s h ighly e xpressed i n 1 iver, y et t he protein 1 evel i s 1 ow. O ne m eans oft issue-

specific post-transcriptional regulation of Gabpa may be the expression of alternative

transcripts differing in their stability or translational efficiency, as discussed in Chapter 4.

5.2.4 Gabpa Expression in Skeletal Muscle
The expression level of Gabpa in skeletal muscle is of particular interest, as

numerous GABP gene targets are expressed at the NMJ. In addition, several of these

protein products are expressed at higher levels in differentiated myoblasts compared to

undifferentiated myotubes. Utrophin is expressed at two-fold higher levels in

differentiated myotubes, due to transcriptional upregulation (Gramolini and Jasmin 1999).

Levels of AChRs on the surface of C2 mouse skeletal muscle cells also increases ten to one

hundred-fold during their differentiation (Buonanno and Merlie 1986), with a specific

eight-fold increase in transcription of the 8 subunit. Gabpa protein levels were examined

in undifferentiated and differentiated C2C12 mouse skeletal muscle cells, as well as in

adult mouse skeletal muscle tissues of different fibre type proportions. Western blot

analysis was performed in triplicate on whole-tis-uie lysates of soleus, gastrocnemius,

diaphragm and quadricep muscles from nine 6 week old male C57B1/6 x SvJ129 mice (see

Figure 5.5a for a representative image). Gabpa levels were also assessed in cell lysates

from undifferentiated C2C12 cells and 72 hours post-differentiation.
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When quantified relative to the P-tubulin housekeeping gene (see Figure 5.5b), no

significant difference was found in Gabpa protein levels of undifferentiated or

differentiated C2C12 cells. This suggests that post-translational regulatory mechanisms

such a s phosphcrylation m ay r esult i n i ncreased G abp c omplex a ctivity a nd s ubsequent

transcriptional activation of target genes (Fromm and Burden 2001). Skeletal muscle

tissues of the adult mouse display varying Gabpa protein levels. Quadricep and

gastrocnemius muscles, which consist predominantly fast glycolytic type lib fibres,

express higher levels of Gabpa protein than the fast oxidative diaphragm and slow

oxidative soleus muscles. This result was unexpected, as many target genes of Gabp

function i n t he o xidative p hosphorylation p athway o f m itochondria. However, w hy the

level of Gabpa protein in the quadricep is double that of other skeletal muscle tissues is

unknown, and taker together, these results suggest that factors other than differentiation

and oxidative capacity help determine Gabpa expression levels in skeletal muscle.

5.2.5 Cellular Expression of Gabpa

The polyclonal antibody generated here was not suitable for detection of Gabpa by

immunohistochemistry. The polypeptide used as the immunogen for antibody production

may therefore not reflect the conformation of the full length Gabpa protein. However, the

fi-galactosidase reporter gene inserted into exon 2 of Gabpa during creation of the total

knockout mouse model (see Chapter 6) was successfully used to determine the cellular

localisation of Gabpa in adult mouse tissues. (3-galactosidase (lacZ) staining was

performed on both formalin-fixed paraffin sections and fresh cryosections of tissue from

heterozygous Gabpa mice and tissues from wildtype littermates were stained as controls

(see Figure 5.6 for representative images). The fi-galactosidase reporter gene used

contains an NLS, although staining was not always nuclear, indicating that the NLS may

not be functional. In heart and skeletal muscle Gabpa is expressed broadly throughout all

muscle fibres, whereas it displays a fairly restricted expression pattern in all other tissues

examined. In lung and seminal vesicles Gabpa is expressed in the epithelial cells lining

the bronchioles and tubules, respectively. Gabpa is expressed in subsets of developing

spermatocytes of the testis, and neurons in the brain, and select cells within blood vessels.

Gabpa is also expressed in the proliferative cells of cartilage and in the epithelium of the

eye. Therefore, although expressed in all tissues, Gabpa is only detected in a subset of cell

types. Unfortunately, the high level of background staining observed in wildtype thymus,
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Figure 5.6 - Gabpa Expression Pattern in Adult Mouse Tissues.
LacZ staining of equivalent formalin-fixed tissue sections of wildtype (+/+) and
Gabpa heterozygous (+/-) mice. Tissues are indicated, and arrows highlight lacZ
positive cells, counterstained with haematoxylin and eosin. Images were taken ai
400x magnification.



spleen, kidney, liver and ovary/uterus eliminated these tissues from the analysis. Together

this indicates that genomic Gabpa regulatory sequences allow for cell type-specific

expression of Gabpa protein.

Further analysis of Gabpa expression in skeletal muscle was performed, by lacZ and

ct-bungarotoxin staining (to detect NMJs) of serial longitudinal cryosections of soleus,

gastrocnemius and diaphragm skeletal muscle tissues of Gabp a heterozygous mice (see

Figure 5.7). Equivalent (5-galactosidase reporter gene expression was detected in all

muscle fibres, with no increase in staining intensity or number of positive myonuclei

surrounding the NMJs. This suggests that it is a characteristic of the Gabpa mRNA

sequence that is responsible for the preferential expression of Gabpa mRNA in sub-

synaptic myonuclei, as previously shown by RNA in situ hybridisation (Schaeffer et al.

1998). The alternative 51 UTRs of Gabpa do not appear to be involved in this process, as

exon la and lb transcripts are not expressed in skeletal muscle (refer to Figure 4.5).

Whether the exon 1 5' UTR or choice of Gabpa 3' UTR (by alternative polyadenylation

signals) accounts for the sub-cellular localisation of the Gabpa transcript within skeletal

muscle cells remains to be examined.

5.5 Overexpression of Gabpa in vitro

5.3.1 Generation of NIH3T3 Fibrobiasts Overexpressing Gabpa
Prior to the generation of a Gabpa overexpression transgenic mouse model, in vitro

overexpression of Gabpa cDNA was performed. The NIH3T3 mouse fibroblast cell line

was used, to allow for later comparison of transfected cells with immortalised DS

fibroblast cell lines obtained from the ATCC. The full length 1.5 kb Gabpa cDNA

fragment spanning 413-1884 bp of GI: 193382 (primers 52 and 53) was removed from the

pGEM-T vector backbone by Ncol-Notl restriction endonuclease digestion, and

subsequently c'oned into the Xbal site of the pEF-BOS-Puromycin vector, and the

construct was sequenced with primer 201 spanning 1990-2009 bp of the vector backbone

(see Figure 5.8a). This vector drives expression through the human polypeptide chain

elongation factor l a (EF-1a) promoter (Mizushima and Nagata 1990), utilises the

polyadenylation signal of G-CSF (granulocyte-colony stimulating factor) to stabilise the

exogenous transcript, and contains a Puromycin resistance cassette for antibiotic selection
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Figure 5.8 - Gabpa In vitro Overexpresslon in N9H3T3 Cells.
(a) Oyerexpression construct of the Gabpa open reading frame (red) under control of
the EF-1a promoter (orange). The vector also contains the polyadenylation (poly-A)
signal of G-CSF (yellow) and a Puromycin resistance cassette (green). Restriction
endonuciease sites are shown, (b) RT--PCR analysis for exogenous Gabpa expression,
using cDNA from 3T3 clones transfected with mock (M) or Gabpa (G) constructs. PCR
was performed with primers spanning Gabpa exon 9 to within the vector poly-A signal,
resulting in a 496 bp product. A 400 bp Gapdh RT-PCR product was also amplified
to ensure cDNA integrity, (c) Results of real-time RT-PCR analysis for totai Gabpa
mRNA expression using primers spanning Gabpa exon 9 to exon 10, expressed as a
ratio to Gapdh. Ratios were adjusted such that those of mock clones were equal to 1.



in the pEF-BOS backbone . The pEF-BOS-Puromycin vector has successfully been used to

overexpress ETS-2 cDNA in NIH3T3 cells, resulting in increased ETS-2 protein levels

(Sanij et al. 2001). Following Sail linearisation of GabpacDNA and mock (vector alone)

constructs, NIH3T3 cells were stably transfected using electroporation and puromycin

selection. Individual clones were selected manually and propagated for analysis.

Expression of the exogenous GabpacDNA in 3T3 clones was confirmed by RT-

PCR with a forward 5'primer within exon 9, 1441-1460 bp of Gabpa cDNA sequence

GI: 193382 (primer 155), and a 31 primer at 1990-2009 bp within the polyadenylation signal

of the vector backbone (primer 201). Products of 496 bp resulted from cDNA of clones

expressing exogenous Gabpa, not mock controls (see Figure 5,8b for a representative

image). The integrity of cDNA samples was confirmed by RT-PCR amplification of a 400

bp Gapdh product (primers 58 and 59), spanning 585-985 bp of GI: 193423.

The total (exogenous plus endogenous) levels of Gabpa mRNA expression were

also determined in mock and Gabpa 3T3 clones, by means of real-time RT-PCR analysis.

Primers spanning Gabpa exon 9 to exon 10 (primers 155 and 160) frCin 1441-1707 bp of

GI: 193382 were used to generate a 266 bp PCR product. Gabpa expression levels were

expressed relative to a Gapdh, by amplification of a 400 bp product (primers 58 and 59)

spanning 585-985 bp of GI:193423. Values were adjusted such that the GabpaXo Gapdh

ratio of mock clones was equal to 1. As shown in Figure 5.8c, Gabpa 3T3 clones showed

a 3 to 8-fold increase in total Gabpa mRNA expression levels when compared to mock

clones. Eight mock and eight Gabpa 3T3 clones were characterised further.

5.3.2 Mitochondrial Function of Gabpa NIH3T3 Clones
The affect of Gabpa overexpression upon Gabp targets necessary for mitochondrial

respiration was assessed in 3T3 dones. Western blot analysis was performed on cell

lysates using COXIV (0.2 ng/ml - Molecuiar Probes) and COXVb (3 jxg/ml - Molecular

Probes) -specific mouse monoclonal antibodies (Taanman et al. 1993; Capaldi et al. 1995;

Taanman et al. 1996) and 0.3 ng/ml rabbit anti-mouse HRP IgG (DAKO). As shown by

the representative images and quantification graphs, when levels of COXIV (Figure 5.9a)

and COXVb (Figure 5.9b) proteins were quantified relative to p-tubulin, no significant

differences were observed between mock and Gabpa clones.
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Figure 5.9 - Mitochondria! Protein Expression and Function in
NIH3T3 Ceils Overexpressing Gabpa.
(a) Western blot analysis and quantification of COXiV and p-tubulin protein levels in
NIH3T3 cells transected with mock or Gabpa cDNA constructs. Error bars show SEEM,
where n=11 for mock and n=17 for Gabpa clones, (b) Western blot analysis and
quantification of COXVb and p-tubulin protein levels in mock and Gabpa. 3T3 clones.
Error bars show SEM, where n~5 for mock and n=15 for Gabpa clones, (c) Oxygen
consumption of mock and Gabpa 3T3 clones, before (shaded L rs) and after (hatched
bars) treatment with a mitochondrial membrane uncouple^ CCCi1. Error bars show
SEM, where n=7 for mock and n=8 for Gabpa clones.



Go6/JOftransfected 3T3 clones were tested for mitochondrial function, by measuring

oxygen consumption with a Clarke electrode (Hofhaus et al. 1996). Oxygen consumption

of 1 x 106 mock or Gabpa 3T3 cells was measured both before and after treatment with

CCCP (carbonyl cyanide m-chloro phenyl hydrazone) (Sigma), which uncouples the

mitochondrial respiratory chain and phosphorylation system. Therefore, after CCCP

treatment, cells exhibit their greatest oxygen consumption. However, as shown graphically

in Figure 5.9c, no differences iu oxygen uptake were observed between mock and Gabpa

3T3 clones, before or after CCCP addition.

This analysis demonstrates that, although the Gabpa 3T3 clones overexpress Gabpa

mRNA, this does not result in increased expression of target genes of mitochondrial

function, or have any corresponding effect upon cellular respiration. The effect of Gabpa

overexpression upon another Gabp target gene, Rb, was assessed.

5.3.3 Growth Characteristics of Gabpa NIH3T3 Clones
The cell cycle kinetics of mock and Gabpa 3T3 clones were measured, as

transcription of the cell cycle regulator Retinoblastoma protein (Rb) is regulated by Gabp

(Savoysky et al. 1994). Rb overexpression in human breast cancer implicates it as an

oncogene (Spandidos et al. 1992), however Rb action to transcriptionally repress the

oncogene Neu suggests Rb may act as a tumour suppressor gene in some cases of human

lung, breast and ovarian cancer (Matin and Hung 1994). Two methods of cell

synchronisation were performed concurrently on mock and Gabpa transfected clones,

generating samples of cells at various stages of the cell cycle. The double thymidine block

retarded cells in the Go/Gi phase (Lukas et al. 1995; Futcher 1999; Shinomiya et al. 2000),

and nocodozole treatment blocked cells in G2/M-phase (Chou and Chou 1999). Samples

were then harvested at T=0 and 3 hours following thymidine and nocodozole treatment, to

yield cells in S-phase and GO/GJ-GJ/M, respectively. FACS analysis of 1 x 106 mock and

Gabpa 313 cells stained with propidium iodide showed that one round of synchronisation

achieved adequate purity (> 86 %) of the cells at different cell stages,, as shown by the

representative graphs in Figure 5.10. From this analysis it was concluded that the timing

of the cell cycle was unaltered by Gabpa overexpression in 3T3 flbroblasts.

Levels of Gabpa expression throughout the cell cycle were also compared, by

Western blot analysis of Gabpa and p-tubulin protein levels (see Figure 5.1 £a for a

representative image). When quantified relative to j3-tubulin, no difference in the
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Figure 5.10 - Cell Cycle of NIH3T3 Cells Overexprsssing Gabpa.
FACS analysis of mock and Gabpa transfected 3T3 cells, detecting DNA stained
with propidium iodide, increased fluorescence shown by x-axes reflects the
duplication of DNA during cell division, and relative cell number is represented
as counts on the y-axes. Samples were harvested following double thymidine
block treatment, to give cells synchronised in G0/G1 (T=0 hours) and S-phase
(T=3 hours) of the cell cycle. Samples were also harvested 0 and 3 hours after
nocodozole treatment, yielding cells synchronised In G2/M and at the G0/G1-G2/M
boundary, respectively. The percentage of cells In each phase was estimated
by comparing cell numbers in R1 and R2 regions.
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Figure 5.11 - Growth of KIH3T3 Cells Overexpresslng Gabpa.
(a) Western blot analysis of Gabpa and pMubulin protein levels in mock and Gabpa
3T3 clones synchronised in G2/M (T=0 hr nocodozole) and G0/G1 (T-0 hr thymidine).
(b) Quantification of Gabpa protein levels, relative to pi-tubulin, in mock and Gabpa
3T3 clones synchronised in G0/G1 and G'JhA. Error bars represent SD, where n=2.
(c) Average growth curves of mock and Gabpa 3T3 clones. Error bars show SEM,
where n= 7 for mock and n- 6 for Gabpa clones.



expression of Gabpa protein was seen between mock and Gabpa 3T3 clones (see Figure

5.11b). The proliferation rate of mock and Gabpa transfected 3T3 cells was also

determined by use of the 3-(4,5.dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT) growth assay, which measures the number of mitochondria within a cell population,

reflecting the amount of cell division. In agreement with the FACS analysis data, no

significant difference in growth rate was observed between mock and Gabpa clones (see

Figure 5,11c).

This data indicates that Gabpa mRNA overexpression in 3T3 cells does not result in

increased expression of the Gabp target Rb, and therefore does not alter the kinetics of the

cell cycle. Gabpa protein levels are also tightly regulated in a cell cycle independent

manner, and appear unchanged in 3T3 clones overexpressing Gabpa cDNA. Gabpa

protein levels in 3T3 clones overexpressing GabpamKNA were investigated farther.

5.3.4 Gabpa Protein Expression in Gabpa NIH3T3 Clones
Cell lysates from each characterised mock end Gabp a NIH3T3 clone were analysed

by Western blot for total (endogenous and exogenous) Gabpa protein expression levels,

using the polyclonal antibody sera that was unavailable at the onset of this study (see

Figure 5.12a for a representative image). As shown in Figure 5.12b, quantification of

Gabpa protein expression levels relative to (3-tubulin showed no significant difference in

Gabpa expression levels in mock and Gabpa overexpressing 3T3 clones, although the

total level of Gabpa mRNA was increased 3-8 fold in Gabpa transfected clones.

The lack of alteration in Gabpa protein levels explains the indifference in target gene

expression levels, cell growth properties and mitochondrial function of Gabpa3TZ clones.

These results indicate that, at least in NIH3T3 cells, the levels of Gabpa protein are tightly

regulated at a post-transcriptional level. This has important implications for situations of

in vivo overexpression of Gabpa, such as Down syndrome, where the Gabpa gene is

present in three copies. If Gabpa protein levels are securely regulated in vivo, presence of

an extra gene copy may be of no consequence. Therefore we examined whether post-

transcriptional regulation maintains stable Gabpa protein levels when Gabpa is

overexpressed in vivo.
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Figure 5.12 - Gabpa Protein Levels in NIH3T3 Clones.
(a) Western blot analysis of protein lysates from 3T3 clones expressing Gabpa
cDNA, compared to mock transfected clones. Both Gabpa and (3-tubulin protein
levels were determined, (b) Quantification of Gabpa protein levels relative to
(i-tubulin. Error bars represent SD, where n= 3.



5.4 Overexpression of GABPa in vivo
As GABPa is localised to HSA 21 and the homologous region of MMU 16, we

examined the effect of gene dosage in two model systems of Down syndrome (DS). The

first of these were immortalised fibroblasi cell lines isolated from DS individuals (obtained

from the ATCC). The second model system of Down syndrome analysed was the Ts65Dn

mouse (obtained from The Jackson Laboratories), which features a partial MMU 16

trisomy in the region between Gabpa and Mxl (see Figure 2.12).

5.4.1 Expression Levels of GABPa in Down syndrome Fibroblasts
Northern blot analysis was performed and mRNA levels of GABPa and GAPDH

assessed in two DS fibroblast cell lines and matched diploid cell lines (kindly performed

by Dr. Sika Ristevski, Centre for Functional Genomics and Human Disease, Monash IRD,

Victoria, Australia), using hybridisation probes described in Chapter 4 (see Figure 5.13a).

When GABPa levels were quantified relative to the GAPDH loading control, a 1.75-fold

increase in GABPa mRNA was apparent in Down syndrome fibroblasts, relative to diploid

fibroblasts (see Figure 5.13b). This is as expected from the increased GABPa gene

dosage of 1.5-feld in trisomy 2J . Only the 5.4 kb transcript of GABPa could be detected

in these cell lines, highlighting the cell type-specific expression pattern of the minor

transcripts. Western clot analysis was used to determine GABPa protein levels in the

Down syndrome and diploid fibroblast cell lines, as shown by the representative image in

Figure 5.1"c. No increase in GABPa protein levels was observed in DS fibroblasts

relative to d\.t. ioid cells, when quantified relative to p-tubulin (see Figure 5.13d).

This indicates that, as in the mouse, GABPa is tightly regulated at a post-

transcriptional level in human fibroblast cells. As DS is known to affect all organ systems,

we next sought to address the question as to whether GABPa expression is regulated by a

tissue-specific post-transcriptional mechanism. The Ts65Dn partial trisomy 16 mouse,

which has three copies of Gabpa, was used.

5.4.2 Expression Levels of Gabpa in Ts65Dn Mouse Tissues

Western blot analysis of Gabpa and P-tubulin protein expression levels was

performed using tissue lysates from three wildtype and three Ts65Dn mice (see Figure

5.14a for a representative image). When quantified relative to p-tubulin, Gabpa protein

levels were found to be elevated 2-fold in brain, and 1.4-fold in skeletal muscle of Ts65Dn
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Figure 5.13 - GABPa, Expression in Down Syndrome Fibroblasts.
(a) Northern blot analysis of GA3Pa and GAPDH mRNA levels in Down syndrome (DS)
and wildtype (WT) fibroblast celi lines, and (b) quantification of Northern blot analysis.
Ratios were adjusted so thai the wildtype value was equal to 1. Error bars show SD,
where n=2. * represents statistical significance, as determined by two-teiied t-test,
where p=<0.05. (c) Western blot analysis of GABPa and p-tubulin levels in WT and
DS fibroblast cell lines, and (d) quantification of Western blot analysis. Error bars
show SEM, where n-9.



(a)
brain heart lung thymus spleen kidney liver sk. muscle

wt Ts wt Ts wt Ts wt Ts wt Ts wt Ts wt Ts wt Ts

Gabpa
(58 kDa)

jj-tubulin
(50 kDa)

(b)
2.5

•— o
1.5

111 I II I
I I I I I I '

brain heart lung

|Wt

I Ts65Dn

thymus spleen

Tissue
kidney liver sk. muscle

Figure 5.14 - Gabpa Protein Expression in Ts65Dn Mice.
(a) Western bioi analysis of Gabpa and p-tubulin levels in tissues from adult
Ts65Dn (Ts) and wildtype (wt) littermate mice, (b) Quantification of Western blot
analysis. Protein levels are expressed as a ratio of Gabpa to p-tubulin, adjusted
such that the ratio is equal to 1.0 in wildtype tissues. Error bars represent SD,
where n=3 for wildtype tissues and Ts65Dn brain, heart, liver and skeletal muscle,
and n=6 for Ts65Dn lung, thymus, spleen and kidney. * represents statistical
significance, as determined by a two-tailed t-test, v/here p=<0.05.



mice, compared to wildtype littermates (see Figure 5.14b). However, all other tissues

showed unaltered Gabpa levels, suggestive of a tissue-specific mechanism of post-

transcriptional regulation.

5.5 Summary - Post-transcriptional Regulation of Gabpa Expression
Production of a Gabpa-specific polyclonal antibody allowed for detection of

Gabpa in all mouse tissues examined, at varying levels. However, Gabpa protein is not

found in all cell types within each tissue, as demonstrated by lacZ staining of tissue

sections from Gabp a heterozygous mice, where the fi-galactosidase reporter gene has been

inserted within Gabpa exon 2. Gabpa is expressed predominantly in epithelial and

haematopoietic cell types, as is the case for many other ETS factors (see Table 2.2),

However, Gabpa is expressed in all cells of heart and skeletal muscle tissues. How Gabp

acts to specifically upregulate genes expressed at the NMJ of skeletal muscle remains to be

determined, however the even distribution of lacZ staining in myonuclei throughout

skeletal muscle tissues of Gabpa heterozygous mice suggests that it is a property of the

Gabpa transcript, such as choice of 51 and 3' UTRs, that leads to accumulation of Gabpa

mRNA in sub-synaptic myonuclei.

Differential levels of Gabpa expression are also observed between different skeletal

muscle tissues. Higher levels of Gabpa protein are found in quadricep and gastrocnemius

muscles, tissues consisting of a low level of oxidative fibres, relative to that observed in

oxidative soleus and diaphragm muscles. However, factors other than fibre type must also

contribute to the control of Gabpa protein expression in skeletal muscle, as 2-fold higher

levels of Gabpa protein are detected in quadricep compared to gastrocnemius. This

highlights the need to study a variety of tissues to obtain a realistic idea of Gabpa function

in skeletal muscle.

Comparison of Western blot and Northern blot analysis of Gabp a expression in adult

mouse tissues shows that GaApamRNA levels correlate with relative Gabpa protein levels

in most tissues. The exceptions to this are cerebellum, tongue, skeletal muscle and skin,

which express relatively high levels of Gabpa protein, relative to corresponding Gabpa

mRNA levels. Conversely, liver exhibits lower levels of Gabpa protein than would be

expected from the relative Gabpa mRNA levels found in this tissue. This implies that a
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tissue-specific means of regulation of Gabpa at a post-transcriptional level exists. Such

mechanisms may include the expression of alternative transcripts, differing in their

stability and/or translation efficiency. Gabpa transcripts containing alternative 5' and 3'

UTRs have been identified (see Chapter 4), however intrinsic properties of the various

transcripts are yet to be determined. It is interesting to note that cerebellum, liver, tongue

and skeletal muscle tissues display low levels of expression of the exon la and lb-

containing transcripts of Gabpa (see Figure 4.5), suggesting that the alternative Gabpa

transcripts may play a role in maintaining a constant level of Gabpa protein expression.

Other modes of regulation of Gabpa protein levels may include post-translational

mechanisms, such as phosphorylation and cellular oxidative state.

Overexpression of Gabp a mRNA in vitro in NIH3T3 fibroblast cells did not result in

overexpression of Gabpa protein, and therefore did not perturb expression levels or

function of transcriptional targets of the Gabp complex. Furthermore, Northern and

Western blot analysis shows that overexpression of Gabpa mRNA in vivo in human DS

fibroblasts does not correlate with an increased expression of Gabpa protein. However,

this tight regulation of Gabpa protein levels does not occur in all tissues. Western blot

analysis of Gabpa protein levels in Ts65Dn mouse tissues demonstrates that brain and

skeletal muscle are unable to buffer the effect of overexpression of Gabpa mRNA,

resulting in an elevation in Gabpa protein levels as would be expected from a 1.5-fold

increase in gene dosage. Oxidation is of particular importance in tissues of high

mitochondrial load, such as brain and skeletal muscle. Therefore, perhaps a relatively high

level of Gabpa protein expression in needed in these tissues in order to compensate for the

detrimental affects of pro-oxidant conditions in Down syndrome cells upon mitochondrial

function. However, pro-oxidant conditions also result in the oxidation of cysteine residues

within the ETS and dimerisation domains of GABPa, leading to decreased GABP complex

function (Martin et al. 1996; Chinenov et al. 1998). Therefore it is not known whether

overexpression of GABPa contributes to some of the tissue-specific phenotypes seen in

Down syndrome individuals, such as muscular hypotonia (Morris et al. 1982) and early

onset Alzheimer-like symptoms (Wisniewski et al. 1985), by means of deregulated target

gene expression. In an attempt to address this question, mouse models of Gabpa

overexpression and loss of expression were generated, as described in the following

chapter.
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Chapter 6

Results:

Generation of Mouse Models of GABYa Function

6.1 Introduction

A large number of proposed GABP target genes encode proteins that function at the

neuromuscular junction and in mitochondria. As detailed in Chapter 2, deregulated

expression of these target genes may be involved in the causation of human diseases such

as Down syndrome, Congenital Myasthenic Syndrome and mitochondrial disease. In

addition, mice expression a dominant negative fusion protein of the ETS-2 DNA binding

domain and (3-galactosidase reporter protein specifically in skeletal muscle exhibit

decreased mRNA expression levels of proposed Gabp gene targets AChRe and Utrophin,

and show altered NMJ morphology (de Kerchove d'Exaerde et al. 2002). Therefore, mouse

models of GABPa overexpression and loss of expression were generated to analyse the

contribution of the GABP complex to the muscular hypotonia and redox imbalance of

Down syndrome, and severe muscle weakness of Congenital Myasthenic Syndrome.

Conventional Gabpa knockout mice die early during embryogenesis, so Gabpa

heterozygous mice were studied for changes in skeletal muscle structure and function.

Gene structure and promoter analysis information obtained in this study (see Chapter 4)

allowed for the generation of skeletal muscle-specific knockout and minigene Gabpa

transgenic mice.

6.2 Gabpa Minigene Transgenic Mice

6.2.1 In vitro Characterisation of the Gabpa Promoter
Promoter function of serial deletions of the Gabpa 5* region was assessed in vitro

using the Enhanced Green Fluorescence Protein (EGFP) reporter system, as this is a non-

invasive marker and no substrate is required for its visualisation by excitation with
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UV/blue light (Hadjantonakis et al. 1998). The EGFP sequence is adapted from that of the

auto-fluorescent protein of the jellyfish Aequora victoria, such that codon sequences reflect

those preferentially used in highly expressed human proteins, allowing for enhanced

transgene expression (Haas et al. 1996). Four reporter constructs were created, using

unique restriction endonuclease sites flanking the first exons of ATP Synthase Coupling

Factor F/and Gabpa, and sub-cloning into the pEGFP-l promoterless EGFP expression

vector (Clontech) (see Figure 6.1a). The intron 1 region of Gabpa was included, to

ensure that exon la and exon 1b alternative 5' UTRs could be expressed in Gabpa

transgenic mice, as well as that of exon 1. A 8.5 kb BamRl-Agel genomic fragment

spanning the 5' region to within exon 2 of Gabpa (1-8490 bp of GL27960443, as in

Appendix E) was generated by fusion of a 31 Agel tagged PCR product (primers 140 and

209 spanning 5019-8490 bp of GI:27960443, amplified with Pfu DNA polymerase

(Prornega)) to the 5' genomic region at a unique Mlul site (6146 bp of GI:27960443). This

BaniHl-Agel fragment was then directionally cloned into the pEGFP-\ vector, fusing the

coding s equence o f EGFP i n frame, 1 0 b p d ownstream o f the e ndogenous Gabpa s tart

codon. The remaining three 5' deletion constructs were created by restriction endonuclease

digestion with Xlwl of the vector and either Nhel (2009 or 4140 bp sites of GI:27960443)

or Pvul (3829 bp) of Gabpa, followed by re-ligation. Following sequencing with primer

277 spanning 725-745 bp of GI: 1377908, these four constructs, as well as the negative

control pEGFP-l vector and positive control pEGFP-Nl vector (EGFP under the control

of the ubiquitous CMV promoter) (Clontech), were transiently transfected into C2C12,

NIH3T3, and PC12 cell lines and assessed for promoter activity.

Levels of fluorescence were determined by FACS analysis, and showed that ~3 % of

cells expressed the transfected EGFP constructs. As shown in Figure 6.1b, all four Gabpa

promoter constructs gave basal EGFP expression compared to that of the CMV promoter,

with greatest expression (1.75 to 4.36-fold increase above background) achieved with the

largest construct of 8.5 kb in each of the three cell lines tested. Examination of transfected

cells by immunofluorescence confirmed the FACS results, as shown by the representative

images in Figure 6.2. As there was no significant difference between the levels of EGFP

expression induced by each of the four Gabpa promoter constructs, the promoter fragment

chosen for generation of the Gabpa minigene transgenic construct was the 6.5 kb Nhel

region. This is the largest Gabpa promoter fragment that does not include any of the

coding region of the closely linked ATP Synthase Coupling Factor VI gene.
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Figure 6.1 - Gabpa Promoter-EGFP Reporter Expression.
(a) Gabpa genomic structure and promoter-EGFP constructs, named according to promoter
length and 5' restriction endonuclease site used in their construction. BamHI (B), Nhe\ (Nh),
Pvu\ (P), Noti (N), Mlu\ (M) and introduced Age\ (A) sites are shown, (b) Average promoter
activity of Gabpa-EGFP reporter constructs in transiently transfacted C2C12, NIH3T3 and
PC12 cell lines, expressed as fold-induction of EGFP fluorescence above that of the empty
pEGFP-1 vector, as determined by FACS analysis.
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Figure 6.2 - Visualisation of Gabpa Promoter-EGFP Expression.
Immunofluorescent and bright field images of C2C12 cells transiently transfected with
EGFP reporter constructs. No promoter, the CMV promoter, or 8.5 kb BamHl, 6.5 kb
Nhe\, 4.5 kb Pvu\ or 4 kb Nhe\ Gabpa promoter fragments to drive expression of EGFP.
Images were taken at 200x magnification, and fluorescence intensity was kept constant.
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6.2.2 Generation of Gabpa Minigene Transgenic Mice

Gabpa Minigene Transgenic Construct Generation

A Ga&p a minigene transgenic construct was generated by fusing the 6.5 kb Nhel

genomic fragment to exon 2 (the first coding exon) of the Gabp a cDNA (see Figure 63a).

A 6.5 kb Nhel-Sapl genomic fragment of Gabpa (2009-8503 bp of GL27960443,

Appendix E) was ligated into the corresponding Sapl site within exon 2 of the full length

Gabpa cDNA sequence (bp 478 of GI: 193382) in the pBS KS+ vector backbone

(Stratagene). Unique Notl sites within Gabpa intron 1 (4976 bp of GL27960443) and the

pBS vector site were then used to clone the fused Gabpa genomic-cDNA fragment into the

pEGFP-l mammalian expression vector backbone (Clontech) in place of the EGFP

sequence. Following sequencing of the minigene transgenic construct with primers 61, 52

and 270, the 11.9 kb plasmid was linearised at a Narl site within the Neomycin cassette of

the NI vector, and DNA was purified prior to injection into Fl (CBA x C57B1/6) mouse

pronuclei at a concentration of 2 ng/]nl in TE buffer. Microinjection was performed by

Susan Tsao and Dr. Anna Michalska, Centre for Functional Genomics and Human Disease,

Monash IRD, Victoria, Australia.

Genotypmg Gabp afrausgenic Mice

Mice generated from pronuclear injection were screened for presence of the Gabpa

minigene construct by Southern blot and PCR. Genomic DNA was extracted from mouse

tails, digested with BamRl, and transferred onto nylon membranes by Southern blot.

Membranes were hybridised with a 200 bp cDNA fragment spanning exon la to exon 3

(15-216 bp of sequence AY282794, see Appendix F), amplified with primers 246 and 118.

As exon la lies within intron 1 of Gabpa, this probe detected a 7 kb wildtype genomic

fragment and a 2 kb transgenic fragment (see Figure 6.3b). A fragment of -7.5 kb,

representing the pEGFP-l vector, was also detected in transgenic mice. PCR genotypmg

of potential Gabp a transgenic founders was performed using primers spanning 1330-1464

bp of the Gabp a cDNA sequence GI: 1933 82 from exon 8 to exon 9 (primers 153 and 154).

The small size of Gabpa intron 8 allowed for detection of both wildtype genomic and

transgenic cDNA alleles, producing 339 bp and 133 bp products, respectively (see Figure

6.3c). A total of 10 of the 44 mice generated from pronuclear injection were found to have

integrated the Gabpa transgene. These mice were bred with wildtype Fl (CBA x

C57B1/6) mice and assessed for transmission and expression of the Gabp a transgene.
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Figure 6.3 - Generation of Gabpa Mlnlgene Transgenic Mice.
(a) Wildtype (wt) Gabpa genomic structure and minigene transgenic construct. The
6.5 kb Nhe\ tiabpa promoter fragment was fused to the Gabpa cDNA within exon 2
and cloned in place of the EGFP coding sequence in the pEGFP-1 expression vector,
upstream of the SV40 polyadenylation signal. BamHI (B), Nhe\ (Nh), Noft (N) and
Sapl (S) sites are shown, (b) Progeny from the microinjected pronudei were screened
for integration of the Gabpa transgene by Southern blot of SamHI digested genomic
DNAand hybridisation with a probe spanning exon 1a-3 of Gabpa cDNA, identifying
a 7 kb wildtype (wt), and 2 kb and 7.5 kb transgenic (tg) fragments, (c) PCR analysis
of genomic DNA with primers spanning exons 8 and 9 yielded 339 bp wildtype and
133 bp transgenic bands.



6.2.3 Assessment of Gabpa Transgene Expression

Progeny of the ten founding Gabpa transgenic mice were genotyped by PCR and 7

of the 10 lines were shown to be capable of Gabpa transgene transmission. Mice from

each of these 7 lines were screened for mRNA and protein expression of Gabpa. Gabpa

and P-tubulin protein levels were assessed in brain, heart, lung, thymus, spleen, kidney,

liver, and gastrocnemius, soleus and quadricep muscles of 1 month old wildtype and

Gabpa minigene transgenic mice from all 7 lines by Western blot analysis. As shown by

the representative Western blot image of three transgenic lines in Figure 6.4a, no

significant difference in Gabpa protein levels was observed between wildtype and Gabpa

transgenic mouse tissues, when quantified relative to p-tubulin. Therefore Gabpa mRNA

expression levels of these mice were assessed by Northern blot analysis, u sing a probe

spanning 413-1884 bp of GI: 193382 (primers 52 and 53), as shown in Figure 6.4b.

Although adequate amounts of RNA were present (see Figure 6.4c), and the endogenous

Gabpa transcripts of 5.4 kb, 2.8 kb and 2.5 kb were detected, the 2 kb transgene mRNA

was not visible, even upon exposure to film for several days.

To ensure low-level Gabpa transgene expression was not missed, RT-PCR was

performed using primers spanning Gabpa exon 8 to within the polyadenylation signal of

the cloning vector (primers 153 and 270), using cDNA from various tissues. However, as

shown by the representative image in Figure 6.4d, the expected 600 bp product was only

ever amplified from positive control plasmid DNA. Resulting RT-PCR products were also

hybridised with an oligonucleotide within Gabpa exon 9 (primer 154) to ensure low-level

transgene expression was not missed (see Figure 6.4e). The integrity of cDNA used for

RT-PCR was confirmed b> amplification of a 400 bp Gapdh product spanning 585-985 bp

of GI: 193423 (primers 58 and 59) (see Figure 6.4f).

Gabpa transgene expression was not detected in any of the 7 lines tested. One

possible explanation for this is unfavourable integration site. It has been shown that the

orientation of transgene integration, with respect to the flanking region (Feng et al. 2001),

and the specific chromosomal sequences flanking a transgene, greatly effect its expression

(Cranston et al. 2001). An alternative explanation is that the selected Gafy? a promoter

fragment cannot function in vivo in mouse tissues, even though it can induce reporter gene

expression in cell lines. As overexpression of Gabpa was not achieved, these mice were

not analysed any further.
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Figure 6.4 - Gabpa Transgene Expression Analysis.
(a) Western blot analysis of Gabpa and p-tubulin protain levels in wildiype (wt) and
Gabpa transgenic (tg) tissues, (b) Northern biot anaiysis of Gabpa mRNA levels
in tissues from wt and Gabpa tg littermates. Endogenous Gabpa mRNAs of 5.4 kb,
2.8 kb and 2.5 kb were detected, and loading is indicated by the intensity of 13 S
(1.9 kb) and 28 S (4.7 kb) ribosomai RNA fragments after ethidium bromide staining
of the egarose gel (c). RT-PCR analysis of Gabpa transgene expression using a 5'
primer *fUh!n Gabpa exon 8 and a 3* primer within the polyadenyiation signal of the
expression vector to yield a 600 bp product (d). These products were hybridised
with an oligonucleotide within Gabpa exon 9 (•). Integrity of the cDNA template
was confirmed by amplification of a 400 bp Gapdh RT-PCR product (f).
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6.3 Gabpa Total Knockout Mice

6.3.1 Generation of Gabpa Total Knockout Mice
We obtained Gabpa heterozygous mice (on a SvJ129 x C57B1/6 mixed background)

from our collaborator Michael Owen at the Imperial Cancer Research Fund Laboratories,

London. Exon 2, the first coding exon of Gabpa, has been targeted in these mice by

insertion of a neomycin-fi-galactosidase cassette, resulting in replacement of Gabpa

expression with that of the fi-galactosidase (lacZ) reporter gene (see Figure 6.5a).

Genotypmg of Gabp a Total Knockout Mice

Progeny generated from matings of Gabpa heterozygous mice were genotyped by

Southern biot and PCR. G enomic DNA was extracted from mouse tails, digested with

BamHl, and transferred onto nylon membranes by Southern blot. Membranes were

hybridised with a 977 bp Sacll-Spel probe within intron 3 (as described in Chapter 4),

yielding 7 kb wildtype and 13 kb targeted fragments (see Figure 6.5b). PCR genotyping

was performed (in the presence of 1 M Betaine (Sigma)), using a 5' primer within exon 2

(primer 192 at 3973-3996 bp of the complete Gabpa genomic sequence, see Appendix E)

or within the Neomycin gene (primer 194 at 1043-1063 bp of sequence GI: 1244765), and a

common 3* primer within intron 2 (primer 193 at 4142-4165 bp of the complete Gabpa

genomic sequence), producing 192 bp and 700 bp wildtype and targeted products,

respectively (see Figure 6.5c).

Gabpa Knockout Mouse Viability

Gabpa homozygous knockout mice were not obtained from breeding of

heterozygous Gabpa mice (Owen, M., unpublished data). As shown in Figure 6.6a, of a

iotal of 274 mice genotyped at weaning (4 weeks of age), no homozygous knockout mice

were identified by PCR genotyping. In order to determine the stage of embryonic lethality,

litters from heterozygous Gabpa mice were killed prior to birth and embryos from E7.5-

9.5 were genotyped by PCR. As shown in Figure 6.6b, no Gabpa knockout mice were

identified from E7.5-9.5. Furthermore, 36 blastocysts were harvested from heterozygous

Gabpa matings. The targeted allele was not reliably detectable in all litters by PCR, so the

exact ratio of wildtype to heterozygous mice at this stage could not be determined.

However, all blastocysts were shown to possess the wildtype Gabpa allele by PCR and

internal oligonucleotide hybridisation (see Figure 6.6c). This indicates that Gabpa
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Figure 6.5 - Gabpa Total Knockout Mouse Genotyping.
(a) Wildtype (wt) genomic structure of mouse Gabpa and the targeted allele, featuring
insertion of an \RES-LacZ-neomycin cassette into exon 2, immediately downstream of the
s'la.i codon. Restriction endonuclease sites are indicated: BamHl (B), Bah (Bl), H/ndlll (H)
and Noti (N). (b) Southern blot analysis by SamHI digestion and hybridisation with the
E3-4 probe was used to identify 13 kb targeted and 7 kb wildtype genomic fragments in
Gabpa heterozygous (+/-) and wildtype (+/+) mice, (c) PCR screening of wildtype and
Gabpa heterozygous mice was performed using a 51 primer with intron 1 (wt PCR) or the
neomycin cassette (KO PCR) and a common 3' primer within intron 2. Resulting PCR
products were 192 bp wiidtype and 700 bp KO fragments.
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Figure 6.6 - Genotype Frequencies from Matings of Gabpa
Heterozygous Mice.
Gabpa PCR genotyping results of mice at weaning (4 weeks of age) (a), and at
various stages of embryogenesis (b), resulting from matings of mice heterozygous
for Gabpa. The expected and observed genotype frequencies are expressed
as ratios at weaning age, or expected number for each genotype in parentheses
for embryos, (c) Oligonucieotide hybridisation of 192 bp and 700 bp wildtype (wt)
and targeted (KO) PCR products generated from wildtype (+/+) and heterozygous
(+/-) Gabpa mice, respectively, using DNA from blastocysts of matings of Gabpa
heterozygous mice.



function is essential for early embryonic development, and that mice lacking Gahpa die

prior to implantation.

Embryonic lethality is a consequence of deletion of several other ETS genes in mice,

implicating them in key developmental processes. For example, Ets-2 knockout mice die

prior to E8.5 due to defects in trophoblast function (Yamamoto et al. 1998), and Fli-1

knockout mice die at El 1.5 due to cerebral haemorrhage leading to defective

vascularisation (Hart et al. 2000a). Gabp is also known as Nuclear respiratory factor-2

(Nrf-2), and co-operates with Nuclear respiratory factor-1 (Nrf-1) to transactivate the

expression of many genes encoding protein products that function in the mitochondrial

respiratory chain (Scarpulla 2002a). Homozygous deletion of the gene encoding Nrf-1

results i n a d ecrease i n t he n umber o f m itochondria in b lastocysts, a nd subsequent p re-

implantation lethality of mice (Huo and Scarpulla 2001). This is hypothesised to be due to

decreased expression of Nrf-1 gene targets, such as the mitochondrial gene regulator

MTFA, resulting in decreased transcription of mitochondrial DNA (Huo and Scarpulla

2001). As Gabp acts with Nrf-1 to transactivate the MTFA promoter, a decrease in the

number of mitochondria may cause the early embryonic lethality of Gabp a knockout mice.

This possibility could be investigated in future studies by staining mitochondria in cultured

blastocysts resulting for matings of Gabpa heterozygous mice. The early embryonic

lethality of Gabpa knockout mice meant that only ubiquitous heterozygous Gabpa mice

were available for phenotype analysis in this study.

6.3.2 Assessment of Gabpa Expression in Heterozygous Mice
The expression levels of Gabpa protein in pooled tissue lysates from 4 male and 4

female 6-8 week old Gabp a heterozygous and wildtype mice were determined by Western

blot analysis (see Figure 6.7a for a representative image). Relative abundance of Gabpa

in each tissue was calculated as a ratio relative to P-tubulin protein levels, and ratios were

adjusted such that wildtype values were equal to 1. Results of male and female mice were

averaged, as no difference in Gabpa protein expression levels was observed between the

two sexes. However, as seen in Figure 6.7b, a high level of variation was observed across

experiments in the pooled tissue lysates of both wildtype and Gabp a heterozygous mice.

No significant difference in the average level of Gabpa protein was seen between the two

genotypes, in any of the tissues tested. This could be partly due to the variation in protein

levels o f mice o n a mixed genetic background, a nd it would be interesting to re-assess
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Figure 6.7 - Gabpa Protein Expression Levels in Heterozygous Mice.
(a) Western blot analysis of Gabpa and P-tubulin protein levels in pooled tissue samples
from 6-8 week old male (<$) and female ($) wildtype (+/+) and heterozygous (+/-) Gabpa
mice, (b) Quantification of Gabpa protein levels in tissues of wildtype and heterozygous
mice, expressed relative to p-tubulin. Ratios were adjusted such that those of wildtype
mice were equal to 1. Error bars represent SEM, where n=8 for all tissues, except testis
and ovary/uterus, where n=4.



Gabpa protein expression once heterozygous mice are backcrossed onto a pure genetic

background, using samples from individual mice. However, these results are suggestive of

tight transcriptional and/or post-transcriptional levels of regulation of Gabpa expression.

Mice ubiquitously heterozygous for Gabpa expression were analysed alongside

skeletal muscle-specific Gabpa knockout mice for any subtle defects in skeletal muscle

structure or function resulting from slight reductions in Gabpa protein levels not detected

in this analysis (see Chapter 7).

6.4 Gabp a Conditionally Targeted Mice

6.4.1 Conventional Versus Conditional Knockout Technology
Gene knockout technology is a powerful method for generating animal models with

defined genetic changes. Conventional gene targeting methods involve deletion of several

or all exons of a gene, or gene substitution with the coding sequence for a selectable

marker, such as Neomycin. This provides a means of identification of embryonic stem

(ES) cells that have incorporated the targeted allele. However, in vivo experiments have

shown that regulatory sequences of a selectable marker can alter expression levels of

surrounding genes more than 100 kb away from the site of integration (Pham et al. 1996).

Therefore, the phenotypes of many conventional knockout models are difficult to interpret,

as more than one gene may be affected. In addiiion, certain gene products are essential for

early development and the function of these genes can be difficult to ascertain, as knockout

mice die during embryogenesis (Tsien et al. 1996).

This has lead to the development of conditional knockout methods, whereby the

function of a gene can be examined in a specific tissue and/or at a specific time. One of

the best characterised of the tissue-specific methods utilises the Cre-loxP system of the PI

bacteriophage (Zheng et al. 2000). Cre (causes recombination) allows for cell type-,

tissue- or developmental stage-specific recombination in mammalian cells, on any kind of

DNA, and is non-toxic to cells (Hamilton and Abremski 1984). Cre is a 38kDa DNA

recombinase of the integrase family that (in the absence of bacterial recA and recBC

functions) specifically recombines DNA within flanking A-T repetitive sequences known

as loxP sites (locus of x-ing over) (Sternberg and Hamilton 1981). A loxP site consists of

34 bp, with a core of 8 bp and two 13 bp palindromic flanking sequences, and

recombination between loxP sites is mediated by formation of a Holliday junction structure
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(Sternberg and Hamilton 1981; Hamilton and Abremski 1984; Zheng et al. 2000). The

Cre-loxP system of conditional gene targeting involves the insertion of loxP sites flanking

exons of the coding sequence, and subsequent breeding of homozygous targeted mice to

Cre transgenic mice, resulting in deletion of the loxP flanked (floxed) sequence. Cre

transgenic mice have been used successfully to create tissue-specific knockout mice. For

example, the Ick promoter was used to drive Cre expression resulting in Stat3 deletion

specifically in T-cells (Takeda et al. 1998). The 'flox-and-delete' strategy used in this

study involves three loxP sites. This enables the floxed selectable marker to be removed

prior to construct injection into mouse blastocysts (Torres and Kiihn 1997).

6.4.2 Generation of Mice Heterozygous for the Floxed Gabpa Allele

Gabp a Conditional Targeting Construct Generation

Exon 2, the first coding exon of Gabpa, was targeted for deletion by insertion of a

single loxP site immediately upstream of exon 2, as well as a floxed Neomycin selectable

marker within intron 2 (as shown in Figure 6.8a). A 3.2 kb BamHI-EcoRl genomic

fragment, spanning from intron 1 to intron 2 of Gabpa (6662-9873 bp of GI:27960443, see

Appendix E), was inserted into the pBS KS* cloning vector (Stratagene) and constituted

the 5' and 31 homologous sequences of the targeting construct. Exon 2 of Gabpa was

removed by Bell restriction endonuclease digestion (8212-8572 bp of GI:27960443) and

replaced with a 1.4 kb Apal-Nsil fragment encompassing the floxed pMCI-Neomycin

cassette (a kind gift from Prof. Klaus Rajewsky, Institute for Genetics, University of

Cologne, Cologne, Germany). Finally, a 380 bp PCR product containing Gabpa exon 2

fused to a loxP site at its 5' end (primers 169 and 170 spanning 8220-8562 bp of GI:

27960443, generated with Pfu DNA polymerase (Promega)) was inserted at a unique Aatll

site at the 5' end of the Neomycin cassette. A negative selection marker, Thymidine kinase

(TK), under the control of the Herpes simplex virus (HSV) promoter (a kind gift from Dr.

Trevor Wilson, Monash Institute of Reproduction and Development, Melbourne, Australia)

was introduced into the pBS KS+ vector backbone at a unique Xhol site. Together, this

allowed for positive selection (by Geneticin-G418 treatment) of ES cell clones expressing

Neomycin, and negative selection of clones expressing TK (by Gancyclovir treatment),

indicative of random integration (Capecchi 1989).

Following sequencing of the targeting construct with primers 206, 117, and 61, Cre-

mediated excision of Gabpa exon 2 was confirmed in vitro by digestion of DNA with

i i

l }
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BamUl before and after transformation of the 9.7 kb targeting vector into Cre+ E.Coli

(Clontech) (see Figure 6.8b). This generated 7 kb, 2 kb and 0.7 kb fragments prior to

excision and 7 kb and 1.5 kb fragments following Cre-mediated excision of 1.2 kb of

DNA, including a BamEl site within the Neomycin cassette. The validated Gabpa

conditional targeting construct was then linearised at a iSacII site within the pBS vector

backbone and electroporated into SvJ129 ES cells.

Genotyping Gabpa Targeted ES Cells

Genomic DNA was extracted from 235 ES cell clones, digested with Bamftl, and

transferred onto nylon membrane by Southern blot. A 977 bp SacU-Spel probe within

intron 3 (as described in Chapter 4) was used to detect a 7 kb wildtype fragment and a 5

kb targeted fragment (see Figure 6.8c). DNA from four potentially positive clones

(numbers 11,28, 70 and 231) was analysed further. Presence of the Neomycin cassette was

confirmed by digestion of genomic DNA with Hindlll or Ball and Southern blot

hybridisation with an 800 bp BamHl-Mlul fragment of Neomycin, detecting 6.5 kb or 2.5

kb targeted fragments, respectively. As shown in Figure 6.8d all four potential positive

clones were found positive by this analysis. Presence of the single loxP site upstream of

exon 2 was confirmed by loxP oligonucleotide hybridisation (primer 4) of 1.3 kb PCR

products spanning intron 1 to exon 2 (primers 128 and 61 at 2745-4055 bp of the complete

Gabpagenomic sequence) (see Figure 6.8e). 11 was concluded from this analysis that

clones 11, 28, 70 and 231 were correctly targeted for conditional deletion of Gabpa exon

2. Two clones (numbers 28 and 70) were chosen to be electroporated with Cre

recombinase /// vitro, to remove the Neomycin cassette prior to blastocyst injection.

Genotyping of Cre Transfected Gabpa Targeted ES Cells

Removal of the Neomycin cassette was achieved by transient transfection of Gabpa

targeted clones with Cre recombinase. The ES cells wea^ electroporated with 2 p.g of a

plasmid expressing Cre recombinase under the control of the Phosphoglycerate kinase

(PGK) promoter, in the pBS KS+ (Stratagene) vector backbone, together with 1 \xg of a

PGK-puromycin-pBS KS+ plasmid (both vectors supplied by Dr. Trevor Wilson, Centre

for Functional Genomics and Human Disease, Monash IRD, Victoria, Australia). This

allowed for antibiotic selection o f 96 positive ES cell clones, 4 8 from each of the two

parental ES cell clones.
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As outlined in Figure 6.9a, these 96 clones were screened for presence of (i)

wildtype, (ii) targeted, (iii) floxed and (iv) knockout alleles of Gabpa. A PCR product

spanning intron 1 to intron 2 (primers i28 and 135 at 2745-4503 bp of the complete

Gabpa genomic sequence, see Appendix E) was amplified, generating 1.5 kb, 1.8 kb and

1.9 kb fragments from the knockout, wildtype and floxed alleles, respectively (see Figure

6.9b). Presence of the single loxP site immediately upstream of exon 2 was confirmed by

multiplex PCR, using a common 5' primer within intron 1 (primer 134 at 3316-3335 bp of

the complete Gabp a genomic sequence) and 3' primers within exon 2 and intron 2 (primer

61 at 4036-4055 bp and primer 135 at 4484-4503 bpof the complete Gabpa genomic

sequence). This reaction generated 620 bp, 660 bp and 740 bp fragments representing

wildtype, floxed and knockout Gabpa alleles, respectively (see Figure 6.9c). Cells from

the single ES cell clone heterozygous for the floxed Gabpa allele (+/loxP) were injected at

a concentration of 1.5 x 105 cell/ml into blastocysts of C57B1/6 female mice and

transferred into pseudopregnant C57B1/6 female mice (kindly performed by Susan Tsao,

Centre for Functional Genomics and Human Disease, Monash IRD, Victoria, Australia).

Resulting chimaeric pups were genotyped for presence of the floxed Gabp a allele.

Genotyping of Mice Heterozygous for the Gabp a Floxed Aliele

The percentage contribution of the SvJ129 ES cells featuring the Gabpa floxed allele

to the chimaeric pups was estimated upon visual inspection of coat colour one week after

birth. As shown in Figure 6.10a, mice bom from blastocyst transfer into C57B1/6 females

(which are black) ranged in their degree of agouti coat colour (due to SvJ129 ES cells). In

total, from the 29 mice obtained, 7 mice featured a coat of >90 % agouti colour and

another 11 mice featured a coat of 10-60 % agouti colour. Chimaeras were genotyped by

PCR with primers spanning intron 1 to exon 2 (primers 134 and 61 as described above),

yielding 660 bp and 620 bp products representing floxed and wildtype alleles, respectively

(see Figure 6.10b). Genotypes of chimaeras were confirmed by Southern blot analysis of

BamYH digested genomic DNA and hybridisation with a 977 bp SacU-Spel probe within

intron 3 (see Chapter 4), detecting 7 kb wildtype and 5 kb floxed fragments (see Figure

6.10c). Mice heterozygous for the floxed Gabpa allele were bred with SvJ129 mice to

generate a pure SvJ129 background, and C57B1/6 mice to generate a mixed SvJ129 x

C57B1/6 line. Subsequent breeding of the floxed Gabpa mice with mice transgenic for

Cre recombinase generated conditional knockout Gabpa mice (see section 6.7.1).
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Figure 6.10 - Genotyping of Mice Heterozygous for the Fioxed
Gabpa Aliele.
Mice resulting from injections of SvJ129 ES cells heterozygous for the fioxed
Gabpa aliele into blastocysts of C57BI/6 mice were chimaeric, varying in the
percentage of agouti coat colour (a). Chimaeras were genotyped for presence
of the wildtype (+) and fioxed (loxP) Gabpa alleles by genomic PCR (b), using
primers spanning Gabpa intron 1 to intron 2, to generate 620 bp wildtype and
660 bp fioxed fragments. Southern blot analysis by BamH\ digestion of genomic
DNA and hybridisation with an intron 3 probe was used to confirm these results
(c), detecting 7 kb wildtyps and 5 kb fioxed fragments.



6.5 Myogenin-Cre Transgenic Mice

6.5.1 Existing Skeletal Muscle-Specific Cre Transgenic Mice

Creation of a skeletal muscle-specific knockout Gabpa mouse relies upon use of a

skeletal m uscle-specific p remoter tod rive e xpression o f Cre recombinase. Choice of a

suitable promoter is limited, as many genes are expressed in both cardiac and skeletal

muscle, and deletion of genes necessary for heart development often results in embryonic

lethality. The most efficient of the characterised skeletal muscle-specific Cre transgenio

lines utilises the human a-Skeletal Actin QiaSA) promoter (Miniou et al. 1999). The

haSA-Cre mouse line has been successfully used to generate a mouse model of spinal

muscular atrophy that closely resembles the human condition (Frugier et al. 2000).

Another skeletal muscle-specific Cre transgenic mouse line has been generated using the

Muscle Creatine Kinase (MCK) promoter to drive Cre expression (Briining et al. 1998).

These mice show a higher level of background expression of Cre in the heart, reflecting the

natural expression pattern of Muscle Creatine Kinase (Trask and Billadello 1990).

However, the MCK-Cre mouse line has successfully been used to study the role of skeletal

muscle insulin receptors on the phenotype of NIDDM (Briining et al. 1998). The third

successful use of skeletal muscle-specific targeting of Cre expression is that driven by the

Myosin Light Chain lf(mlclj) promoter (Bothe et al. 2000). This mlclf-Cre mouse line

has been used to specifically delete the ErbB4 gene, however the mlclfg/sne is the fast

twitch isoform of the myosin light chain (Rao et al. 1996), so excision may favour fast

twitch muscle fibres. The promoter chosen to drive Cre expression in this study was that

of the MyoD transcription factor Myogenin.

6.5.2 Myogenin Expression

Myogenin is a member of the MyoD family of transcription factors, involved in the

differentiation of myoblasts to myotubes (Venuti et al. 1995) and activation of muscle

structural genes, by binding to the E-box in target genes (Wright et al. 1989). Myogenin

knockout mice die within minutes of birth, indicating the importance of Myogenin function

during myogenesis. Mice lacking Myogenin have a decreased number of muscle fibres and

do not express AChRcc or y proteins, resulting in lack of AChR clusters and nerve

connection to muscle (Venuti et al. 1995). Myogenin mRNA is expressed from as early as

E8.5, in the developing myotome of somites (Wright et al. 1989; Cheng et al. 1992; Yee

and Rigby 1993), showing specificity to skeletal myogenesis (Sassoon et a). 1989).
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Myogenin is expressed throughout developing myofibres and muscle of newborn mice, but

not in innervated adult muscle (Simon et al. 1992). In accordance with this, expression of

Myogenin mRNA is 20-fold higher in rat foetal thigh muscle compared to that of an adult

(Wright et al. 1989). A 133 bp fragment upstream of the Myogenin transcription start site

is enough to provide expression of Myogenin in the mouse (Yee and Rigby 1993), however

an element between 1092 and 133 bp upstream is needed for maximal expression. The

Myogenin promoter has previously been used to generate transgenic mice overexpressing

Glial-derived neurotrophic factor (GDNF) in skeletal muscle (Nguyen et al. 1998).

6.5.3 Generation of Myogenin-Cre Transgenic Mice

Myogenin-Cre Transgenic Construct Generation

A 1.6 kb fragment of the Myogenin promoter spanning 27-1621 bp of genomic

sequence GI:200003, amplified with Elongase DNA polymerase (Invitrogen) in the

presence of 0.3 mg/ml BSA (Promega) (primers 189 and 190), was cloned upstream of a

Cre recombinase cDNA RT-PCR product in the pGEM-T (Promega) cloning vector (see

Figure 6.11a). Cre PCR primers 187 and 188 were used to amplify a product spanning

574-1950 bp of the PGK-Cre-pBS KS+ sequence with Pfu DNA polymerase (Promega) in

the presence of 1 M Betaine (Sigma)). Following sequencing of the transgenic construct

with primer 214, the 3 kb Myogenin-Cre transgene was removed from the vector backbone

by SacW, Sail and Seal restriction endonuclease digestion, purified by dialysis and

microinjected into Fl (CBA x C57B1/6) mouse pronuclei at 2 ng/ul in TE buffer.

Microinjection was performed by Linda Weiss, Centre for Functional Genomics and

Human Disease, Monash IRD, Victoria, Australia.

Genotyping of Myogenin-Cre Transgenic Mice

Mice generated from pronuclear injection were genotyped by Southern blot and PCR

for integration of the Myogenin-Cre transgene. Genomic DNA was digested with Ncol and

transferred onto nylon membrane by Southern blot. Membranes were hybridised with a

246 bp Bgh-Sacll Myogenin promoter probe (spanning 1375-1621 bp of GI:200003),

detecting an 800 bp wildtype fragment and a 3 kb transgenic fragment (see Figure 6.11b).

In addition, membranes were hybridised with a 1.4 kb Sall-Notl Cre cDNA probe

(spanning 567-1968 bp of PGK-Cre-pBS) detecting a 3 kb transgenic fragment (see Figure

6.11c). Southern blot results were confirmed by PCR genotyping using PCR primers

spanning 626-1043 bp of PGK-Cre-pBS (primers 213 and 214). A 416 bp product was
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Figure 6.11 - Generation of Myogenln-Cre Transgenlc
The wildtype (wt) Myogenin locus and the Myogenin-Cre transgenic construct,
fusing the Cre cDNA to the start codon of Myogenin, are shown in (a). Restriction
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same Ncol digest products with a Cre cDNA probe detected the 3 kb transgene
only (c). Genomic PCR analysis using primers within the Cre cDNA confirmed
Southern blot results, generating a 416 bp transgene product (d).



amplified from transgenic mice (see Figure 6.1 Id). Together, this analysis identified 6

Myogenin-Cre transgenic mice from a total of 39 born from pronuclear injection. These

Myogenin-Cre transgenic founders were bred with wildtype Fl (CBA x C57B1/6) mice and

assessed for their ability to transmit and express the Myogenin-Cre transgene.

6.5.4 Assessment of Myogenin-Cre Transgene Expression
Progeny from 4 of the 6 potential Myogenin-Cre founding lines were capable of

transmitting the Myogenin-Cre transgene, as determined by PCR genotyping. One line

was terminated due to premature death of pups, presumed to be due to insertion of the

transgene at an unfavourable site. The 3 transmitting Myogenin-Cre lines were tested for

transgene mRNA expression by Northern blot analysis of poly-A+ RNA from skeletal

muscle of the quadricep. Hybridisation was performed with a 1.4 kb Sali-Notl Cre cDNA

probe (as described above), however the expected fragment of 1.5 kb was never seen (see

Figure 6.12a for a representative image). RNA was visible by ethidium bromide staining

of the agarose gel prior to transfer (see Figure 6.12b) and subsequent hybridisation of the

filter with a Gabpa cDNA probe spanning 413-1884 bp of GI:193382 (primers 52 and 53)

detected the full length 5.4 kb transcript (see Figure 6.12c), confirming RNA transfer.

Endogenous mRNA levels of Myogenin in skeletal muscle of the adult mouse are 20-fold

lower than those seen during embryogenesis (Wright «t al. 1989), so it was thought that the

sensitivity of Northern blot analysis could be too low to detect the Myogenin-Cre

transgene. RT-PCR amplification of a 416 bp Cre product (primers 213 and 214) spanning

626-1043 bp of PGK-Cre-pBS was performed using cDNA template from quadricep

skeletal muscle of 4 week old wildtype and Myogenin-Cre transgenic mice from each of

the 3 transmitting lines. However, as shown in Figure 6.12d, the Cre product was only

ever amplified from positive control plasmid DNA of the Myogenin-Cre transgenic

construct. Amplification of a 400 bp Gapdh RT-PCR product spanning 585-985 bp of

sequence GI: 193423 (primers 58 and 59) verified that the cDNA template was not

degraded (see Figure 6.12e). The final test for Myogenin-Cre transgene expression was

the analysis of embryos resulting from matings of the 3 transmitting transgenic lines with

the ROSA26-lacZ reporter line (obtained from The Jackson Laboratories, Maine, USA).

ROSA26-lacZ mice allow for testing of the correct temporal and/or spatial expression

pattern of Cre, by means of expressing P-galactosidase following Cre-mediated excision of

a stop codon within the P-galactosidase (lacZ) coding sequence (Mao et al. 1999b).
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Figure 6.12 - Myogenin-Cre Transgene Expression Analysis.
Expression of the Myogenin-Cre transgene in transgenic (tg) and wildtype (wt) mice
was assessed by Northen blot using a Cre cDNA probe to detect a 1.5 kb transgenic
fragment (a). Loading of RNA is indicated by the relative intensity of 18 S (1.9 kb)
and 28 S (4.7 kb) ribosomal RNA fragments stained with ethidium bromide (b), and
RNA integrity was confirmed by reprobing with a Gabpa cDNA probe to detect the
predominant 5.4 kb Gabpa transcript (c). RT-PCR analysis of Cre expression was
performed using primers within the Cre cDNA sequence, to generated a 416 bp
product (d). Integrity of the cDNA template was confirmed by amplification of a
400 bp Gapdh RT-PCR product (e). LacZ staining of E12.5 embryos from Myogenin-
Cre x ROSA26-lacZ matings (f) revealed lack of expression in two Myogenin-Cre
lines (i) and ectopic expression of Cre, associated with the spinal cord, in the third
transmitting line (ii and iii).



Embryos of E9.5-12.5 from Myogenin-Cre x ROSA26-lacZ matings were analysed for Cre

expression by lacZ staining. Presence of the lacZ transgene was confirmed by PCR

genotyping with primers 267 and 268, spanning 927-1274 bp of cDNA GL41901, and Cre

as described above. As shown in Figure 6.12f, no skeletal muscle-specific reporter gene

expression was observed. Two of the three Myogenin-Cre transgenic lines tested exhibited

no Cre expression visible by lacZ staining, and the third line showed expression of Cre

associated with the spinal cord rather than the myotome, presumably an artefact of the site

of transgene integration.

In the future, integration effects could be avoided by targeting the Myogenin locus or

a defined locus by homologous recombination, which has been shown to result in single-

copy integration and similar expression levels in different mouse lines (Bronson et al.

1996). Homologous recombination may be similarly used to produce mice expressing the

Gabpa transgene (see section 6.2). Flanking the transgene with insulator sequences such

as HS4 of the chicken (3-globin gene, that are friiown to prevent DNA silencing, should

also assure transgene expression (Mutskov et al. 2002).

Myogenin-Cre transgenic mice were not used for the tissue-specific deletion of

Gabpa, due to a lack of evidence of skeletal muscle-specific Cre expression. Instead, a

breeding pair of the validated skeletal muscle-specific human a Skeletal Actin-Cre (haSA-

Cre) mouse line (Miniou et al. 1999) was kindly provided by Dr. Judith Melki, Institut de

Gen&ique et de Biologie Moleculaire et Cellulaire, C.U. de Strasbourg, France.

6,6 Human cc Skeletal A ctin-Cre Transgenic Mice

6.6.1 Human a Skeletal Actin Expression

Actin is a thin filament protein that slides over the thick filament protein Myosin,

and is essential for muscle contraction. Several isoforms of Actin exist: skeletal muscle,

cardiac muscle, smooth muscle and non-muscle isoforms (McHugh et al. 1991). Unlike

other Actin isoforms, genes encoding a skeletal and a cardiac Actin are present in only

one copy in the human genome (Ponte et al. 1983; Gunning et al. 1984; Mogensen et al.

1998). Mutations in the human a Skeletal Actin gerie (haSA) are known to be associated

with myopathies of varying severity (Nowak et al. 1999), highlighting its important role in

skeletal muscle. The promoter of haSA has been characterised and elements within 153 to
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1300 bp of the transcription start site that are required for skeletal muscle-specific

expression (Muscat and Kedes 1987; Muscat et al. 1992; Brennan and Hardeman 1993).

This expression pattern has previously been confirmed for the haSA-Cre mouse line by

breeding with the ROSA 26-lacZ reporter line and staining for p-galactosidase expression

(Miniouetal. 1999).

6.6.2 Generation of Human a Skeletal Actin-Cre Transgenic Mice

A breeding pair of haSA-Cre mice (on the C57B1/6J x S JL F1 background) were

provided by Dr. Judith Melki, Institut de Genetique et de Biologic Moleculaire et

Cellulaire, C.U. de Strasbourg, France. As previously described (Miniou et al. 1999), a 2.2

kb fragment of the hotSA promoter was cloned upstream of a Chicken P-globin intronic

region, followed b; the Cre recombinase cDNA sequence (GI: 12965137) (Figure 6.13a).

Genotyping of Human a Skeletal Actin-Cre Transgenic Mice

Progeny of haSA-Cre mice were genotyped for presence of the transgene by PCR of

genomic DNA with primers spanning 1808-2605 bp of the Cre cDNA sequence

GI: 12965137 (primers 265 and 266, using Taq DNA polymerase (Promega) with 1.5 mM

), generating a 797 bp product in transgenic mice (see Figure 6.13b).

6.6.3 Validation of Human a Skeletal Actin-Cre Transgene Expression

Skeletal muscle-specific expression of the hocSA-Cre transgene was confirmed by

use of the ROSA 26-lacZ reporter line, genotyping mice with primers 267 and 268

(spanning 927-1274 bp of GI:41901) for presence of the IacZ transgene, and as above for

the haSA-Cre transgene. Mice from haSA-Cre x ROSA 26-lacZ matings were killed at

E12.5-13.5 and stained for p-galactosidase expression (see Figure 6.13c), as the haSA-Cre

transgene has been shown previously to enable Cre-mediated DNA excision from as early

as E9 (Miniou et al. 1999; Frugier et al. 2000). Myotome-specific IacZ staining was

observed in approximately 25 % of all embryos tested, as expected from Mendelian

inheritance of the two transgenes. Male and female haSA-Cre transgenic mice were

subsequently bred with mice carrying the floxed Ga6/? a allele to generate skeletal muscle-

specific Gabpa knockout mice.
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Figure 6,13 - Validation of haSA-Cre Transgene Expression.
(a) The haSA-Cre transgenic construct, featuring 2.2 kb of the human a-Skeletal
Actin promoter, upstream of the rabbit $-globin intron, Cre cDNA and SV40 poly-
adenylation signal. Hind\\\ (H), Sail (S) EcoRI (E) and Notl (N) restriction sites
are shown. Figure reproduced from Miniou et a!. 1999. (b) Wildtype (wt) and
transgenic (tg) progeny of haSA-Cre interbred mice were genotyped by PCR using
primers within the Cre cDNA sequence, to yield a 797 bp product in transgenic
mice only, (c) LacZ staining of E13.5 embryos from haSA-Cre x ROSA 26-lacZ
matings, showing positive staining in myotome blocks and developing limb buds
of mice carrying both haSA-Cre and lacZ transgenes (i and ii), while no staining
was observed in wildtype littermates (right side of panel i).
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6.7 Gabp a Skeletal Muscle-Specific Knockout Mice

Loss of ubiquitous Gabpa expression in the mouse results in early embryonic

lethality, indicating its essential function in early development. Given the number of

GABP target genes that are necessary for neuromuscular signalling (Schaeffer et al. 2001)

and mitochondrial respiration (Scarpulla 2002b) (see Table 2.5), together with the

documented involvement of GABP in the generation of some cases of Congenital

Myasthenic Syndrome (Nichols et al. 1999; Ohno et al. 1999), the role of GABPa in

skeletal muscle development was assessed by creation of a skeletal muscle-specific

knockout mouse model.

6.7.1 Generation of Gabpa Skeletal Muscle-Specific Knockout Mice

Genotyping Gabp a Skeletal Muscle-Specific Knockout Mice

Progeny resulting from breeding of mice heterozygous for the floxed Gabpa allele

and carrying the haSA -Cre transgene (heterozygous conditional knockout mice) were

genotyped for Gabpa by PCR with a 5' primer within intron 1 and 31 primer within intron

2 (primers 134 and 13S, detailed in section 6.4.2), yielding 620 bp wildtype and 660 bp

floxed allele products. Mice were concurrently genotyped for presence of the Cre

transgene by PCR with primers spanning 1808-2605 bp of the Cre cDNA (primers 265 and

266, see section 6.6.2), generating a 797 bp transgene product. As shown in Figure 6.14a,

the 6 possible genotypes are: wildtype (+/+), heterozygous floxed (+/loxP), homozygous

floxed (loxP/loxP), haSA-Cre transgenic (+/cre), heterozygous conditional knockout (+/-),

and homozygous conditional knockout (-/-). Note that the heterozygous and homozygous

conditional knockout mice carry floxed Gabpa and Cre transgene alleles, but are

represented as +/- and -/- for simplicity.

Cre-mediated excision of Gabpa exon 2 was confirmed to be skeletal-muscle

specific by Gabpa PCR genotyping (primers 134, 61 and 135, see section 6.4.2) using

genomic DNA extracted from brain, heart, intestine and skeletal muscle of the

gastrocnemius, soleus, diaphragm and quadricep from 4 weeks old wildtype, heterozygous

and homozygous conditional knockout mice (see Figure 6.14b). Sequencing of PCR

products confirmed loss of exon 2 in skeletal muscle only. However, not all DNA

extracted from skeletal muscle of homozygous conditional knockout mice was

recombined, as demonstrated by presence of the 660 bp floxed PCR product in addition to
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Figure 6.14 - Gabfm Skeletal Muscle-Specific Knockout Genotyping.
(a) Progeny resulting from intercrosses of mice carrying the Gabpa fioxed aliele and the
haSA-Cre transgene were genotyped by PCR. Gabpa products were amplified with
primers spanning introns 1 and 2, generating 660 bp floxed (loxP) and 620 bp wildtype
(+) products. The haSA-Cre transgene (cre) was detected by PCR with primers within
the Cre cDNA sequence, generating a 797 bp product in transgenic mice, (b) Deletion
of Gabpa. exon 2 was shown to be specific to skeletal muscle by Gabpa PCR genotyping
of DNA extracted from organs of wildtype (+/+), heterozygous (+/-) and homozygous
knockout (+/-) mice. Primers used were a common 5' primer within intron 1 and 31 primers
within exon 2 and intron 2, to generate 740 bp, 660 bp and 620 bp products, representing
knockout, floxed and wildtype alleles, respectively.
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the 740 bp knockout product. This reflects the composition of skeletal muscle tissue;

approximately equal proportions of muscle cells and connective tissue (Bothe et al. 2000).

Viability of Gabpa Skeletal Muscle-Specific Knockout Mice

Gabpa skeletal-muscle specific knockout mice were expected to be viable, as

knockout mice completely lacking skeletal muscle are able to survive until several weeks

after birth (Grieshammer et al. 1998). In addition, some mouse models of neuromuscular

disease do not demonstrate obvious muscle weakness (Vincent et al. 1997), because mice < h

and rats have a greater safety factor of neuromuscular transmission than humans (Gomez et

al. 1996). The safety factor of neurotransmission is the ratio between the endplate ! f

potential generated under normal conditions and that required to generate an action

potential (Liyanage et al. 2002). The high safety factor of mice makes them less J '

susceptible to neuromuscular disease than humans. Genotypmg at weaning (4 weeks of t '

age) showed that the expected Mendelian ratio was observed from intercrosses of ,

heterozygous Gabp a conditional knockout mice (as shown in Table 6.1). ^

6.7.2 Confirmation of Loss of Gabpa Expression

The loss of Gabpa protein expression in skeletal muscle of conditional knockout !

mice was confirmed by Western blot analysis. Lysates from lateral and medial f ;

gastrocnemius, soleus, vastus lateralis and diaphragm muscles of three 3 month old floxed, j <
h

heterozygous and homozygous Gabpa skeletal muscle-specific knockout mice were

assessed for Gabpa and {3-tubulin expression (see Figure 6.15a). Gabpa protein levels

were quantified relative to P-tubulin, and ratios were adjusted such that those of wildtype | , t

tissues were equal to 1 (see Figure 6.15b). A significant reduction in Gabpa protein levels j

was observed in all muscles of homozygous Gabpa skeletal muscle-specific knockout

mice (as determined by a two-tailed t-test), ranging from 8 to 43 % of floxed levels in <

soleus and diaphragm, respectively. Gabpa expression levels in heterozygous mice also ; •

varied in a tissue-specific manner, from 20 to 84 % of floxed levels in medial l

gastrocnemius and diaphragm, respectively. The variability between mice meant that no s

significant difference in Gabpa protein levels in muscles of floxed and heterozygous ' \

conditional knockout mice was detected, as was also observed when quadricep muscles of \ U

ubiquitous Gabp a heterozygous and wildtype littennate mice were analysed (Figure 6.7). >

The presence of other cell types in skeletal muscle tissue is presumed to account for the f
f \

remaining Gabpa protein seen in homozygous conditional knockout tissues. [>
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Table 6.1 - Genotype Frequencies from Gabpa Heterozygous Conditional
Knockout Matings.

Genotype

Wildtype

Heterozygous floxed

Homozygous floxed

haSA-Cre transgenic

Heterozygous conditional knockout

Homozygous conditional knockout

Observed No.

26

43

32

78

153

78

Expected No.

26

51

26

77

154

77

Gabpa and haSA-Cre PCR genotyping results of mice at weaning (4 weeks of age) resulting from
matings of heterozygous skeletal muscle-specific knockout mice. The observed and expected
numbers for each genotype are shown.



(a)
lateral gastrocnemius

loxP/loxP

loxP/loxP

tit****
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+/- -/-

medial gastrocnemius
loxP/loxP +/- -/-
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vasius lateralis
loxP/loxP
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(58 kDa)

(5-tubuiin
(50 kDa)
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(58 kDa)

(3-tubulin
(50 kDa)
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Figure 6.15 - Validation of Gabpa Conditional Knockout Mice.
(a) Levels of Gabpa and p-tubulin proteins in tissues from Gabpa skeletal muscle-
specific knockout mice (-/-) relative to wildtype (loxP/loxP) and heterozygous (+/-)
littermates were determined by Western blot analysis, (b) Quantification of Western
blot analysis, where Gabpa protein levels are expressed as a ratio to P-tubulin.
Ratios were adjusted such that those of wildtype tissues were equal to 1. Error
bars represent SD, where n=3. * and ** >epresent statistical significance in a two-
tailed t-test, where p=<0.05 and O.005, respectively.



In order to assess Gabpa protein levels specifically in skeletal muscle cells, extracts

from primary skeletal muscle cultures from 2-3 day old wildtype, heterozygous and

homozygous conditional knockout mice were analysed (see Figure 6.16). Approximately

~50 % of conditional knockout primary skeletal muscle cell cultures show complete

absence of Gabpa protein. This variability could be due in part to the presence of

contaminating fibroblast cells within the skeletal muscle cultures, or could simply reflect

heterogeneous Cre expression. LacZ staining of skeletal muscle tissue from haSA -Cre x

ROSA 26-lacZ mice has previously been used to estimate a Cre splicing efficiency of 99 %

in the haSA -Cre mouse line (Miniou et al. 1999), however this does not account for the

fact that there may be heterogeneous excision within a multinucleated muscle cell.

Together this analysis shows that skeletal muscle cell-specific loss of Gabpa protein

expression was achieved, but there may not be homogeneous Gabpa deletion within

muscle cells. The only means of confirming this would be immunohistochemistry with a

Gabpa-specific antibody, which was unavailable at the time of this study.

S !

6,8 Summary

Although a Gabpa promoter fragment was shown to be functional in vitro, this did

not allow for expression of a Gabpa minigene transgenic construct in tissues of the 7

transmitting mouse lines tested. Therefore a different strategy, such as targeting a defined

locus by homologous recombination, will be used in the future to create an overexpressing

Gabpa mouse model, to investigate the role of GABPa in the phenotypes characteristic of

Down syndrome. Complete loss of Gabpa expression, by means of gene substitution,

results in embryonic lethality prior to implantation, and is probably the result of down-

regulation of target genes necessary for mitochondrial transcription and cellular

respiration, such as MTFA, COXIV and COXVb. However, Gabpa heterozygous mice

show no significant reduction in Gabpa protein levels. In order to address the role of

Gabpa (and the Gabp complex) in skeletal muscle function, particularly at the NMJ,

skeletal muscle-specific Gabp a knockout mice were generated using the Cre-loxP system.

Myogenin-Cre transgenic mice were generated, yet the three lines tested did not express

the transgene. This is thought to be due to integration effects and may be prevented in the

future by use of homologous recombination, and flanking the transgene with insulator
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Figure 6.16 - Confirmation of Loss of Gabpa Protein Expression
in Skeietai Muscle Ceils of Conditional Knockout Mice.
Western blot analysis of Gabpa and pMubulin protein levels in lysates of primary
skeletal muscle cells isolated from 2-3 day old wildtype (+/+) and Gabpa skeletal
muscle-specific knockout (-/-) pups.
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sequences to prevent gene silencing. C onditional deletion of Gabpa in skeletal muscle

was achieved by use of the 'flox-and-delete' strategy of gene targeting, splicing out the

first coding exon of Gabpaby use of the previously validated haSA -Cre mouse line. The

reduction in Gabpa protein levels varies in a tissue-specific manner, and may be due to

heterogeneous Cre expression and/or the innate properties of different skeletal muscle

tissues. In order to detect any effects of heterogeneous Cre expression upon the phenotype

of Gabpa conditional knockout mice, several skeletal muscle tissues were analysed, from

both conditional knockout mice and Gabpa ubiquitous heterozygous mice, as described in

the following chapter.

•
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Chapter 7

Results:

Phenotype Analysis of Mouse Models
unction

(
1

7.1 Introduction
Gabpa is expressed in all tissues examined (see Chapter 5), yet many proposed

GABP target genes are highly specialised, functioning in neuromuscular signalling at the

NMJ of skeletal muscle and in mitochondrial respiration (see Table 2.5). Given that

GABP is implicated in the regulation of genes of diverse functions, we have examined a

mouse model heterozygous for Gabpa throughout all tissues, and mice homozygous for

deletion of Gabpa in skeletal muscle cells only. Preliminary results of these phenotype

analyses are presented here. Mice were analysed for; body weight, skeletal muscle weight,

expression level of proposed Gabp target genes, proportions of muscle fibre types, AChR

number and distribution, ultrastructure of the NMJ, gait, grip strength, and biophysical

properties of endplate currents.

7.2 Phenotype Analysis of Gabpa Heterozygous Mice
Homozygous deletion of Gabpa in all tissues results in early embryonic lethality

(see Chapter 6), therefore wildtype and heterozygous Gabpa mice were compared for

general differences in body and organ weight, and tissue histology, and more specifically

for differences in skeletal muscle structure and function.

7.2.1 Body and Organ Weight of Gabpa Heterozygous Mice
Body weight of male heterozygous Gabpa mice was monitored over 6 months and

compared to that of wildtype littermates (see Figure 7.1). No significant difference was

observed between the two genotypes, and both wildtype and heterozygous mice show a

gradual increase in body mass with increasing age.
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Figure 7.1 - Body Weight of Gabpa Heterozygous Mice.
The body weight of male (£) mice heterozygous for Gabpa (+/-), compared to
wildtype littermates (+/+), from 9 to 31 weeks of age. Error bars represent SD,
where n ranges from 2 to 7 for each animal group at each time point.
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Weights of individual organs from mice of each genotype were also compared.

Tissues from four 6-8 week old female and male wildtype and Gabpa heterozygous mice

were analysed, and no significant difference was seen in organ mass between the two

genotypes (Figure 7,2), Therefore, loss of one allele of Gabpa does not affect tissue

growth.

7.2.2 Immunophenotype of Gabpa Heterozygous Mice
Several proposed GABP target genes encode proteins that function in the immune

system, such as IL-2, IL-16, CD 18, and the yc cytokine receptor subunit (see Table 2.5).

Therefore the thymus, spleen, bone marrow and peripheral blood of 3 wildtype and 3

Gabpa heterozygous mice (at 15 weeks of age) were analysed for the percentage of T

cells, B cells, granulocytes and macrophages present. Immunophenotyping was performed

on samples of peripheral blood, bone marrow and single cell suspensions from freshly

removed thymus and spleen, by teasing through a steel mesh. Subsequent FACS analysis

was performed for CD3, CD4, CD8, B220, IgD, IgM, Gr-1 and Mac-1 cell surface markers

(service provided by Ivan Bertoncello, Peter MacCallum Cancer Centre, Victoria,

Australia). As shown in Figure 7.3a, the cellularity of thymus, spleen, bone marrow and

peripheral blood is equivalent between the two genotypes, and no significant difference in

the proportion of T cell (CD3, CD4, CD8), B cell (B220, IgD, IgM), granulocyte (Gr-1) or

macrophage (Mac-1) cell populations was observed in any of the tissues examined (see

Figure 7.3b). This indicates that the immune system is able to compensate for any small

reduction in Gabp target gene expression caused by loss of one allele of Gabpa.

7.2.3 Tissue Histology of Gabpa Heterozygous Mice
Gabpa heterozygous mice were examined by histopathology for any tissue

abnormalities. Organs were harvested from two wildtype and two heterozygous 8 week

old mice of each sex. As shown in Figure 7.4, no difference in cell morphology or

distribution was observed in brain, heart, lung, quadricep muscle, thymus, spleen, kidney,

liver, testis, vas deferens, epididymis, seminal vesicle, ovary/uterus, or eye.

The Gabpa polyclonal antibody was not suitable for immunohistochemistry,

however, lacZ staining of tissue sections from Gabp a heterozygous mice did not show any

obvious cell type-specific effects of decreased Gabpa expression (see Figure 5.6). The

effects of Gabpa gene dosage upon skeletal muscle structure and function were

investigated in more detail.
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Figure 7.2 - Organ Weights of Gabpa Heterozygous Mice.
The wet weight of organs from adult mice heterozygous for Gabpa (+/-) were
compared to those of wildtype littermates (+/+). The quadricep muscle and femur
bone are represented as sk. muscle and bone, respectively. Error bars represent
SD, where n~8 for each genotype, except testis and ovary/uterus, where n=4.
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(a)

Tissue ~"~~\^

thymus

spleen

bone marrow

peripheral blood:

white blood ceils/ml

red blood cells/ml

Ceil Count (x106)±SD
+/+

34.1 ±3.6

77.9 ± 7.0

12.0 ±1.0

7.2 ±1.7

8.3 ±1.0

+/-

30.7 ± 9.0

59.6 ±18.8

10.3 ±2.5

6.3 ± 2.0

9.4 ±1.1

(b)
thymus

CD3 CD4 CD8 CD4/
• +/+ CD8
a*i- Cell Marker

bone marrow

100
spleon

CO3
• •/+
B+/-

CO4 CO8 CD4/ B220 B220/ B220/ Gr-1 Mac-1
CD8 IgD IgM

Cell Marker

peripheral blood

CM
• • / •

B+/-

CO8 CD4/ B220 B220/ 92201
COS IgD IgM

Celt Marker

Gr-1 Mac-1 CD4
• •/+

• +/-

CDS CD4/
COS

B220 B220/
IgD

Cell Marker

8220/
IgM

Gr-1 Mac-1

Figure 7.S - immunophenotyplng of Gabpa Heterozygous Mice.
(a) Average cell number in thymus, spleen, bone marrow and peripheral blood of
wildtype (+/+) and Gabpa heterozygous mice (+/-) at 15 weeks of age, (b) Results
of FACS analysis for the proportion of T cells (CD3, CD4, CD8), B cells (B220, IgD,
IgM), granulocytes (Gr-1) and macrophages (Mac-1) in each tissue from the two
genotypes. Error bars and ± represent SD, where i;=3 for each genotype.
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Figure 7.4 - Hfstopathology of Gabpa Heterozygous Mice.
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Figure 7.4 - Histopathology of Gabpa Heterozygous Mice.
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Figure 7.4 - Histopathoiogy of Gabpa Heterozygous Mice.



Figure 7.4 - Histopathology of Gabpa Heterozygous Mice.
Haematoxylin and eosin stained tissue sections of adult Gabpa heterozygous (+/-)
and wildtype (+/+) littermates. Tissues are indicated; brain, heart, lung, quadricep
skeletal muscle, thymus, spleen, kidney, liver, testis, vas deferens, epididymis,
seminal vesicle, uterus and eye. Ail images were taken at 400x magnification.



7.2.4 Skeletal Muscle Analysis of Gabpa Heterozygous Mice
The specific effect of loss of one Gabpa allele upon skeletal muscle fibre

composition, as a reflection of mitochondrial function, was determined by NADH staining

(see Figure 7.5a for representative images). This staining reaction measures the ability of

flavoproteins to transfer hydrogen from reduced nicotinamide dinucleotide (NADH) to the

nitro blue tetrazolium (NBT) dye, and is hence a measure of mitochondrial content. Type I

slow oxidative fibres stain dark blue, while type lib fast glyoolytic fibres stain pale blue,

and type Ha fast oxidative fibres stain an intermediate blue. The proportion of type I fibres

was assessed in transverse cryosections of lateral and medial gastrocnemius, soleus and

vastus lateraiis hindlimb muscles, as these muscles feature different fibre type

characteristics. Three wildtype and two Ga6p a heterozygous mice of 1 month of age were

examined, and no difference in the distribution of fast and slow fibres was seen in any of

the muscles studied. However, the proportion of type I fibres is significantly reduced in

the medial gastrocnemius of Gabpa heterozygous mice, as determined by a two-tailed t-

test (see Figure 7.5b). This is surprising, as this muscle normally features a low

proportion of such fibres. Whereas the soleus, a muscle consisting of only type I fibres,

appears to be unaffected. This suggests that there may be slight loss of type I fibres in

Gabpa heterozygous mice, and that muscles that usually contain a high proportion of such

fibres are resistant to any resultant effects upon mitochondrial function. However, why a

similar decrease in type I fibres was not seen in the vastus lateraiis, another muscle

consisting of predominantly fast type lib muscle fibres, is unknown. This may reflect a

difference in function of the two muscles.

The same muscle tissues were further analysed for differences in AChR distribution,

as a measure of NMJ assembly. Longitudinal cryosections of skeletal muscle from three

wildtype and two Gabpa heterozygous mice of 1 month of age were studied. A Texas red-

conjugate of a-bungarotoxin (Molecular Probes) was used to visualise the relative number

and position of AChR clusters (see Figure 7.6a for a representative image). The extract

from Bungarus multicinctus venom, the a-bungarotoxin, specifically binds to the AChRa

subunit of mature AChR receptors (Gu et al. 1991). No difference in the distribution of

AChR clusters was observed between the two genotypes, indicating that loss of one allele

of Gabpa does not inhibit the synapse-specific expression of the AChRd and egene targets

ofGabp.
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medial gastroenemius I l k soleus+/+ lateral gastrocnemius

+/- lateral gastroenemius -A +/- medial gastroenemius H +/- soleus

(b)
120

lateral
gastroenemius

• +/+

H+/-

soleusmedial
gastrocnemius

Skeletal Muscle

vastus lateralis

Figure 7.5 - Muscle Fibre Typing of Gabpa Heterozygous Mice.
Transverse cryosections of skeletal muscle tissues from 1 month old Gabpa
heterozygous (+/-) and wildtype mice (+/+) stained with NADH are shown in (a).
Type I, lib and Ha fibres are indicated by dark, light and intermediate staining,
respectively, as shown in the top centre panel. The percentage of type I oxidative
fibres in each skeletal muscle tissue is shown in (b). Error bars represent SD,
where n-3 for wildtype and n=2 for heterozygous mice. * shows statistical signif-
icance in a two-tailed t-test, where p=<0.05. Images are at 200x magnification.
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Figure 7.6 - AChR Clustering in Gabpa Heterozygous Mice.
(a) Bright field and fluorescent images of Texas red-conjugated a-bungarotoxin
stained longitudinal cryosections of skeletal muscle from 1 month old wildtype (+/+)
and Gabpa heterozygous (+/-) mice showing AChR distribution, (b) The number of
AChR clusters per skeletal muscle tissue was quantified for both genotypes. Error
bars represent SD, where n=6 for wildtype and n=4 for Gabpa heterozygous mice.
*** represents statistical significance by two-tailed t-test, where p=<0.0005. Images
were taken at 100x magnification.
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However, as shown in Figure 7.6b, the number of AChR clusters per muscle tissue

is significantly reduced in the medial gastrocnemius of Gabpa heterozygous mice (as

determined by a two-tailed t-tcrt). A slight reduction was also observed in the vastus

lateralis muscle, however this was not found to be significant (p=0.081). This is in

agreement with the NADH staining, in that the medial gastrocnemius, a fast glycolytic

muscle tissue, is the most affected by loss of one allele of Gabpa. Skeletal muscle tissue

may also be classified according to the speed of synapse development during

embryogenesis. Fast synapsing muscles obtain compact AChR clusters in alignment with

the presynaptic nerve and Schwann cells substantially faster (1 day, from E13.75 to E15)

than delayed synapsing muscles (3 days, from El6.5 to birth) (see Figure 2.10) (Pun et al.

2002). The medial gastrocnemius is unusual, in that it exhibits intermediate synapsing

speed (El6 to El8), whereas the lateral gastrocnemius, soleus and vastus lateralis all

exhibit delayed synapse development. Therefore, perhaps Gabp is necessary for

expression of AChR genes during a particular stage of development (E15-E16). Further

analysis of AChR cluster number and distribution in fast synapsing muscles of

Gabp a heterozygous mice during development may enable the critical time of Gabp

function to be determined, The effect of these slight skeletal muscle abnormalities of the

Gabp a heterozygous mice upon muscle function was investigated further.

7.2.5 Skeletal Muscle Function of Gabpa Heterozygous Mice
The grip strength of male wildtype and Gabpa heterozygous littermates was

measured from 4 to 31 weeks of age. Assessment involved measuring the time to fall from

an inverted wire cage lid, for a maximum testing time of 60 seconds. This method has

previously been shown to be a good indicator of neuromuscuilar function, with a deficit in

neuromuscular signalling resulting in decreased grip strength (Sango et al. 1996; Rogers et

al. 1997; Crawley 2000). As shown in Figure 7.7, no significant difference was seen in

the grip strength of wildtype or Gabp a heterozygous mice in any age group, and mice of

both genotypes displayed reduced grip strength with age. However, any slight

neuromuscular defect in Gabpa heterozygous mice may be masked by the high degree of

variability within each animal group.

Gait of eight male Gabp a heterozygous and eight wildtype mice was evaluated at 1

and 6 months of age. Footprint analysis was used, as this is a measure of skeletal muscle

weakness and poor coordination, visible as wobbling, stumbling or weaving
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Figure 7.7 - Grip Strength of Gabpa Heterozygous Mice.
The grip strength of male Gabpa heterozygous (+/-) and wildtype (+/+) mice
from 4 to 31 weeks of age, as measured by time taken to fall from an inverted
wire cage lid. Maximum testing time was 60 seconds.
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(Sango et al. 1995; Crawley 2000). The representative images in Figure 7.8 demonstrate

that no difference in the regularity or angle between footprints was observed between

wildtype and Gabpa heterozygous mice. Therefore, although loss of one allele of Gabpa

results in a muscle type-speciiic decrease in mitochondrial number and number of AChR

clusters, this does not result in any overt impairment of skeletal muscle function. Whether

other muscle tissues, particularly tonic oxidative muscles, are affected by homozygous

deletion of Gabpa was studied in more detail using the Gabpa skeletal muscle-specific

knockout mouse model.
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7.3 Phenotype A nalysis of Gabpa Conditional Knockout Mice
Gabp a exon 2 was deleted specifically in skeletal muscle by breeding mice carrying

floxed Gabpa and haSA-Cre alleles (see Chapter 6). The effect of loss of Gabpa protein

expression upon body and organ weight, Gabp target gene expression levels, and resulting

skeletal muscle strength and function, were studied.

7.3.1 Body and Organ Weight of Gabpa Conditional Knockout Mice

Body weight of skeletal muscle-specific Gabpa knockout mice was monitored from

4 to 28 weeks of age and compared to that of wildtype, floxed and haSA-Cre littermates.

Female (Figure 7.9a) and male (Figure 7.9b) mice were analysed separately, as male mice

tend to be heavier than females. No difference was observed between the two animal

groups, and both groups of mice show a gradual increase in body mass over time.

The weights of lateral and medial gastrocnemius, soleus, vastus iateralis and

diaphragm skeletal muscle tissues, from 3 month old homozygous floxed, heterozygous

and homozygous skeletal muscle-specific Gabpa knockout mice were compared (see

Figure 7.10). Heart weight was also measured as a control, as Gabpa is not deleted in this

tissue. No difference in organ mass was seen across the three genotypes- Therefore loss of

Gabpa expression does not affect skeletal muscle growth.

7.3.2 Skeletal Muscie Histology of Gabpa Conditional Knockout Mice

Skeletal muscle tissues from homozygous and heterozygous Gabpa skeletal muscle-

specific knockout, and homozygous floxed mice were analysed by histopathology. The

lateral and medial gastrocnemius, soleus and vastus Iateralis hindlimb muscles were
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Figuro 7.8 - Gait Analysis of Gabpa Heterozygous Mice.
Footprints of Gabpa heterozygous (+/-) and wildtype (+/+) mice, at 1 and 6 months
of age, indicating balanced gait.
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Figure 7.9 - Body Weight of Gabpa Conditional Knockout Mice.
The body weight of (a) female ($), and (b) male (<?), wiidtype (+/+). heterozygous
(+/-) and homozygous (-/-) Gabpa skeletal muscle-specific knockout mice, from 4
to 27 weeks of age. Error bars represent SD, where n ranges from 2 to 12 for
each animal group at each time point. Wiidtype animal groups were comprised of
mice genotypically +/+, +/loxP, loxP/loxP and +/cre.
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Figure 7.10 - Muscle Weight of Gabpa Conditional Knockout
Mice.
The wet weight of skeletal and heart muscle tissues from 3 month old wildtype
(IoxP/loxP), heterozygous (+/-) and homozygous (-/-) Gabpa skeletal muscle-
specific knockout mice. Error bars represent SD, where n=3 for each genotype.



harvested from two male and two female 1 and 3 month old mice of each genotype, and

longitudinal cryosections were stained with haematoxylin and eosin. As shown by the

representative images in Figure 7.11, no difference in cell density or morphology was

observed between the three genotypes.

7.3.3 Gabp Target Gene Expression Levels in Gabpa Conditional
Knockout Mice

The specific effect of Gabpa loss was assessed by evaluation of expression levels of

proposed Gabp target genes. Transcript levels of Gabp target genes AChRS and AChRe,

Utrophin, and MTFA, in skeletal muscle of homozygous floxed, heterozygous and

homozygous Gabpa skeletal muscle-specific knockout mice were assessed by real-time

RT-PCR analysis. A 809 bp AChRS product was amplified with primers spanning 1021-

1830 bp of cDNA sequence GL191609 (primers 217 and 218), as well as a 255 bp AChRe

product spanning 3-258 bp of cDNA sequence GI:2660742 (primers 223 and 224). MTFA

expression was measured by amplification of a 710 bp product spanning 351-1061 bp of

cDNA sequence GI: 1575122 (primers 225 and 226), and a 1 kb Utrophin product spanning

3014-4016 bp of cDNA sequence GI: 1934962 was amplified (primers 219 and 220).

Rapsyn expression was also monitored as a negative control, as it encodes a skeletal

muscle structural protein and is not a known Gabp target. A 91 bp Rapsyn RT-PCR

product spanning 827-918 bp of cDNA sequence G 1:53804 was amplified (primers 2 73

and 274). Transcript expression levels were quantified relative to fi-actin, by amplification

of a 102 bp fi-actin product spanning 344-446 bp of cDNA sequence GI:49867 (primers

280 and 281). Template cDNA was generated from diaphragm and soleus muscles of two

homozygous floxed, three heterozygous and four homozygous Gabpa skeletal muscle-

specific knockout mice of 3 months of age. RT-PCR reactions were repeated 3-4 times on

each sample for each primer pair, and the average results of successful reactions are shown

in Figure 7.12. These muscles were chosen as they are predominately composed of

oxidative fibres, and any impairment in mitochondrial function resulting from loss of

Gabpa expression may be more evident in these tissues.

As shown in Figure 7.12a, both AChRe and MTFA expression levels are

significantly decreased in the diaphragm of heterozygous and homozygous Gabpa skeletal

muscle-specific knockout mice, as determined by two-tailed t-tests. A similar trend is seen

for AChRS, but due to the variation between Gabpa floxed samples this is not
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+/- lateral gastrocnemius!" -/- lateral gastrocnemius
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+/- medial gastrocnemius -/- medial gastrocnemius :•

loxP/loxP vastus lateralis

Figure 7.11 - Histopathology of Gabpa Conditional Knockout Mice.
Haematoxylin and eosin stained longitudinal cryosections of skeletal muscle from
1 month old wildtype (loxP/loxP), heterozygous (+/-) and homozygous (-/-) Gabpa
skeletal muscle-specific knockout mice. Images were taken at 400x magnification.
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Figure 7.12 - Transcript Expression Levels of Gabp Target Genes
in Gabpa Conditional Knockout Mice.
Real-time RT-PCR analysis of Gabp target genes, using template cDNA from (a)
diaphragm and (b) soleus of 3 month old wildtype (loxP/loxP), heterozygous (+/-)
and homozygous (-/-) Gabpa skeletal muscle-specific knockout mice. Expression
levels of each transcript are expressed as a ratio to $-actin. Ratios were adjusted
such that those of wildtype mice were equal to 1. Error bars represent SEM, and
n values are shown on each column. *, ** and ***** show statistical significance by
two-tailed t-tests, where p=<0.05, <0.005 and <0.000005, respectively.



statistically significant. In the soleus of Gabpa conditional knockout mice a trend toward

reduced AChRS and MTFA levels is slso apparent (see Figure 7.12b), however

AChRe levels remain unaltered. In both diaphragm and soleus muscles, the levels of

Utrophin are comparable between all three genotypes, and as expected, that of Rapsyn (as

this is not regulated by Gabp).

This data shows that loss of Gabpa expression results in decreased mRNA

expression levels of target genes, in a tissue-specific manner. Another ETS transcription

factor present in the soleus may be able to compensate for loss of Gabpa expression upon

AChRe transcript levels. In addition, an ETS protein, and/or other transcription factors are

able to maintain normal Utrophin expression levels in the absence of Gabpa in both tissues

studied. Further analysis of different muscle tissues, from mice of different ages, is

necessary before a complete understanding of the role of Gabpa upon target gene

expression can be gained. Variation between samples may also be reduced by extraction

of RNA from the synaptic region of skeletal muscle tissues, or by analysis of mice crossed

onto a pure genetic background.

The protein expression levels of two Gabp targets of mitochondrial function, COXIV

and Vb, were also assessed. Western blot analysis was performed using protein lysates of

lateral gastrocnemius, soleus and diaphragm muscles from three homozygous floxed,

heterozygous and homozygous Gabp a skeletal muscle-specific knockout mice of 3 months

of age. Medial gastrocnemius and vastus lateralis were not included in this analysis, as

basal COXIV and COXVb levels were too low for quantification. Specific monoclonal

antibodies allowed for the detection of COXIV, COXVb (Molecular Probes) and p-tubulin

(Chemicon) proteins, as shown by the representative image in Figure 7.13a (refer to

Chapter 5 for antibody concentrations). Unexpectedly, quantification of COXIV and

COXVb protein levels relative to P-tubulin, revealed a significant increase in COXVb

expression in the soleus of homozygous Gabp a conditional knockout mice, as determined

by a two-tailed t-test (see Figure 7.13b). A similar trend is also seen in the lateral

gastrocnemius, however this is not significant (p=0.l6). No other differences in COXTV or

COXVb protein levels were observed. This suggests that another nuclear regulator of

proteins that function in mitochondria, such as nuclear respiratory factor-1 (Nrf-1), may be

compensating for loss of Gabpa expression. To investigate mitochondrial function further,
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Figure 7.13 - COXIV and COXVb Protein Expression Levels in
Gabpa Conditional Knockout Mice.
(a) Western blot analysis of COXIV, COXVb and pMubulin protein levels in skeletal
muscle tissues of wiidtype (IQXP/IOXP), heterozygous (+/-) and homozygous (-/-)
Gabpa skeletal muscle-specific knockout mice, (b) Quantification of COXIV and
COXVb protein levels, expressed as a ratio to p-tubulin. Ratios wore adjusted
such that those of wiidtype rnjce were equal to 1. Error bars show SD, where n=3
for each genotype. * indicates statistical significance by two-tailed t-test, p=<0.05.
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the fibre composition of skeletal muscle from floxed, heterozygous, and homozygous

Gabpa skeletal muscle-specific knockout mice was determined.

7.3.4 Skeletal Muscle Analysis of Gabpa Conditional Knockout Mice
The effect of loss of Gabpa expression upon skeletal muscle fibre composition was

measured by NADH staining (see Figure 7.14 for representative images). Transverse

cryosections of lateral and medial gastrocnemius, soleus and vastus lateralis hindlimb

muscles of two mice of each sex of homozygous floxed, heterozygous and homozygous

Gabpa skeletal muscle-specific knockout genotypes were analysed. No difference in the

distribution of the fast and slow fibres was seen in any of the muscles studied, at 1, 3 or 6

months of age. However, the proportion of type I slow oxidative fibres is significantly

reduced in both the lateral gastrocnemius and vastus lateralis of 3 month old homozygous

Gabpa conditional knockout mice, as determined by two-tailed t-tests (see Figure 7.15).

A trend towards reduced type I fibres is also apparent in lateral and medial gastrocnemius

of 1 month old Gabpa condition?! knockout mice, and in medial gastrocnemius of 3 month

old mice, however these differences are not statistically significant. Interestingly, no

difference in fibre type proportions between the three genotypes is seen at 6 months of age.

However, any small difference may be masked by a general reduction in type I fibres in the

lateral and medial gastrocnemius with age (see Figure 7.15). This suggests that

compensatory mechanisms may ensure a minimum proportion of type I fibres is

maintained in Gabpa conditional knockout mice, as for aging wildtype mice. Ubiquitous

heterozygous Gabpa mice only have a decreased proportion of type I fibres in medial

gastrocnemius at 1 month of age. Therefore study of older mice, and a greater total

number of mice, may be necessary before similar results are seen in both Gabp a knockout

mouse models. It would also be interesting to study levels of other mitochondrial

enzymes, such as the Gabp target Succinate dehydrogenase, to determine if a similar

tissue-specific phenotype is apparent.

AChR distribution was also analysed in lateral and medial gastrocnemius, soleus and

vastus lateralis muscle tissues from two mice of each sex of each of homozygous floxed,

heterozygous and homozygous Gabp a skeletal muscle-specific knockout genotypes at 1, 3

and 6 months of age. A Texas red conjugate of a-bungarotoxin (Molecular Probes) was

used to visualise the relative number and position of AChR clusters in longitudinal

cryosections of skeletal muscle. No difference in the distribution of AChR clusters
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• IoxP/ioxP
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• -/-
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Skeletal Muscle
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soleus vastus lateralis
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• IoxP/ioxP
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Skeletal Muscle
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\
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Figure 7.15 - Proportion of Type I Fibres in Skeletal Muscle of
Gabpa Conditional Knockout Mice.
The percentage of type I oxidate fibres in skeletal muscie tissue of (a) 1, (b) 3,
and (c) 6 month old wiidtype (IoxP/ioxP), heterozygous (+/-) and homozygous
(-/-) Gabpa skeletal muscle-specific knockout mice. Error bars represent SD,
where n=8 for each animal group. * and ** represent statistical significance, as
determined by two-tailed t-tests, where p=<0.05 and <0.005, respectively.
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is apparent between the three genotypes (see Figure 7.16 for representative images),

indicating that Gabpa expression is not essential for the synapse-specific expression of the

AChRSand e gene targets of Gabp. However, as shown in Figure 7.17, the number of

AChR clusters is significantly reduced in the lateral gastrocnemius of both heterozygous

and homozygous Gabpa skeletal muscle-specific knockout mice at 1 and 3 months of age,

as determined by two-tailed t-tests (see Figure 7.17a and b). A trend towards reduced

AChR numbers was also observed in medial gastrocnemius of 6 month old conditional

knockout mice, however this was not found to be statistically significant (p=C.O63). The

dramatic reduction in AChR cluster number with age in wildtype mice results in an

equivalent number of AChRs in 6 month old mice of all three genotypes (see Figure

7.17c). This suggests that one form of compensation for the lower AChR cluster number

in Gabp a conditional knockout mice may be a slower turnover rate. A significant decrease

in AChR cluster number is seen in medial gastrocnemius only in 1 month old ubiquitous

Gabp a h eterozygous m ice. W hile s tudy o f a g reater n umber o f animals m ay 1 ead t o a

similar finding in both Gabpa knockout mouse models, one explanation for differences in

the skeletal muscle tissues affected is the level of haSA-Cre expression in different muscle

tissues. Perhaps the Gabpa gene is spliced in more myonuclei in lateral gastrocnemius

than medial gastrocnemius, due to the normal expression levels of human a skeletal actin.

Irrespective of this, further analysis of conditional knockout mice was performed, to assess

whether a decrease in AChR expression results in altered NMJ shape.

7.3.5 Infrastructure of NMJs of Gabpa Conditional Knockout Mice
The three-dimensional shape of NMJs was determined by wholemount AChR

staining of single muscl.2 fibres of sternomastoid or soleus muscles, or intact diaphragm

muscles, from homozygous floxed, heterozygous and homozygous Gabpa skeletal muscle-

specific knockout mice. Single muscle fibres were isolated from sternomastoid (situated

within the neck) and soleus muscles of two mice of each sex of homozygous floxed and

homozygous Gabpa skeletal muscle-specific knockout genotypes at 3 months of age. The

sternomastoid muscle was studied because its 1 ack o f connective tissue allows for easy

separation of single muscle fibres, and the soleus was chosen to enable study of a highly

oxidative muscle. Intact diaphragm muscles were also isolated from four mice of

homozygous floxed and homozygous Gabp a skeletal muscle-specific knockout genotypes,

at 6 months of age, as this muscle shows reduced levels of AChRS&nd £ transcripts upon
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loxP/loxP
lateral gastrocnemlus

+/- lateral gastrocnemius^Lw -/- lateral gastrocnemlus

+/- medial gastrocnemius^ | -/- medial gastrocnemiusloxP/loxP
medial gastrocnemlus

loxP/loxP soleus

loxP/loxP vastus lateralis &• 1+/- vastus lateralis

Figure 7.14 - Skeletal Muscle Fibre Typing of Gabpa Conditional
Knockout Mice.
Transverse cryosecttons of skeletal muscle from 1 month old wildtype (loxP/loxP),
heterozygous (+/-) and homozygous (-/-) Gabpa skeletal muscle-specific knockout
mice stained with NADH. Type I, lib and Ha fibres are indicated by dark, light and
intermediate staining, respectively, as shown in the top centre panel. Images were
taken at 200x magnification.



loxP/loxP .
-lateral gastrdtfnemius

+/- lateral gastrocnemius |-/- lateral gastrocnemius

loxP/loxP
medial gastrocnemius

+/- medial gastrocnemius I-/- medial gastrocnemjus

Figure 7.16 - AChR Distribution in Babpa Conditional Knockout
Mice.
The distribution of AChRs in longitudinal cryosections of skeletal muscle from 1
month old wildtype (loxP/loxP), heterozygous (+/-) and homozygous (-/-) Gabpa
skeletal muscle-specific knockout mice, as shown by Texas red-conjugated a-
bungarotoxin staining. Images were taken at 200x magnification.
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Figure 7.17 - AChR Cluster Number in Gabpa Conditional
Knockout Mice.
The average number of AChR clusters per muscle tissue, as determined by
a-bungarotoxin staining of longitudinal sections from (a) 1, (b) 3, and (c) 6
month old wildtype (loxP/loxP), heterozygous (+/-) and homozygous (-/-) Gabpa
skeletal muscle-specific knockout mice. Error bars represent SD, where n=12
for 1 month old, n=10 for 3 month old and n=8 for 6 month old animal groups.
** and *** represent statistical significance, as determined by two-tailed t-tests,
where p=<0.005 and <0.0005, respectively.
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loss of Gabpa protein expression (see Figure 7.12). AChR clusters were stained using

Texas red-conjugated ct-bungarotoxin (Molecular Probes) at 1 ug/ml, and a mixture of

rabbit sera raised against mouse 200 kDa Neurofilament (8 jig/ml, Sigma) and human

Synaptophysin (1/50 neat sera, DAKO) proteins, using 7.5 jig/ml FITC-conjugated goat

anti-rabbit IgG secondary antibody (Zymed). This enabled localisation of nerves and

synaptic terminals at NMJs, respectively. Representative images from each muscle tissue

are shown in Figure 7.18.

In agreement with analysis of mice expressing an ETS dominant negative protein in

skeletal muscle, approximately 70 % of NMJs of homozygous Gabpa skeletal muscle-

specific knockout mice show less branching than homozygous floxed Gabpa controls

(type 1) and the remaining 30 % show a single ring structure (type 2) (de Kerchove

d'Exaerde et al. 2002). This altered NMJ morphology is most evident in soleus. An

overall reduction in NMJ size is also apparent in soleus (Figure 7.18i) and stemornastoid

(Figure 7.18H) muscle fibres of homozygous Gabpa skeletal muscle-specific knockout

mice. However the small size of NMJs in wildtype diaphragm may mask any slight

decrease i n this t issue (Figure 7.18iii). Additional m ice n eed t o b e s tudied i n o rder t o

quantify the area occupied by the AChRs within the NMJs of Gabpa skeletal muscle-

specific knockout mice. However, this preliminary analysis suggests a reduction in area

occupied by AChRs in conditional knockout mice.

Diaphragm and soleus muscles were more closely examined by electron microscopy,

to study the effect of loss of Gabpa expression upon the structure of postsynaptic

junctional folds, and mitochondrial integrity (kindly performed by Lynn Tolley,

Department of Physiology, University of Queensland, Queensland, Australia). Tissue from

four homozygous floxed and four homozygous Gabpa skeletal muscle-specific knockout

mice of 3 months of age was analysed. As shown in Figure 7.19, there is no apparent

difference between the two genotypes in the two-dimensional ultrastructure and

distribution of mitochondria, synaptic vesicles, postsynaptic junctional folds or muscle

fibres at the NMJs of diaphragm or soleus muscles. Therefore, whether the change in fibre

type proportions and three-dimensional NMJ morphology in Gabpa conditional knockout

mice results in altered skeletal muscle function was investigated.
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(a)
loxP/loxP soleus

-/- soleus

Figure 7.18 - NMJ Morphology in Gabpa Conditional Knockout
Mice.
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loxP/loxP sternomastoid

-/- sternomastoid

type 1 type 1 type 2 type'2

CD
8

Figure 7.18 - NMJ Morphology in Gabpa Conditional Knockout
Mice.



(c)
loxP/loxP diaphragm

-/- diaphragm

Figure 7.18 - NMJ Morphology in Gabpa Conditional Knockout
Mice.
Wholemount immunostaining of single muscle fibres from (a) soleus, (b) sterno-
mastoid and (c) intact diaphragm from wildtype (loxP/loxP) and homozygous (-/-)
Gabpa skeletal muscle-specific knockout mice. NMJ shape is revealed by AChR
staining with Texas red-conjugated a-bungarotoxin (aBtx), and nerves and synaptic
junctions with FITC-labelled antibodies against neurofilament and synaptophysin,
respectively (indicated as NF). Relative positions of nerves (N), synaptic junctions
(SJ) and AChRs are indicated on the top left panel for each muscle tissue. NMJs
of -/- mice are classified as showing less branching than those of loxP/loxP mice
(type 1) or single ring structures (type 2). All images are at 1000x magnification.



loxP/loxP diaphragm

loxP/loxP soleus

Figure 7.19 - Infrastructure of NMJs in Gabpa Conditional
Knockout Mice.
Electron microscopy of NMJs of diaphragm and soleus muscles from 3 month
old wildtype (loxP/loxP) and Gabpa skeletal muscle-specific knockout mice (-/-).
The relative positions of postsynaptic muscle fibres (MF), junctional folds (JF),
synaptic vesicles (SV) and mitochondria (M) are indicated in the upper left panel.



7.3.6 Skeletal Muscle Function of Gabpa Conditional Knockout Mice
The grip strength of heterozygous and homozygous Gabpa skeletal muscle-specific

knockout mice was measured at 1, 3 and 6 months of age, and compared to that of

wildtype, floxed and haSA-Cre littermates (see Figure 7.20). This was measured by

ability to grip to an inverted wire cage lid, for a maximum test time of 60 seconds. The

only significant difference seen was at 6 months of age, when heterozygous and

homozygous conditional knockout mice exhibit greater grip strength than their wildtype

littermates. This is due to maintenance of strength in the knockout mice, which

significantly diminishes with age in wildtype mice. An explanation for this result is

unknown, however it may reflect the altered fibre type proportions observed in muscles of

Gabp a conditional knockout mice, and tests o f muscle endurance such as the rotor rod

may reveal deficits of mice lacking Gabpa. As the gripping time of mice varied

considerably, a greater number of animals should be analysed in future studies.

The gait of homozygous floxed, heterozygous, and homozygous Gabpa skeletal

muscle-specific knockout mice was evaluated at 1, 3 and 6 months of age. No difference

in the regularity and angle of footsteps was observed between the three animal groups (see

Figure 7.21 for representative images). Therefore, loss of Gabpa expression may result in

decreased mitochondrial function, a reduced number of AChR clusters, and irregular

AChR cluster formation at the NMJ without resulting in any overt impairment of skeletal

muscle function.

Electrophysiological properties of skeletal muscles from homozygous floxed and

homozygous Gabpa skeletal muscle-specific knockout mice were also measured, as a

means of detecting slight differences in skeletal muscle function. Intact soleus muscles of

four wildtype and four Gabpa conditional knockout 3 month old mice were analysed

extracellularly for changes in characteristics of spontaneous/miniature endplate currents

(MEPCs) and evoked endplate currents (EPCs) (measurements were recorded by Dr. Nick

Lavidis, Department of Physiology, University of Queensland, Queensland, Australia). As

shown in Figure 7.22a, the average amplitude of MEPCs in Gabpa skeletal muscle-

specific knockout mice is significantly smaller than that of wildtype littermates, as

determined by a two-tailed t-test. A similar trend is also apparent for EPCs, however this

is not significantly different, due to the high degree of variability between sites analysed

within each muscle. As shown in Figure 7.22b, some sites within muscle of Gabpa
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1 month 3 month
Age
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l-/-

Figure 7.20 - Grip Strength of Gabpa Conditional Knockout Mice.
The grip strength of wildtype (+/+), heterozygous (+/-) and homozygous (-/-) Gabpa
skeletal muscle-specific knockout mice at 1, 3 and 6 months of age, as measured
by the time to fall from an inverted wire cage lid. Wildtype animal groups included
mice with +/+, +/loxP, loxP/loxP and +/cre genotypes. Error bars represent SD, and
n values are indicated on each column. * and ** show statistical significance, as
determined by two-tailed t-tests, where p=<0.05 and <0.005, respectively.



Figure 7.21 - Gait Analysis of Gtbpa Conditional Knockout Mies.
Footprints of wildtype (loxP/ioxP), heterozygous (+/-) and homozygous (-/-) Gabpa
skeletal muscle-specific knockout mice at 3 months of age, showing balanced gait.
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MEPC rise time (ms)

MEPC decay time (ms)

EPC amplitude (mV)

EPC rise time (ms)

EPC decay time (ms)

Quantal content

ioxP/iexP
4

12
8

0.27 ± 0.03

0.64 ± 0.01

1.78 ±0.08

0.29 ± 0.22

0.99 ±0.11

2.55 ±0.23

0.84 ± 0.47

- / -

4

12
8

0.17 ± 0.02*

0.64 ± 0.02

1.66 ±0.15

0.06 ± 0.02

1.08 ±0.09

3.89 ± 0.82

0.60 ± 0.20

(II)
,50

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Amplitude (mV)

0.1 C.2 0.3 0.4 0.S 0.6 0.7 0.8 0.9 1.0
Amplitude (mV)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Amplitude (mV)

Figure 7.22 - Electrophyslology of NMJs of Gabpa Condition*!
Knockout M!se.
A summary of the biophysical properties of NMJs of soleus muscles of 3 month
old wiidtype (loxP/loxP) and Gabpa skeletal muscle-specific knockout mice (-/-),
using extracellular recordings, is shown in (a). The average data of spontaneous/
miniature en.iplate currents (MEPC) and evoked endplate currents (EPC) is
shown (± S£<vi). * represents statistical significance, as determined by a two-
tailed t-test, where p-<0.05. (b) Histograms of EPC recordings from single sites,
showing the variability in NMJ activity in Gabpa skeletal muscle-specific knockout
mice; (i) wiidtype site, (ii) knockout site with reduced EPC ampiitude, (iii) knockout
site with reduced EPC amplitude and activity.



skeletal muscle-specific knockout mice display slight reductions in EPC amplitude, while

others have reduced EPC amplitude and loss of activity. This may be a result of

heterogeneous deletion of Gabpa within myonuclei of each fibre. No difference in the rise

time or decay time of endplate currents was seen between the two genotypes, indicating

that neurotransmitter release and channel opening are not affected by loss of Gabpa

expression.

The reduced amplitude of MEPCs observed in soleus muscles of Gabpa skeletal

muscle-specific knockout mice reflects an alteration in postsynaptic properties of the

conditional knockout mice (independent of nerve activity). The most likely explanation is

a reduction in AChR number, and a similar reduction in the amplitude of endplate currents

is observed in AChRe knockout mice (Witzemann et al. 1996). Although counting of

AChR cluster numbers in skeletal muscle sections did not reveal any such change in soleus

of Gabpa skeletal muscle-specific knockout mice, future experiments will involve a more

accurate measure of AChR number, by means of radioactively labelling the receptors.

7.4 Summary - Gabpa Function in Skeletal Muscle

Production of ubiquitous and skeletal muscle-specific knockout mouse models

demonstrates that Gabpa is not essential for skeletal muscle formation and function, but

does play an important role in the formation of AChR clusters at the NMJ. Specific

skeletal muscle tissues, such as the gastrocnemius, are also reliant upon Gabpa expression

for the establishment of normal muscle fibre type proportions and number of AChR

clusters, and loss of Gabpa expression results in a significant reduction in AChRe and

MTFA transcript expression levels in some skeletal muscle tissues, such as diaphragm.

The effect of loss of Gabpa protein expression upon Gabp target gene expression results in

changes in the electrophysiological propeities of NMJs indicative of a reduced number of

AChRs. However, Gabpa skeletal muscle-specific knockout mice do not display any

overt skeletal muscle weakness, as occurs in humans suffering from Congenital

Myasthenic Syndrome, lacking AChRe expression. The greater safety factor of

neuromuscular transmission (ratio between the endplate potential generated under normal

conditions and that required to generate an action potential) in mice and rats, compared to

humans (Le Treut et al. 1990), may explain why no obvious alteration in skeletal muscle
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function is seen when Gabpa is lacking. Further study of the Gabp a skeletal muscle-

specific mouse model, by means of mitochondnal function assays, and a more

comprehensive study of different skeletal muscle tissues for target gene expression levels,

and AChR morphology and number, should enable a better understanding of how the Gabp

complex regulates the expression of NMJ and mitochondnal proteins within particular

tissues. However, taken together, this preliminary analysis demonstrates that Gabpa is the

ETS transcription factor necessary for formation of intact AChR clusters at the NMJ.
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Chapter 8

Discussion:

Gabpa: A Tightly Controlled Regulator of
Skeletal Muscle Transcription

8.1 GABPa is a Highly Conserved Gene Locus

The genomic structure of 10 exons and 9 introns of Gabpa, and their relative sizes,

are v ery s imilar t o t hose of the h uman GABPa 1 ocus (see Chapter 4). High sequence

similarity (>75 %) is observed within the coding regions of the mouse and human genes,

resulting in protein products that share 96 % amino acid identity. However, the alternative

51 UTRs, exons la and lb, are unique to mouse, suggesting a species-specific means of

regulation. This finding is not unique to Gabpa, as recent analysis of 9434 orthologous

genes in human and mouse revealed that 28 % of exons unique to minor transcripts are

conserved between the two species, compared to 98 % of exons contained in major

transcripts (Modrek and Lee 2003). Therefore, this suggests a recent event of exon

creation in mouse Gabpa or exon loss in human GABPa, since the genomes of the two

species diverged 75-110 million years ago (Modrek and Lee 2003). Given that exon la

and lb are expressed in Gabpa transcripts in the mouse, it is likely that they are the result

of exon creation, providing a species-specific means of post-transcriptional regulation.

The Gabpa exon la region and beginning of exon lb are also £.75 % identical in mouse

and rat, indicating that the Gabpa exon la transcript may also be expressed in rat.

The gene arrangement of the GABPa locus and flanking regions is conserved

between human, mouse and rat. Located 165-240 bp upstream of the 5' UTR of mouse

Gabpa is the 51 UTR of Mitochondrial ATP Synthase Coupling Factor VI, in the reverse

orientation to Gabpa. The ATP synthase protein forms an essential component (complex

V) of the mitochondrial respiratory chain, and presence of bi-directional promoter elements

between the Gabpa and Mitochondrial A TP Synthase Coupling Factor VI genes (Chinenov
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et al. 2000) is suggestive of coupled regulation. This bi-directional promoter region

contains ETS, YY1 and Spl binding sites which are common to promoters of other

mitochondrial protein genes, such as the bi-directional promoter regulating expression of

Surf-1 and Surf-2 proteins of the inner mitochondrial membrane (Cole and Gaston 1997),

and promoters of genes encoding the mitochondrial regulator MTFA (Virbasius and

Scarpulla 1 994) and Cytochrome-c-oxidasesubunits COXIV and COXVb (Lenka et al.

1998). Presence of ETS, YY1 and Spl binding sites reflects the housekeeping role of

mitochondrial proteins, a number of which are proposed to be regulated by the Gabp

transcription factor complex. Gabpa expression may also be auto-regulated by a feedback

loop, as several of the ETS sites within the Gabpa promoter are consensus Gabp binding

siies. Site-specific mutagenesis would clarify whether ETS and other transcription factors

positively or negatively regulate expression from the Gabp a promoter.

Within the non-coding regions of GABPa there are three regions that are >75 %

conserved between mouse and human. These are the CpG island flanking exon 1, a 100 bp

region within intron 3, and a 750 bp region within intron 9, immediately upstream of the

last exon. These areas may contain regulatory sequences that have been conserved during

evolution. CpG inlands are associated with the 5' ends of all housekeeping genes and many

widely expressed and tissue-specific genes, and are found in the same relative position in

orthologous genes of different species (Gardiner-Garden and Frommer 1987). Their exact

function is unknown, however it has been suggested that basal transcription factors such as

Spl bind to elements within CpG islands, and the location of CpG islands is often

associated w ith r egions o f b asal p romoter a ctivity. W ithin t he c onserved GABPa C pG

island are general transcription initiation sequences and binding sites for ETS transcription

factors, Spl, YY1, NFKB, Myc/Max and AP2, correlating with the ubiquitous expression

of Gabpa. However, the presence of muscle-specific transcription initiation sequences and

binding sites for the haematopoietic transcription factor Mzfl reflect the ability of GABP

to transactivate cell type-specific genes such as AChRS and e in skeletal muscle cells

(Koike et al. 1995; Duclert et al. 1996), and CD18 in leukocytes (Rosmarin et al. 1998).

Together, this data shows that the GABPa coding and promoter regions of mouse

and human are highly c onserved, making the mouse an excellent model system for the

study of GABPa protein function. However, exons la ai;d lb are unique to mouse,

suggesting the existence of additional species-specific regulation of GABPa expression.

220



8.2 Gabpa Expression is Regulated in a Tissue-Specific Manner
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The identification of several alternative transcript forms of Gabpa is consistent with

the presence of multiple forms detected by Northern blot analysis (see Chapter 4). Exon

la and 1 b are two alternative 5' UTRs that lie within Gabpaintron 1, both capable of

splicing into exon 2, producing identical coding regions to that of the exon 1 transcript (as

the translation initiation site is located in exon 2). However, the exon la and lb 5' UTRs

of Gabpa are expressed in a limited number of tissues in contrast to the ubiquitous exon 1

transcript. Four alternative polyadenylation sites within exon 10 are also used to generate

Gabpa transcripts differing in the length of their 3' UTRs. Therefore, the twelve possible

Gabpa transcripts resulting from alternative 5' and 3' UTR usage all encode a single

protein product, but may function to regulate tissue-specific transcription, mRNA stability,

translation efficiency, and/or transcript localisation of Gabpa.

The alternative 51 UTRs of mouse Gabpa do not function as alternative promoters.

However, the CpG island encompassing promoter region P2 and the upstream PI promoter

region are active individually, and in combination there is an additive rather than

synergistic effect. This suggests that these promoters may function independently to

regulate the expression of the three 5' UTR Gabpa transcripts. The use of a different

transcription initiation site to generate the alternative 5' UTR transcripts of Gabpa could

explain their tissue-specific expression patterns. Cell type-specific isoforms of TATA box-

binding proteins (TBPs) and TBP-associated factors (TAFs) of the transcription initiation

complex have recently been identified, and knockout mouse models lacking TBP-related

factor-2 (TRF2) or TAF4b expression have shown these proteins are essential for

spermatogenesis or folliculogenesis, respectively (Hochheimer and Tjian 2003). Therefore

the initiation complex that binds to each transcription start site of Gabpa might determine

the expression pattern of resulting transcripts. Site-specific mutation studies are required

to understand the role of the various transcription factors and initiation complexes in the

tissue-specific regulation of Gabpa expression.

Several enzymes of the heme biosynthetic pathway are encoded by genes that

utilise a lternative promoters to regulate expression of alternative 51 UTRs. The human

Uroporphyrinogen III Synthase, 5-Aminolevulinate Dehydratase and Porphobilinogen

Deaminase genes feature one promoter that controls expression of a ubiquitously
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expressed transcript and another that regulates expression of an erythroid-specific

transcript containing the same coding region but alternative 5' UTR (Chretien et al. 1988;

Kayaet al. 1994; Aizencang eta I. 2000). Transcription factors other than Gabpa also

generate alternative 5' UTRs encoding the same protein product. For example, the thyroid

hormone receptor a gene of the rat generates isoforms differing in their C-terminal end, as

well as two transcripts differing only in their 5' UTR sequences (Izumo and Mahdavi

1988). The use of multiple promoters allows more flexibility in gene expression, and

generation of transcripts differing only in their 5' UTRs is thought to render a gene less

vulnerable to the effects of promoter mutations (Ayoubi and Van De Ven 1996).

Given that Gabpa exon la and exon lb transcripts are expressed in a tissue-specific

manner and that their predicted secondary structures and stabilities differ from those of the

major exon I transcript, the three 5' UTR transcripts of Gabpa may be translated with

varying efficiency in a cell type-specific manner. The low free energy of the exon I

Gabpa transcript, together with the central location of the initiation codon within the

predicted mRNA secondary structure, may result in decreased translation efficiency, as

more free energy would be required to melt the secondary structure and provide access to

the initiating AUG. Therefore, Gabpa transcripts containing the less structured exon la

may be favoured for translation due to the ease of ribosomal binding, and transcripts

containing exon I may be less efficiently translated, due to increased secondary structure.

This case holds true for expression of Gabpa in spleen, where a high expression level of

the exon la transcript and moderate expression level of the exon I transcript coincides with

a high level of Gabpa protein. Whereas, the large intestine, a tissue of high exon I Gabpa

transcript expression and low exon la transcript expression, displays low Gabpa protein

expression levels. The presence of three putative ORFs within exon lb may also

negatively regulate translation of this 51 UTR Gabpa transcript. Upstream ORFs have

been shown to interfere with ribosome scanning and lead to a reduction in translation

efficiency (Kozak 1996; van der Velden and Thomas 1999). Therefore, the relative

expression levels of the three 5' UTR Gabpa transcripts may determine the translation

efficiency, and hence protein expression level, of Gabpa within a cell.

An example of translational regulation of a gene by alternative 5' UTR usage is that

of the GLI-1 oncogene. In vitro assessment of the translation efficiency of the three GLI-1

5' UTRs (a, P and >) showed that the 51 UTRs of the larger transcripts, a and /5, with more
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stable predicted secondary structures and several upstream ORFs, suppressed protein

production, whereas the shorter 5' UTR of the /?transcript enabled enhanced protein

expression (Wang and Rothnagel 2001). Similar assessment of the translation efficiency

of the three Gabpa 5' UTRs is necessary before their function can be established.

Differences in translation efficiency of alternative 5' UTR transcripts can have important

implications for availability of the protein product. For example, the lowly abundant y 5*

UTR variant of GLI-1 is usually absent in adult skin, but increased mRNA expression

correlates with an increase in cell proliferation in cases of basal cell carcinoma (Wang and

Rothnagel 2001). Concurrent analysis of Gabpa transcript and protein expression levels in

individual cell types is necessary before the function of alternative 5' and 31 UTRs can be

concluded.

Although Gabpa and p are expressed in all adult tissues, many Gabp target genes

have a restricted expression pattern and specialised function, such as subunits of the AChR

at the NMJ of skeletal muscle. Reporter gene expression under control of the Gabpa

genomic regulatory sequence demonstrates that, although detectable in all tissues in the

adult mouse, Gabpa is expressed predominately in epithelial cells. However, in skeletal

muscle, reporter gene expression was observed throughout the entire tissue. Gabpa

mRNA has previously been shown (by in situ hybridisation) to accumulate in sub-synaptic

nuclei within skeletal muscle (Schaeffer et al. 1998). Taken together, this suggests that

upstream promoter regulatory elements determine cell type-specific expression of Gabpa

protein, and the choice of 5' and 3' UTRs may control the sub-cellular localisation of the

Gabp a transcript.

The 31 UTR of Utrophin is known to be necessary for stabilising the transcript and

localising it to the cytoskeletal-bound pool of polysomes within skeletal muscle cells

(Gramolini et al. 2001a). Most regulatory functions of 3' UTRs occur through protein

interactions (Sonenberg 1994). Transcript localisation can be mediated by protein

interactions with microtubules or microfilaments, or proteins with specific nuclear export

signals, and differences in mRNA stabilities also allows for the accumulation of a

transcript at the desired site and degradation throughout most of the cytoplasm (Lipshitz

and Smibert 2000). Interaction of polyadenylation factors with the C-terminal domain of

RNA polymerase II is also suggested to enhance the efficiency of transcript

polyadenylation (Calvo and Manley 2003). Therefore, the various combinations of Gabpa
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5' and 3' UTRs may be processed with differing efficiency. The lack of a conserved
5AAUAAA3' signal sequence in two of the four 3' UTRs of Gafcpasuggests that these

transcripts would be less efficiently cleaved and processed than those containing the

consensus sequence (Wickens and Stephenson 1984).

Comparative analysis of Gabpa mRNA and protein levels in adult mouse tissues

demonstrates that post-transcriptional regulation of Gabpa expression does occur in a

tissue-specific manner (see Chapter 5). The same conclusion was reached previously, that

there is no correlation between Gabpa mRNA and protein levels, in rat testes, liver and

brain (Vallejo et al. 2000). In the present study, exogenous overexpression of Gabpa

cDNA in NIH3T3 fibroblast cells did not result in increased Gabpa protein levels, even

though the EF-la promoter has previously been used to overexpress ETS-2 mRNA,

resulting in increased expression of ETS-2 protein in the same ceil line (Sanij et al. 2001).

It is possible that use of an artificial polyadenylation sequence within the overexpression

construct may not have allowed for the production of a stable Gabpa transcript, as only a 3

to 8-fold increase in total GabpamKNA expression levels (above that of mock transfected

cells) was observed when exogenous Gabpa expression was driven by the powerful

mammalian EF-la promoter (Mizushima and Nagata 1990). However, Down syndrome

fibroblast cell lines that exhibit a 1.75-fold increase in GABPa mRNA expression relative

to diploid fibroblasts do not show altered GABPa protein levels either. This, together with

the increased expression of Gabpa protein in brain and skeletal muscle of Ts65Dn partial

trisomy 16 mice, suggests that GABPa protein levels are not regulated by the same post-

transcriptional m echanisms in all cell types. Production of Gabpa-specific monoclonal

antibodies and ELISA analysis would be necessary to confirm unchanged Gabpa protein

expression levels in other tissues.

The high mitochondrial load of brain and skeletal muscle makes these tissues highly

dependent upon mitochondrial function. Therefore, perhaps a relatively high level of

GABPa protein expression is needed in these tissues in the instance of Down syndrome, to

compensate for the detrimental affects of pro-oxidant conditions upon mitochondrial

function. However, the pro-oxidant state of Down syndrome cells would impair GABP

function, by means of oxidation of two cysteine residues in the ETS and dimerisation

domains of GABPa (Martin et al. 1996; Chinenov et al. 1998). Hence, reduced activity of

the Gabp complex would mean that target genes may not be expressed at as high a level as
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would be expected from GABPoc protein levels in Down syndrome tissues. Generation

and analysis of transgenic mouse lines ubiquitously overexpressing varying levels of

Gabpa protein should allow us to determine whether overexpression of GABPa

contributes to the tissue-specific phenotypes of muscular hypotonia and redox instability

observed in Down syndrome.

Post-transcriptional regulation of Gabpa may result in profound effects on the

availability of Gabpa protein. In addition, given that Gabpa functions in a complex with

(3, regulation of the expression of a is likely to affect the resulting function of the Gabp

complex. Therefore, tight control of the availability of the a subunit could be an efficient

mechanism for regulation of Gabp complex function in a tissue-specific manner.

i
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8.3 Gabp pi Expression is Regulated in a Tissue-Specific Manner

The (3 subunit of Gabp facilitates complex formation, nuclear localisation and

transcriptional activity. Seven alternate spiice forms of the Gabpfil transcript were

identified in this study, potentially resulting in production of 9 isoforms of GabpPl protein

(see Chapter 4). Outside of the conserved functional domains the sequence of Gabpp and

y subunits differ more so than the a subunits, both within and between species (de la

Brousse et al. 1994). In addition, D. melanogaster expresses a homologue of GABPa, D-

Elg, but not p (Pribyl et al. 1991). Taken together with the existence of multiple isoforms

of GabpP, yet only one isoform of Gabpa, this suggests that a is likely to be a limiting

component of the Gabp complex, and that different P subunits allow for formation of

functionally distinct complexes in different cell types.

Previous experiments have identified the regions of Gabpp necessary for nuclear

localisation (PPAKR), transactivation (amino acids 153-267) (Sawa et al. 1996), and

interaction with a (W35, L37, K69, V70, M102, L103, El 13, K135, F136, K138)

(Batchelor et al. 1998). The novel j3/ transcripts described here would give rise to proteins

lacking the transactivation, nuclear localisation signal and/or a interaction domain. These

isoforms fall into two functionally distinct classes, those that interact with Gabpa, and

those that interact only weakly or not at all. The net effect of P isoforms that bind the a

subunit, but fail to translocate and/or activate target genes is likely to be a dominant

negative function.
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The generation of Gabpp* 1 molecules with opposing functions to the major transcript

is not an uncommon outcome of alternative splicing. For instance, C-terminal truncation

of the FosB component of the API transcription factor complex results in an antagonistic

AFosB protein product capable of dirnerisation and DNA binding, but lacking the ability to

transactivate target genes (Nakabeppu and Nathans 1991). Expression of the AFosB

mRNA is induced in a similar manner to full length FosB transcript, and the AFosB protein

has a dominant negative effect, inhibiting the activity of Jun or Fos/Jun by competing for

API binding sites (Nakabeppu and Nathans 1991). In addition, alternatively spliced DNA

binding domains of the cyclic AMP-responsive element modulator (CREM) gene results in

expression of transcription factors of antagonistic and activating functions during the

various stages of spermatogenesis (Foulkes et al. 1992). Differential tissue expression of

the alternative Gabpfil transcripts allows for a mechanism whereby Gabp complex activity

can be modulated depending on the p subunit. For example, the Gabp complex may be

cytoplasmic or nuclear localised, activate transcription or prevent the binding of an active

complex.

The Gabpa/p interaction results in a stable DNA binding complex whereas a

binding to DNA alone is relatively unstable (Graves 1998) and therefore unlikely to

regulate transcription. The amino acid residues of Gabpp* responsible for the interaction

with a are positioned at the tip of each ankyrin repeat loop and form hydrophobic and

hydrogen bonds with the carboxy terminal extension of the a ETS domain (Ely and

Kodandapani 1998). The Gabpp 1 isoforms lacking these amino acids would be unlikely to

form a stable complex with a and therefore may result in reduced Gabp complex activity.

It is possible that these pi isoforms may interact with other proteins.

Recently yeast-2-hybrid experiments identified Polycomb protein cofaciors YAF-2

and YEAF1 as proteins that interact with amino acids 249-310 of GABPp and y isoforms,

overlapping with the NLS (Sawa et al. 2002). Therefore Gabpp 1 isoforms lacking the

NLS may not be able to bind these two proteins. GABP has also been shown to physically

interact with Spl and Sp3 ort the Utrophin promoter (Galvagni et al. 2001), however the

interacting amino acids of GABPa and/or p have not been identified. It is interesting to

speculate whether lack of the a interaction region of the Gabpp 1 ankyrin repeats affects

these and other protein interactions, by means of altered protein structure. The net effect

of any alternative interactions may be altered transactivation of Gabp target genes. The

P, ''4
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identity and function of the various GabpP interactions remains to be determined, however

it is likely that various complexes may play different functional roles within a cell. For

instance, the Max basic helix-loop-helix zipper protein is capable of forming homodimerie

or heterodimeric transcription factor complexes with Myc or Mad proteins, to exert effects

of repression, proliferation or differentiation and quiescence, respectively (Ayer et ai.

1993).

Gabp is a ubiquitously expressed transcription factor complex, and can be composed

of one a and multiple P subunits that have the capacity to form various complexes. A

more thcrough investigation of the sub-ce!lular distribution and function of the various

Gabpot/p complexes is necessary, in order to better understand how Gabp achieves

transcriptional regulation of such a broad spectrum of target genes.

8.4 Gabpot is Necessary for Embryonic Development

The specific role of Gabpa in the expression and function of Gabp target genes was

studied by generating mouse models lacking Gabpa (see Chapter 7). Mice carrying a

homozygous deletion in the Gabpa locus die prior to implantation, indicating that Gabpa

function is essential for early embryonic development. Gabp is known to co-operate with

Nuclear respiratory factor 1 (Nrf-1) to regulate the expression o f many nuclear-encoded

proteins of mitochondrial function (Scarpulla 2002a). Hcmozygous deletion of Nrf-1

results in a decrease in number of mitochondria in blastocysts and subsequent pre~

implantation lethality (Huo and Scarpulla 2001). A high rate of mitochondrial

transcription is known to occur during cleavage of the embryo, and may require the new

synthesis and transport of nuclear-encoded components (Pik6 and Taylor 1987).

Therefore, the early embryonic lethality of mice lacking either Nrf-1 or Gabpa may be due

to decreased expression of nuclear-encoded genes of mitochondrial function that are

transcriptionally regulated by these two factors, such as MTFA. Complete loss of MTFA

protein expression in the mouse results in depletion of mitochondrial DNA and death prior

to El0.5 (Larsson et al. 1998). Therefore, the earlier death of mice null for Gabpa protein

expression is presumed to be due to a simultaneous decrease in MTFA expression and that

of other Gabp target genes.
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Gabpa heterozygous mice are of normal body and organ weight, have normal

numbers of cells of immune function, and histology of all tissues of Gabpa heterozygous

mice appears normal. Gabpa protein levels in tissues of Gabpa heterozygous mice are not

significantly different from those of wildtype mice, consistent with a tight post-

transcriptional means of regulation of Gabpa expression. Given the essential role of

Gabpa in embryogenesis, and the number of mitochondrial and other housekeeping genes

that are transcriptional targets of the Gabp complex, it is not surprising that tight regulatory

measures are in place to maintain steady Gabpa protein levels.

8.5 Gabpa is not Essential for Development of Skeletal Muscle Tissue

The role of Gabpa in skeletal muscle development and function was examined by

the generation and analysis of mice lacking Gabpa protein specifically in skeletal muscle

cells (see Chapter 6). Genotyping of Gabpa using DNA extracted from different tissues

confirmed that Gabpa was deleted in skeletal muscle tissues only. However, the presence

of blood vessels and connective tissue within skeletal muscle tissues meant that residual

Gabpa protein was detected upon Western blot analysis o f muscle lysates from Gabpa

conditional knockout mice, as Gabpa protein is known to be expressed in smooth muscle,

cartilage and fibroblast cells. A 65-75 % in Gabpa protein levels is observed in lateral

gastrocnemius, medial gastrocnemius and soleus calf muscles, as well as vastus lateralis

quadricep muscle of Gabpa conditional knockout mice. However, it is presumed that less

efficient Cre-mediated excision of Gabpa or the additional smooth muscle present in

diaphragm is responsible for the lesser reduction (40 %) in Gabpa protein levels observed

in this tissue.

I
Loss of Gabpa protein expression was confirmed in ~50 % of lysates from primary |

skeletal muscle cell cultures from conditional knockout mice, validating generation of a |

i
skeletal muscle cell-specific Gabpa knockout mouse model. The variability in Gabpa |

expression levels between primary skeletal muscle cell cultures could be due in part to the

presence of contaminating fibroblast cells within individual cultures, or may simply reflect

heterogeneous Cre expression within one multinudeated muscle fibre or between

individual fibres. Further analysis of Cre splicing efficiency is required by Southern blot

analysis of spliced DNA and immunohistochemical analysis of Cre and Gabpa protein
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expression patterns in tissue sections and single fibres of the different skeletal muscle

tissues.

Gabpa protein expression levels remain ui, changed in the C2C12 mouse skeletal

muscle cell line pre- and post-differentiation, suggesting that increased Gabpa expression

is not necessary for the increased level of transcription of Gabp target genes

Retinoblastoma protein (Rb) (Okuyama et al. 1996), Utrophin (Gramolini and Jasmin

1999) or AChRS (Buonanno and Merlie 1986) during differentiation of myoblasts into

myotubes. Post-translational regulatory mechanisms such as phosphorylation may result in

increased Gabp complex activity and subsequent transcriptional activation of target genes

(Fromm and Burden 2001). However, any role of Gabpa during myogenesis may be

compensated for by other co-expressed ETS proteins when Gabpa protein expression is

lost. The expected number of homozygous Gabpa skeletal muscle-specific knockout mice

are bom from matings of heterozygous mice. In addition, conditional knockout Gabpa

mice show no difference in body weight, weight of skeletal muscle tissues, or cellular

morphology of skeletal muscle when compared to wildtype littermates.

It is possible that some redundancy exists for ETS transcription factor functions. As

highlighted by the exacerbation of phenotype observed when Pu.l heterozygous and Spi-B

knockout mouse models are inter-crossed (Garrett-Sinha et al. 2001), ETS transcription

factors of overlapping expression pattern may regulate some of the same gene targets or

genes that function in the same biological pathway, and one ETS protein may be capable of

partially compensating for another in their absence. Some knockout mouse models of

muscle disease do not show an overt phenotype due to the complementing role of another

closely related protein resulting in complete or partial functional redundancy. For

example, mice lacking the structural protein Utrophin are healthy and show no signs of

muscle weakness (Deconinck et al. 1997a), and expression of Utrophin at the sarcolemma

as well as at the NMJ (Jasmin et al. 1995), together with activation of muscle regeneration

processes are able to successfully compensate for lack of Dystrophin in the mouse,

allowing for a lifespan of up to 2 years (Deconinck et al. 1997b). However, mice lacking

both Utrophin and Dystrophin proteins suffer from severe progressive muscular dystrophy

resulting in premature death by 5 months of age, similar to humans suffering from

Duchenne Muscular Dystrophy due to a lack of Dystrophin expression, who die in their

early twenties due to respiratory or cardiac failure (Deconinck et al. 1997b). Hence, the
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redundancy of ETS protein function in skeletal muscle could be investigated by breeding

Gabpa conditional knockout mice with other ETS knockout mouse models.

Genetic complementation by highly related genes of a transcription factor family is

possible even if protein products do not show complete functional redundancy when

knockout mouse models are studied. For example, knock-in mouse models have

demonstrated that JunB can compensate for loss of Jun function during liver and heart

development, even though the two subunits of the API transcription factor complex differ

considerably in their ability to transactivate target genes (Passengu6 et al. 2002), and Fra-1

can compensate for loss of c-Fos expression during bone development but not during

photoreceptor apoptosis (Fleischmann et al. 2000). In both cases, the ability of the

homologous family member to compensate for loss of the other is dependent upon

overlapping expression, ability to interact with the same proteins, and recognise the same

binding site. Creation of knock-in mouse models where the Gabpa gene is replaced by

that of another related ETS protein should determine if compensation for Gabpa function

is possible. However redundancy of Gabpa function is uniikely, as gel shift analysis has

previously shown that Gabpp cannot interact with the highly related Ets-1, ER71 and ER81

ETS proteins (Brown and McKnight 1992), and GabpP is likely to be necessary to form

interactions with other transcription factors binding to promoters of Gabp target genes.

8.6 Gabpa Maintains Cellular Oxidative State in Skeletal Muscle

The importance of Gabpa in co-ordinating the regulation of nuclear and

mitochondrial genomes is highlighted by the fact that the expression level of the Gabp

target gene MTFA is significantly reduced in the diaphragm of Gabpa skeletal muscle-

specific knockout mice (see Chapter 7). A similar trend was observed in soleus, and future

analysis of giycolytic skeletal muscle tissues such as gastrocnemius will allow us to see if

all muscles are affected in a similar manner.

The effect of loss of Gabpa expression upon the protein expression levels of two

Gabp targets of mitochondrial function, Cytochrome-c-oxidase subunits COXIV and Vb,

was assessed. Unexpectedly, a significant increase in COXVb proiein levels was observed

in the soleus muscle of Gabpa conditional knockout mice. This suggests that another

transcriptional regulator of nuclear-encoded mitochondrial proteins, such as Nrf-1, may be

230



compensating for loss of Gabpa expression, as binding sites for both Nrf-1 and Gabpct

have been identified in the COXVb promoter, and promoters of many other Cytochrome-c-

oxidase genes (Carter et al. 1992; Lenka et al. 1998). Mutations in the three genes of

mitochondrial-encoded subunits of Cytochrome-c-oxidase have been linked with cases of

human mitochondrial disease, yet no mutations have been identified in genes of the

enzyme's ten nuclear-encoded subunits (Barrientos et al. 2002). This suggests that strict

protective mechanisms are in place to ensure stable expression levels of nuclear-encoded

proteins, and that lack of these subunits may not be compatible with cell survival. In

addition, protein levels of COXVb vary between tissues in the rat, and increased COXVb

levels correlate with increased Cytochrome-c-oxidase activity in the heart and kidney, as

compared to the liver (Lenka et al. 1998; Vijayasarathy et al. 1998). Therefore, increased

COXVb expression resulting from compensation of loss of Gabpa expression is probably

most evident in the soleus, as this muscle utilises more oxygen than muscle tissues of

lesser type I fibre content.

Analysis of the fibre type composition of skeletal muscle tissues showed a

significant reduction in the proportion of oxidative type I fibres in the medial

gastrocnemius of ubiquitous Gabp a heterozygous mice, compared to wildtype littermates.

This is c onsistent w ith a decrease i n t he a ctivity o r n umber o f m itochondria i n skeletal

muscle with a loss of Gabpa protein expression. The medial gastrocnemius is the only

muscle affected and features a low proportion of oxidative fibres. This suggests that there

may be slight loss of type I fibres in Gabpa heterozygous mice, and that muscles

containing a high proportion of type I fibres (such as soleus) are resistant to any

impairment of mitochondrial function. The effect of mutations resulting in a partial loss of

mitochondrial function is thought to be more severe in tissues in which the concentration

of the affected product is most limiting (Barrientos et al. 2002). Hence, the fact that the

medial gastrocnemius is the only muscle significantly affected in ubiquitous Gabpa

heterozygous mice correlates with the significant reduction in Gabpa protein levels in this

muscle when one allele of Gabpa is lost, and the low proportion of type I oxidative fibres

normally found in this tissue.

In Gabpa conditional knockout mice, the proportion of type I oxidative (slow) fibres

is significantly reduced in lateral gastrocnemius and vastus lateralis at 3 months of age. A

trend towards reduced type I fibre proportions in conditional knockout mice is also seen in
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lateral and medial gastrocnemius at 1 month, medial gastrocnemius at 3 months, and vastus

lateralis at 6 months of age. It would therefore be interesting to study 3 month old mice

heterozygous for ubiquitous Gabpa protein to see if any differences in fibre type

proportions in lateral gastrocnemius and vastus lateralis become apparent. Analysis of a

greater number of mice will also ensure that fibre type proportions are not changed at 1 and

6 months of age. However, the preferential atrophy of type lib fibres of skeletal muscle

with a ge (Musard e t a 1. 1995) m ay have o bscured t he c orrect c lassification o f fibres i n

tissue sections from 6 month old mice, so it might be better in future analyses to use

myosin isoform-specific antibodies to confirm fibre type. It should then also be possible to

conclude whether the decrease in proportion of type I fibres coincides with an increase in

proportion of type Ha or type lib fibres, or the rarer type He and IIx fibres. Future studies

ofmitochondnal function in Gabp a conditional knockout mice will include analysis of

enzyme activities of Cytochrome-c-oxidase and Succinate dehydrogenase, another

transcriptional target of the Gabp complex, to confirm if a muscle-specific phenotype is

apparent in tissues of Gabpa conditional knockout mice. Comparison of the expression

level of the nearby Mitochondrial ATP Synthase Coupling Factor 6 gene in wildtype and

Gabpa conditional knockout mice will also ensure that changes in mitochondrial function

are due only to loss of Gabpa expression.

From this analysis, it appears that different skeletal muscle tissues respond to the loss

of Gabpa expression in different ways, dependent upon innate properties of each muscle.

A significant reduction in the proportion of oxidative fibres may be apparent in

predominantly glycolytic muscles, such as the gastrocnemius, because loss of type I fibres

does not effect the normal function of these muscles. Whereas, oxidative muscles, such as

the soleus, may show increased COXVb expression and no apparent loss of type I fibres

due t o t he c ompensatory effects o f o ther t ranscription factors u pon e xpression levels o f

Gabp target genes essential for oxidative cellular respiration. Further analysis of skeletal

muscle tissues lacking Gabpa protein for expression levels of Nrf-1 and other ETS

proteins will h elp e stablish w hether t he e ffects o f 1 oss o f G abpa i n s keletaJ m uscle a re

partially masked by upregulation of transcription factors that can functionally compensate

for its loss.
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& 7 Gabpa is Necessary for Healthy NMJ Formation

The role of Gabpa in the formation of functional NMJs was also assessed in mouse

models of Gabpa deficiency (see Chapter 7). Expression of the Gabp target gene AChRe

is significantly reduced in the diaphragm of skeletal muscle-specific Gabpa knockout

mice, however no change in AChRe expression is apparent in soleus. A trend toward

reduced mRNA levels of AChRSis observed in both tissues, and no change in Utrophin

expression levels is apparent. This indicates that other transcription factors, including

other ETS proteins, expressed in skeletal muscle cells are able to compensate for loss of

Gabpa expression to some degree. The fact that significantly reduced levels of Utrophin

(as veil as AChRe and Acetylcholine esterase) were observed in vastus laterals of mice

expressing a dominant negative ETS protein in skeletal muscle (de Kerchove d'Exaerde et

al. 2002) suggests that it is other ETS transcription factors that maintain stable levels of

Utrophin transcription in the absence of Gabpa. Alternatively, some Gabp gene targets are

more dependent upon Gabpa expression in particular skeletal muscle tissues. Levels of

Utrophin mRNA are significantly higher in the slow soleus muscle than the fast extensor

digitorum longus, due to an increased stability of the transcript (Gramolini et al. 2001b).

Therefore, perhaps a decrease in transcription of Utrophin is easier to detect in muscles

consisting of mostly glycolytic fibres than oxidative muscles such as diaphragm and

soleus. Further analysis of different muscle tissues, from mice of different ages, is

necessary before a complete understanding of the consequences of loss of the Gabpa

protein upon target gene expression can be gained. To decrease the variability observed

between samples, future studies may also use RNA isolated from the synaptic region of

skeletal muscle tissues, to increase the relative abundance and NMJ-specific transcripts in

the cDNA analysed. Breeding the conditional knockout mice onto a pure genetic

background should also decrease variation in mRNA expression levels between animals.

The decrease in AChR expression has no effect upon AChR distribution in muscle

tissues of Gabpa skeletal muscle-specific knockout mice and mice ubiquitously

heterozygous for Gabpa expression. This indicates that Gabpa is not essential for

synapse-specific expression of AChRS and e. Given that previous studies of site-specific

mutation have identified the N box (ETS site) as the element critical for synapse-specific

expression of both AChRS (Koike et al. 1995; Fromm and Burden 1998a) and e (Duclert et

al. 1996), this suggests that other ETS transcription factors expressed in skeletal muscle
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cells are capable of transactivating these genes in the absence of Gabpa. A likely

candidate would be Ets-2, as this ETS protein is ubiquitously expressed, and possesses a

DNA binding domain of high amino acid identity with that of Gabpa. Therefore, it would

be interesting to study the expression levels of other ETS proteins, such as Ets-2, at the

NMJs of skeletal muscle of Gabpa conditional knockout mice. Partial functional

redundancy of ETS transcription factors expressed within skeletal muscle may act as a

protective mechanism against neuromuscular disease, and can only be tested by generating

mice deficient for multiple ETS proteins.

Although no difference in the distribution of AChRs was seen in Gabp a conditional

knockout or ubiquitous Gabpa heterozygous mice, the number of AChR clusters is

significantly reduced in medial gastrocnemius of 1 month old mice ubiquitously

heterozygous for Gabpa protein expression, with a similar trend seen in vastus lateralis. A

significant reduction in AChR cluster number is also apparent in lateral gastrocnemius of

heterozygous and homozygous Gabpa skeletal muscle-specific knockout mice at 1 and 3

months of age, with a similar trend seen in medial gastrocnemius at 6 months of age.

Therefore, in both instances, fast glycolytic muscles appear to be more affected than slow

oxidative muscles.

The study of a greater number of animals or use of a more quantitative technique for

determining AChR number, such as labelling AChRs with radioactivity, may show a more

considerable difference in AChR number in muscles of wildtype and Gabpa deficient

mice, as a high variance in AChR cluster number was observed in both Gabpa conditional

knockout and ubiquitous Gabpa heterozygous mice. However, the medial gastrocnemius

shows both a reduction in AChR cluster number and a reduction in the proportion of type I

oxidative fibres in ubiquitous Gabpa heterozygous mice, whereas the lateral

gastrocnemius muscle is affected in the Gabpa conditional knockout. This suggests that

there could be an underlying explanation for the differences seen between the two model

systems, such as variable Cre splicing efficiency of Gabpa in skeletal muscle tissues of

conditional knockout mice.

The age-related reduction in the number of AChR clusters observed specifically in

the lateral gastrocnemius of wildtype 6 month old mice is consistent with data from the rat,

where a decrease in NMJ density has been observed with age in bicep and gastrocnemius

muscles (Ma et al. 2002). However, no change in the number of AChR clusters is seen in
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lateral gastrocnemius of aging Gabpa conditional knockout mice. It is possible that a

lower t urnover r ate o f A ChRs p artially c ompensates for 1 oss o f Gabpa p rotein. F uture

studies will compare the AChR turnover rate in skeletal muscle tissues from wildtype,

Gabpa conditional knockout and ubiquitously heterozygous mice to test this hypothesis.

We examined skeletal muscle of Gabpa conditional knockout mice by confocal

microscopy, to examine whether a decrease in AChR expression results in altered NMJ

morphology. In agreement with the results of phenotypic analysis of mice expressing an

ETS dominant negative protein in skeletal muscle, approximately 30 % of NMJs of soleus,

sternomastoid and diaphragm muscles from 3 month old Gabpa skeletal muscle-specific

knockout mice show a single ring structure, with the remaining 70 % showing less

branching than those of homozygous floxed Gabp a controls (de Kerchove d'Exaerde et al.

2002). Additional mice need to be studied in order to quantify the area occupied by the

AChRs within the NMJ of individual muscle fibres, however, visual inspection of both

soleus and sternomastoid muscle fibres suggests a reduction in area occupied by AChRs in

Gabpa skeletal muscle-specific knockout mice. Such a reduction was similarly observed

in NMJs of mice expressing the dominant negative ETS protein in skeletal muscle (de

Kerchove d'Exaerde et al. 2002). This suggests that a reduced number of functional AChR

complexes are formed at the NMJs of Gabpa conditional knockout mice and correlates

with the observed reduction in AChRS and £ expression levels in diaphragm and soleus

muscles. Future studies aim to investigate whether the two morphological classes of NMJs

observed in Gabp a conditional knockout mice correlate with differences in Gabpa and Cre

protein expression levels between muscle fibres.

Despite the apparent morphological changes in NMJs of muscles from Gabpa

skeletal muscle-specific knockout mice, electron microscopy revealed no significant

alterations in structure of postsynaptic junctional folds in diaphragm and soleus muscles,

when compared to wildtype littermates. Degeneration of junctional folds is often observed

in muscle biopsies from individuals suffering from Congenital Myasthenic Syndrome

(Engel et al. 1997). However, as AChRemRNA expression is still detectable in diaphragm

and soleus muscles of Gabpa conditional knockout mice, it is not surprising that the

postsynaptic membrane remains intact. Furthermore, skeletal muscle from mice deficient

for the structural proteins Utrophin (Grady et al. 1997) or Rapsyn (Gautam et al. 1995)

shows no alteration in the ultrestructure of postsynaptic folds.
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Taken together, these results suggest that Gabpct expression is necessary for

formation of healthy AChR clusters at NMJs in skeletal muscle. A decrease in A ChR

density has been observed in mice lacking the Utrophin protein (Grady et al. 1997),

however this doss not result in an alteration in NMJ shape or size. In agreement with real-

time RT-PCR analysis, this indicates that it is the decreased expression of AChR subunits,

rather than structural proteins such as Utrophin, that causes altered NMJ morphology in

Gabpa skeletal muscle-specific knockout mice. Complete loss of AChRe expression in

mice results in severe impairment of neuromuscular transmission, due to maintenance of

expression of the foetal AChRy subunit, progressive muscle weakness and death at 2-3

months of age (Witzemann et al. 1996). However, Gabpa conditional knockout mice do

not show signs of overt muscle weakness and have a normal lifespan. Therefore, whether

decreased AChR expression and altered NMJ shape in skeletal muscle of Gabpa

conditional knockout mice affects skeletal muscle function was assessed by biophysical

measurements.

8.8 Loss of Gabpa Expression Alters Skeletal Muscle Function

The grip strength of heterozygous and homozygous Gabpa skeletal muscle-specific

knockout mice is maintained with age, while that of wildtype littermates deteriorates with

age (see Chapter 7). It is not surprising that decreased MTFA expression in Gabpa

skeletal muscle-specific knockout mice does not correlate with decreased grip strength, as

complete loss of MTFA expression in mouse skeletal muscle does not result in premature

fatigue of EDL or soleus muscles, as determined by generation of tetanic contractions

(Wredenberg et al. 2002). The maintenance of grip strength seen in aging conditional

Gabp a knockout mice may be due to the altered fibre type ratio of skeletal muscle tissues.

An increase in the proportion of glycolytic fibres may enhance performance in such a brief

test of muscle strength, but could diminish the ability of conditional Gabp a knockout mice

to sustain muscle activity over a longer period of time. The measurement time (from 1-6

minutes) of static maximal grip strength in human subjects has been reported to greatly

affect the results obtained, and 1 minute was not sufficient to reflect steady state grip

strength (Yamaji et al. 2002). Therefore, a longer gripping test time may reveal

differences due to a decrease in type I fibres in conditional Gabpa knockout mice. Other

tests such as the rotor rod or running wheel may help determine whether a decrease in type
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I oxidative fibres and AChR clusters results in reduced endurance strength of skeletal

muscles lacking Gabpa protein.

Analysis of the biophysical properties of NMJs in soleus muscles of wildtype and

Gabpa conditional knockout mice revealed that the amplitude of spontaneous endplate

currents is significantly reduced in Gabpa deficient mice, indicating that the number of

AChRs is decreased. A similar trend was also observed for evoked endplate currents,

however analysis o f a 1 arger group of animals will be necessary to counteract the high

degree of variability of response seen between NMJs of the same animal. No change in

rise time or decay time of currents was observed, suggesting that mechanisms of

transmitter release and channel opening and closing are unaffected by loss of Gabpa

expression. Upregulation of AChRy expression is a compensatory mechanism for loss of

AChRe expression, and has been observed in mice lacking AChRe (Witzemann et al.

1996) and some humans suffering from Congenital Myasthenic Syndrome (Engel et al.

1996), resulting in an increase in channel opening time (and current decay time).

Therefore the unaltered AChR channel opening and closing times of Gabpa skeletal

muscle-specific knockout mice, together with the balanced gait of both conditional

knockout and ubiquitously heterozygous Gabpa mice, suggests that enough AChRe

protein is made in the absence of Gabpa expression to allow for overtly normal skeletal

muscle function.

Gabpa skeletal muscle-specific knockout mice exhibit no obvious impairment of

skeletal muscle function, probably due to the combination of compensatory mechanisms of

Nrf-1 and other ETS transcription factors. In addition, the higher safety factor of

neuromuscular transmission i n m ice c ompared to humans (Lc Treut et al. 1990) makes

humans more susceptible to pathological changes resulting in myasthenic syndromes than

other species (Liyanage et al. 2002). In total, loss of Gabpa expression results in a

decreased oxidative capacity of skeletal muscle tissues, a reduced number of AChR

clusters, irregular NMJ morphology and decreased endplate current amplitudes. This

indicates that the Gabp complex plays an important role in the co-ordinate regulation of

mitochondrial and nuclear genomes and in the development of functional NMJs within

skeletal muscle fibres. Disruption of GABPa expression could, therefore, be an

underlying cause of a subset of mitochondrial diseases and/or CMS.
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8.9 Implications for the Role o/GABP in Down Syndrome

Increased levels of Gabpa protein could only be detected in brain and skeletal

muscle of Ts65Dn partial trisomy 16 mice, suggesting that post-transcriptional regulatory

mechanisms are unable to buffer the effect of increased Gabpa gene dosage in these

tissues. GABP is known to regulate the transcription of genes necessary for mitochondrial

respiration (Scarpulla 2002b) and neuromuscular signalling (Schaeffer et al. 2001), and

may also regulate the expression of neuronal nicotinic acetylcholine receptors in the brain

(McDonough et al. 2000). Taken together with the tissue-specific overexpression of

Gabpa in Ts65Dn mice, this implicates the GABP complex in the causation of skeletal

muscle hypotonia, premature aging due to oxidative damage, and mental retardation due to

defects in cholinergic neuron signalling in the brain of DS individuals.

One possible mechanism of muscular hypotonia is that increased expression of

AChRS and e protein subunits in skeletal muscle as a result of increased GABP-mediated

transcriptional upregulation may lead to the formation of AChRs with an imbalance in

subunit proportions, resulting in decreased AChR function. Similarly in brain, formation

of receptor complexes of inappropriate stoichiometric composition may result in impaired

function of cholinergic neurons. Oxidative damage in the brain may result from enhanced

mitochondrial activity resulting from increased GABPa expression, causing the generation

of an increased proportion of reactive oxygen species and premature aging. In addition,

increased GABPa expression in DS may enable the GABP complex to compete with other

ETS proteins to transactivate promoters of genes other than the normal spectrum of GABP

targets, contributing to a number of conditions associated with DS.

However, the overlapping phenotypes of muscular hypotonia and mental retardation

of monosomy 21 (Chettouh et al. 1995) and trisomy ?.l (Jackson et al. 1976) suggests that

overexpression and loss of expression of dosage sensitive genes can lead to the same

outcome. Use of knockout and transgenic mouse models has shown similar defects of

axial skeleton development resulting from deficiency and overexpression of Polycomb

group protein Ring 1A transcription factor (del Mar Lorente et al. 2000) or the Homeobox

transcription factor Hox3.1 (Le Mouellic et al. 1992; Pollock et al. 1992). Therefore, as for

GABP, a functional transcription factor complex requires a specific concentration of each

subunit, so absence or overabundance of any given subunit results in a non-functional

complex, and ultimately the same phenotype. The decreased expression of type I oxidative

\
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fibres in skeletal muscle of Gabpa conditional knockout mice, taken together with

increased proportion of fast type Ha fibres in the tongue of DS individuals (Yarom et al.

1986), suggests that GABP may be a dosage sensitive protein complex, and that

overexpression and loss of expression of GABPa may lead to loss of transcription factor

function. Hence, the muscular hypotonia observed in DS individuals may result from

decreased transcriptional activation of GABP target genes that function at the NMJ and a

reduced number of functional AChRs. Similarly, decreased expression of MTFA and

subunits of Cytochrome-c-Gxidase, as a result of a decreased number of functional GABP

complexes, may contribute to the premature aging and mental retardation characteristic of

DS, as loss of function of more than one mitochondrial gene results in increased

superoxide production (Schuchmann and Heinemann 2000).

If GABPa is the limiting component of the GABP complex, increased GABPa

expression may enable formation of complexes with dominant negative isoforms of

GABPpl, resulting in loss of transactivation of GABP target genes. Alternatively spliced

Gabpfil transcripts that encode isoforms of proposed dominant negative function are

present in high abundance in mouse brain and skeletal muscle relative to the major

transcript. Therefore human tissues need to be assessed for the presence of dominant

negative GABPpl isoforms. In addition, the presence of GABP binding sites within the

GABPa promoter is suggestive of autoreguiation. Site-specific mutation will allow

determination of whether GABPa negatively regulates its own expression. Such studies

have shown that autoregulation of the Brn3a POU-domain transcription factor results in

suppression of the endogenous gene upon transgenic overexpression, and that Bm3a

autoregulation can compensate for loss of one allele by increasing transcription from the

remaining ailele in heterozygous mice (Trieu et al. 2003). Finally, the pro-oxidant cellular

conditions found in DS tissues may compound the inhibition of GABP complex function,

by decreasing the ability cf CyABPa to bind to DNA and GABPp (Chinenov et al. 1998).

Therefore, while in vitro overexpression of Gabpa did not result in increased Gabpa

protein expression, results from Gabpa protein expression analysis of Ts65Dn mouse

tissues suggest that there could be tissue-specific differences in the post-transcriptional

regulation of Gabpa expression. Therefore, further analysis of Gabpa regulation and

comparative analysis of mice deficient in Gabpa or overexpressing Gabpa protein should

help determine the contribution of overexpression of GABPa to conditions apparent in DS.

239



] 1
! <

Chapter 9

Concluding Remarks

The GABPa/p complex is an ETS transcription factor expressed in all tissues, but

not all cell types. The alternative 5' and 3' UTRs of mouse Gabpa and novel alternative

splice forms of Gabpfil identified in this study are thought to help regulate the expression

and activity of the Gabp complex, allowing Gabp to up-regulate transcription of target

genes of diverse function. These include AChRS and e, Utrophin and Acetylcholine

esterase at the NMJ of skeletal muscle, and nuclear-encoded proteins of mitochondrial

function such as COXIV, COXVb and MTFA.

Mice carrying a homozygous deletion in the Gabpa locus die prior to implantation,

indicating that Gabpa protein is essential for early embryonic development. However,

deletion of Gabpa specifically in skeletal muscle cells demonstrates that Gabpa is not

necessary for the development of functional skeletal muscle. Gabp a conditional knockout

mice exhibit subtle alterations in NMJ morphology, and decreased amplitude of

spontaneous endplate currents. This phenotype overlaps with that of AChRe knockout

mice, further validating AChRe as a Gabp target gene. In addition, the tissue-specific

decrease in the number of AChR clusters and proportion of oxidative type I muscle fibres

observed in Gabpa conditional knockout mice suggests that innate properties of different

skeletal muscle tissues determine their ability to compensate for loss of Gabpa expression.

Further characterisation of the Gabpa skeletal muscle-specific knockout mouse

model, together with mice overexpressing the Gabpa protein, will aid in our understanding

of how the deregulated expression of GABP target genes contributes to the phenotypes of

severe muscle weakness in Congenital Myasthenic Syndrome and muscular hypotonia,

redox instability and mental retardation in Down syndrome. H owever, this preliminary

analysis demonstrates that Gabpa is the ETS protein necessary for formation of intact

AChR clusters at the NMJ.
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Appendix A

Solutions

DNA Preparation and Methods

SM Buffer
100 mM
8mM
50 mM
0.1 %

NaCl
MgSO4.7H2O
Tris-HCI (pH 7.5)
Gelatin (w/v)

- dissolved in MQ H2O and autoclaved.

X Diluent
10 mM Tris-HCI (pH 7.5)
10 mM MgSO4

- dissolved in MQ H2O and autoclaved.

TE
10 mM
1 mM

Tris-BCl (pH 8.0)
Ethylenc diamine tetra-acetic
acid (EDTA) (pH 8.0)

• dissolved in MQ HjO and autoclaved.

SOC Medium
20 mg/ml
5 mg/ml
10 mM

20 mM

20 mM

Bacto-tryptone
Bacto-yeast extract
NaCl
KC1
Mg2+ (10 mM MgCl2.6H2O,10
mM MgCl2.7H2O), filtered
Glucose, filtered

- tryptone, yeast, NaCl and KC1 added to 97 ml
MQ H2O and autoclaved;
- Mg2+ and glucose then added;
- passed through 0.2 u.m filter (adjusted to pH
7.0).

Luria Bertani (LB) Broth
10 mg/ml Bacto tryptone
5 mg/ml Bacto yeast extract
10 mg/ml NaCl
- dissolved in MQ H2O;
- pH adjusted to 7.5 with NaOH, then autoclaved.

LB bottom agar
15 mg/ml agar in LB broth, autoclaved.

LB top agarose
7 mg/ml agarose in LB broth, autoclaved.

LB/amp Plates
100 ug/ml Ampicillin sodium (CSL Ltd.) in
LB/agar

LB/amp/X-Gal/IPTG Plates
100 ng/ml Ampicillin sodium (CSL Ltd.)
100 ng/ml 5-bromo-4-chloro-3-indolyl p-

D-galactoside (X-Gal) (Progen)
0.1 mM Isopropyl-beta-D-thiogalacto-

pyranoside (IPTG) (Promega)
- Dissolved in LB/agar.

LB/kan Plates
30 ng/ml Kanamycin sulphate (Roche) in LB/agar

NZY Broth
86 mM NECI
8 mM MgSO4.7H2O
5 mg/ml Bacto yeast extract
1 g/ml NZ amine (casein hydrolysate)
- dissolved in MQ H2O and autoclaved.

Terrific Broth (IB)
12 mg/ml Bacto tryptone
24 mg/ml Bacto yeast extract
4 % Glycerol (v/v)
• dissolved in MQ H2O and autoclaved;
-10 % (v/v) TB salts added prior to use.

TB Salts
0.17 M
0.72 M K2HPO4

Glycerol Stocks
7 0 %
3 0 %
-stored at-8Q°C.

Bacterial culture (v/v)
Glycerol (v/v)
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Three Solution Maxiprep/Miniprep
Solution I
25 mM Tris-HCl (pH 8.0)
10 mM EDTA (pH 8.0)
15% Sucrose (w/v)
- dissolved in MQ H2O and autoclaved.
Solution II
1 % Sodium dodecyl sulfate (SDS)

(w/v)
0.2 M NaOH
- dissolved in MQ H2O (made fresh).
Solution HI
3 M Potassium acetate
11.5% Glacial acetic acid (v/v)
- dissolved in MQ H2O.

CsCi Maxiprep
Solution I
25 mM Tris-HCl (pH 8.0)
lOmM EDTA (pH 8.0)
50 mM Glucose
- dissolved in MQ H2O and autoclaved.
Solution II
1 % SDS (w/v)
0.2 M WaOH
- dissolved in M. v HjO (made fresh).
Solution III
As per Three Solution method.

Ear Clip Lysis Buffer
10 mM Tris-HCl (pH 8.3)
50 mM NaCl
0.2 % Tween 20 (v/v) (Sigma)
10 jig/ml Proteinase K. (Roche)
- dissolved in MQ H2O;
- Proteinase K. added immediately prior to use.

Tail Buffer
1 % SDS (w/v)
0.1 M NaCl
0.1 M EDTA (pH 8.0)
0.05 M Tris-HCl (pH 8.0)
- dissolved in MQ H2O.

6 X DNA Loading Dye
40 % Sucrose (w/v)
0.25 % Bromophenol blue (Sigma)

(w/v)
0.25 % Xylene cyanol FF (Sigma)

(w/v)

Oligonucleotide Hybridisation Mix
5X SSC
5 X Denhardt's
1 % SDS (w/v)
- dissolved in MQ H2O and stored at -20°C.

Dextran Sulfate Hybridisation Mix
10 % Dextran Sulfate (w/v) (Progen)
1 % SDS (w/v)
1 M NaCl
- dissolved in MQ H2O and stored at -20°C.

20 X Standard Saline Citrate (SSC)
3 M NaCl
0.3 M tri-Sodium citrate
- dissolved in DEPC-treated MQ H2O;
• adjusted to pH 7.2, then autoclaved.

I'
l

242



RNA Preparation and Methods

DEPC-treated MQ H2O
0.1 % (v/v) Diethyl pyrocarbonate (DEPC)
(Sigma) added to MQ H2O, left O/N in fume
hood, then autoclaved.

Extraction Buffer
0.5 % SDS (w/v)
0.1 M NaCl
20 mM Tris-HCl (pH 8.0)
1 mM EDTA (pH 8.0)
- dissolved in DEPC-treated MQ H2O and
autoclaved (SDS added after autoclaving).

Binding Buffer
0.1 %
0.5 M
10 mM
1 mM

SDS (w/v)
NaCl
Tris-HCl (pH 8.0)
EDTA (pH 8.0)

- dissolved in DEPC-treated MQ H2O and
autoclaved (SDS added after autoclaving).

Wash Buffer
0.1 %
0.15 M
10 mM
lmM

SDS (w/v)
NaCl
Tris-HCl (pH 8.0)
EDTA (pH 8.0)

- dissolved in DEPC-treated MQ H2O and
autoclaved (SDS added after autoclaving).

Elution Buffer
0.1% SDS (w/v)
10 mM Tris-HCl (pH 8.0)
1 mM EDTA (pH 8.0)
- dissolved in DEPC-treated MQ H2O and
autoclaved (SDS added after autoclaving).

Solution D
6 mM Guanidinium thiocyanatc

(Fluke)
38 mM Sodium citrate (pH 7.0)
0.8 % Sarkosyl (w/v) (Sigma)
3 M p-mercaptocthanol (Sigma)
- P-mercaptoethanol added immediately prior to
use.

RNA Resuspension Buffer
50 % Deionised formamide (v/v)
6 % Formaldehyde (v/v)
3 % Glycero! (v/v)
- dissolved in 1 x MOPS and stored at-20°C.

RNA Loading Dye
0.2 % Bromophenol blue (w/v)

(Sigma)
0.2 % Xylene cyanol FF (w/v)

(Sigma)
20 % Ficoll type 400 (w/v)
- dissolved in MQ H2O and stored at -20°C.

10X MOPS
0.2 M

10 mM
50 mM

4-morpholine-propane sulfonic |
acid (MOPS) (Roche) I
EDTA (pH 8.0) 1
Sodium acetate (pH 5.2) |
(Sigma) 1

- dissolved in MQ H2O;
- adjusted to pH 7.0 and 2-3 drops of DEPC
added;
- stored at 4°C in foil. !

Northern Pre-Hybridisation Mix
50 % Deionised Formamide (v/v)
5 X SSC
1X Denhardt's
- dissolved in MQ H2O and stored at -20°C.

Northern Hybridisation Mix
50 % Deionised Formamide (v/v)
10% SDS (w/v)
1 M NaCl
10 % Dextran sulfate (Progen) (w/v)
- dissolved in MQ H2O and stored at -20°C.

100 X Denhardt's
2 % BSA (w/v)
2 % Ficoll 400 (w/v)
2 % polyvinylpirol'lidone (w/v)
- dissolved in MQ and stored at -20°C.

Deionised Formamide
Formamide stirred overnight at R/T with
amberlite MB-1 moncbed mixed resin (BDH),
then filtered through 135 gsm blotting paper and
stored at 4°C.
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Protein Preparation and Detection

2X EDTA Sample Buffer
125 mM Tris-HCl (pH 6.8)
2 % SDS (w/v)
20 % Glycerol (v/v)
1.4 M p-mercaptoethanol (Sigma)
0.25 % Bromophenol blue (Sigma)

(w/v)
2 mM EDTA (pH 8.0)
- dissolved in MQ H2O and stored at -20°C ;
- P-mercaptoethanol added immediately prior to
use.

Coommassie Brilliant Blue Staining
Solution
0.25 % Cocmmassie Brilliant Blue R-

250 (w/v) (Sigma)
50 % Methanol (v/v)
10 % Glacial acetic acid (v/v)
- dissolved in MQ H2O.

Coommassie Brilliant Blue De-staining
Solution
10% Methanol (v/v)
7.5 % Glacial acetic acid (v/v)
- dissolved in MQ H2O.

SDS-PAGE Running Buffer
25 mM Tris-HCl (pH 8.0)
!92mM Glycine
0.1% SDS (w/v)
- dissolved in MQ H2O.

10XTBST
0.2 M Tris-HCl (pH 8.0)
1.37 M NaCl
- dissolved in MQ H2O;
- adjusted to pH 7.6 and 5 ml Tween 20 added.

Semi-Dry Anode Buffer I
0.3 M Tsts41Cl(prn0.4)
10 % Methanol (v/v)
- dissolved in MQ H2O;
- methanol added immediately prior to use.

Semi-Dry Anode Buffer II
25 mM Tris-HC! (pH 10.4)
10 % Methanoi (v/v)
- dissolved in MQ H2O;
- methanol added immediately prior to use.

Semi-Dry Cathode Buffer
25 mM Tris-HCl (pH 9.4)
40 mM Glycine
10% Methanol (v/v)
• dissolved in MQ H2O;
- methanol added immediately prior to use.

Recombinant Protein Cell Lysis Buffer
6 M Guanidine-HCl
20 mM Tris-HCl (pH 8.0)
50 mM NaCl
- dissolved in MQ H2O.

Recombinant Protein Wash Buffer
8M
20 mM
50 mM

Urea
Tris-HCl (pH 8.0)
NaCl

- dissolved in MQ H2O.

Recombinant Protein Renaturing
Buffer
20 mM
50 mM
0.1 %
0.1 %
0.1 %

Tris-HCl (pH 8.0)
NaCl
Nonidet P40 (NP40) (v/v)
Tween-20 (v/v) (Sigma)
Triton X-100 (v/v)

- dissolved in MQ H2O.

Recombinant Protein Elution Buffer
20 mM Tris-HCl (pH 8.0)
50 mM NaCl
lOOmM Imidizole
- dissolved in MQ H2O.

EL1SA Carbonate Coating Buffer
15 mM Na2CQ3

35 mM NaHCOj
3 mM NaN,
- dissolved in MQ H2O;
- adjusted to pH 9.6.
ABIS
1 mM ABTS (2,2' Azinobis-3-

ethyibanzthiazoline sulfonic
acid)

0.03 % H2O2 (v/v)
- dissolved in Citrate Buffer (pH 4.2),
immediately prior to use.
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Tissue Culture

Dulbeeco's Modification of Eagles
Media (DM£M) with 25mM HEPES
1 L DMEM + HEPES powder pack

(Gibco™ Invitrogen
Corporation)

44 mM NaHCOj
2 rnM NaOH
- dissolved in MQ H2O and adjusted to pH 7.2;
- passed through a 0.2 um filter and stored at 4°C.

Primary Skeletal Muscle Cell
Undifferentiated Growth Media
84%

10%

5%

1%

- stored at 4°C.

DMEM with 25 mM HEPES
(v/v) (Gibco™ Invitrogen
Corporation)
Heat-inactivated horse serum
(v/v) (JRH Biosciences)
Heat-inactivated fetal calf
serum (v/v) (JRH Biosciences)
10000 U/m! Penicillin G
sodium, 10000 ug/ml
Streptomycin sulfate in 0.85%
saline (v/v) (Gibco™ Invitrogen
Corporation)

Primary Skeletal Muscle Cell
Differentiated Growth Media
97%

2%

1%

- stored at 4°C.

DMEM with 25 mM HEPES
(v/v) (Gibco™ Invitrogen
Corporation)
Heat-inactivated horse serum
(v/v) (JRH Biosciences)
10000 U/ml Penicillin G
sodium, 10000 ug/ml
Streptomycin sulfate in 0.85%
saline (v/v) (Gibco™ Invitrogen
Corporation)

3T3 Growth Media
89%

10%

- stored at 4°C.

DMEM with 25 mM HEPES
(v/v) (Gibco™ Invitrogen
Corporation)
Heat-inactivated fetal calf
serum (v/v) (JRH Biosciences)
10000 U/ml Penicillin G
sodium, 10000 ug/ml
Streptomycin sulfate in 0.85%
saline (v/v) (Gibco™ Invitrogen
Corporation)

C2C12 Undifferentiated Growth
Media
78%

20%

1 %

lmM

- stored at 4°C.

DMEM with 25 mM HEPES
(v/v) (Gibco™ Invitrogsn
Corporation)
Heat-inactivated fetal calf
serum (v/v) (JRH Biosciences)
10000 U/ml Penicillin G
sodium, 10000 ug/ml
Streptomycin sulfate in 0.85%
saline (v/v) (Gibco™ Invitrogen
Corporation)
MEM Sodium Pyruvate
Solution (Gibco Invitrogen
Corporation)

C2C12 Differentiation Growth Media
96%

2%

1%

1 mM

- stored at 4°C.

DMEM with 25 mM HEPES
(v/v) (Gibco™ Invitrogen
Corporation)
Heat-inactivated horse surum
(v/v) (JRH Biosciences)
10000 U/ml Penicillin G
sodium, 10000 jig/ml
Streptomycin sulfate in 0.85%
saline (v/v) (Gibco™ Invitrogen
Corporation)
MEM Sodium Pyruvate
Solution (Gibco
Corporation)

fM Invitrogen

PC12 Growth Media
84 % Roswell Park Memorial

Institute (RPMI) media (v/v)
(Gibco™ Invitrogen
Corporation)

10 % Heat-inactivated horse serum
(v/v) (JRH Biosciences)

5 % Heat-inactivated fetal calf
serum (v/v) (JRH Biosciences)
1 % 10000 U/ml Penicillin G

sodium, 10000 ug/ml
Streptomycin sulfate in 0.85%
saline (v/v) (Gibco™ Invitrogen
Corporation)

- stored at 4°C.
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Jl ES Cell Media
83 %

0.25 % Trypsin-EDTA + HEPES

15%

0.5 %

0.1 mM

0.1 mM

1000 U/ml

- stored at 4°C.

DMEM with 25 mM HEPES
(v/v) (Gibco™ Invitrogen
Corporation)
Heat-inactivated fetal calf
serum (v/v) (JRH Biosciences)
10000 U/ml Penicillin 0
sodium, 10000 ng/ml

Streptomycin sulfate in 0.85%
saline (v/v) (Gibco™ Invitrogen
Corporation)
Non essential Amino Acids
(Gibco™ Invitrogen
Corporation)
P-Mercaptoethanol (Gibco™
Invitrogen Corporation)
Leukemia inhibitory factor
(LIF) (Chemicon)

Embryonic Feeder Cell Media (EFM)
DMEM without Hepes (v/v)89%

10%

1 %

- stored at 4 C.

(Gibco™ Invitrogen
Corporation)
Heat-inactivated fetal calf
serum (v/v) (JRH Biosciences)
10000 U/ml Penicillin G
sodium, 10000 ng/ml
Streptomycin sulfate in 0.85%
saline (v/v) (Gibco™ Invitrogen
Corporation)

Phosphate-Buffered Saline (PBS)
1.4 M NaCl
27 mM KC1
54 mM Na2PO4
18 mM KH2PO4
- dissolved in MQ H2O;
- adjusted to pH 7.4, then autoclaved.

Hanks-HEPES
10 % Hanks Buffer (v/v) (Gibco™

Invitrogen Corporation)
20 mM HEPES (Gibco™ Invitrogen

Corporation)
2.5 mM NaOH
- dissolved in MQ H2O and stored at 4°C.

98?/Q

20 mM

- stored at 4°C.

0.25 % Trypsin, 1 mM EDTA
(v/v) (Gibco™ Invitrogen
Corporation)
HEPES (Gibco™ Invitrogen
Corporation)

Electroporation Buffer
10%

20 mM

0.11 mM

imM

Hanks Buffer (v/v) (Gibco™
Invitrogen Corporf.'cion)
Hep^s (Gibco Invitrogen
Corporation)
p-Merca^toethanol (Gibco™
Invitrogen Corporation)
NaOH

• dissolved in MQ H2O immediately prior to use.

2 X ES CeU Freezing Media
60% Jl media (v/v)
20 % Heat-inactivated fetal calf

serum (v/v) (JRH Biosciences)
20 % Dimethylsulphoxidc (v/v)

(DMSO)
- stored at 4°C.

Freezing Media (general use)
90%

10 %
- stored at 4°C

Heat-inactivated fetal calf
serum (v/v) (JRH Biosciences)
DMSO (v/v)

Cell Lysis Buffer
200 mM
100 mM
5mM
0.2 %
100 |xg/ml

NaCl
Tris-HCl (pH 8.0)
EDTA (pH 8.0)
SDS (w/v)
Proteinase K (Roche)

- dissolved in MQ H2O and autoclaved;
- Proteinase K added immediately prior to use.

2 X p-Galactosidase Buffer
98 mM p-Mercaptoethanol (Sigma)
2 mM MgCl2
llOmM Na2HPO«
102 mM NaH2PO4

4.4 mM 2-Nitrophenylp-D-
galactopyranoside (ONPG)

- dissolved in MQ H3O and stored at -20°C.
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Histology

Acia Aiconoi
0.5 % HCI (v/v)

X-Gal Rinse
5mM

2mM
0.02 %
0.01 %

l

dissolved in 70 % ethanol (v/v).

Buffer
Eihylene Glycol-bis(beta-
aminoethyl-ether)-N,N,N',N'-
TetraAcetate(EGTA) (pH 7.4)
MgCl2
NP40 (v/v)
Deoxycholate (w/v)

- dissolved in PBS.

X-Gal Staining Buffer
5mM
5mM
5mM
2mM
0.02 %
0.01 %
1.2Smg/ml

KjFe(CN)6

lC,Fe(CN)6

EGTA(pH7.4)
MgCl2

Nonidct P-40 (NP40) (v/v)
Deoxycholate (w/v)
X-Gal

- dissolved in PBS immediately prior to use;

Nicotiuamide adenine dinudeotide
(NADH) Staining Solution
1 mg/ml

0.8 mg/ml

4-Nitro Blue tetrazolium
chloride (NBT) (Sigma)
NADH (Sigma)

- dissolved in 0.2 M Tris-HCl (pH 7.4)
immediately prior to use.
Fhosphate-Tween-Magnesium (PTM)
Buffer
2mM
0.1%

MgCl2

Tween 20
- dissolved in PBS.

Tyrode Solution
123.4 mM
4.7 mM
1.0 mM
1.3 mM
16.3 mM
0.3 mM
7.8 mM

NaCl
KC1
MgCi2

NaH2PO4

NaHCOj
CaClj
D-glucose

- dissolved in MQ H2O.
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Appendix B

Amber Scientific

Ambion Inc.

Amersham Pharmacia Biotech

American Type Culture Collection (ATCC)

BACPAC Resources

Berthold

Bartelt Instruments

BDH Biochemicals

Beckman Coulter

Becton Dickinson/Falcon

BioRad Laboratories, Inc.

Boehringer-Mannheim

Canberra Packard

Clontech

Cole-Parmer

Crown Scientific

Daido Sango Co. Ltd.

DAKO

Dow Coming Australia Pty. Ltd.

Dynavac

Eberhard Faber Inc.

Fluka

Gibco™ Invitrogen Corporation

Grass Instruments (an Astro-Med inc. corporation)

Heraus Instruments

HiChem

Hoefer (an Amcrsham Pharmacia Biotech corporation)

JRH Biosciences (a CSL corporation)

Kodak

List of Suppliers

Selmont, WA, Australia

Austin, TX, USA

Buckinghamshire, UK

Manassas, VA, USA

CA, USA

Pforzheim, Germany

Heidelberg West, VIC, Australia

Poole, UK

Fullerton, CA, USA

Lincoln Park, NJ, USA

Hercules, CA, USA

Mannheim, Germany

Australia

Palo Alto, CA, USA

Illinios, USA

Burwood, VIC, Australia

Tokyo, Japan

Carpinteria, CA, USA

North Ryde, NSW, Australia

Melbourne, VIC, Australia

Lewisburg, TN, USA

Buchs SG, Switzerland

Paisley, UK

West Warwick, RI, USA

Hanau, Germany

Czech Republic

San Francisco, CA, USA

Lenexa, KS, USA

Rochester, NY, USA
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Leica Instruments

Menzel-Glaser

Metal Mesh Pty. Ltd.

Millipore Corporation

Molecular Probes Inc.

NEN® Life Science Products Inc.

New England Biolabs (NEB)

Novagen Inc.

NUNC

PE Applied Biosystems

Pierce

Progen Industries

Promega

Qiagen

Quantum Scientific

Ratek Instruments Pty. Ltd.

Roche

Sakura Finetek USA Inc.

Sanyo Australia Pty. Ltd.

Scientifix

Sigma-Aldrich Inc.

Smith + Nephew

Stratagene

Vector Laboratories

Zymed

Nussloch, Germany

Braunschweig, Germany

Moorabbin, VIC, Australia

Bedford, MA, USA

Eugene, OR, USA

Boston, MA, USA

Beverly, MA, USA

Milwaukee, WI, USA

Naperville, IL, USA

CA, USA

Rockford, IL, USA

Rockford, IL, USA

Madison, WI, USA

Chatsworth, CA, USA

VIC, Australia

Boronia, VIC, Australia

Mannheim, Germany

Torrance, CA, USA

Aradell Park, NSW, Victoria

Cheltenham VIC, Australia

Saint Louis, MO, USA

Clayton, VIC, Australia

La Jolla, CA, USA

Burlingame, CA, USA

South San Francisco, CA, USA

249



Appendix C

Agarose gel electrophoresis:

Autoclave:

Centrifuges:

Cell incubator

Convection oven

Cryostat

DNA sequencer

Dry block heafc.r

Electrical stimulator

Electrical stimulus isolator

Electroporation apparatus

Film processor

Flow cytometer

Haemocytometer

Homogeniser

Hybridisation ovens

Liquid scintillation counter

Luminometer

Paraffin embedding centre

Paraffin microtome

Paraffin processor

Protein gel caster

List of Equipment

Mini-sub Cell GT, BioRad

GNA 200, Pharmacia Biotech

TOMY ES-315, Quantum Scientific

Sigma 1-15 microfuge, Quantum Scientific

J2-21 M/E, Beckman

Biofuge stratos, Heraeus Instruments

Spintron GT-175S swing-out rotor centrifuge

TL-100 ultracentrifuge, Beckman

HERA Cell, Heraeus Instruments

Sanyo

CM 3050, Leica Instruments

Model 373A, PE Applied Biosystems

Xtron, Bartelt instruments

SD48, Grass Instruments

SIU5, Grass Instruments

Gene Pulsar, BioRad

X-OMAT 480 RA, Kodak

EPICS 752

Precicolor, HBG, Germany

Ika Ultra Turrax T25 (Janke & Kinkel IKA®), Crown

Scientific

Xtron HI 2002, Bartelt Instruments

1900 TR Tri-Carb, Canberra Packard, Australia

Lumi Count™, Packard

EG1160, Leica Instruments

RM2135, Leica Instruments

TP1020, Leica Instruments

Mighty Small multiple gel caster SE200, Hoefer

Scientific Instruments

i

i
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Microcentrifiige

Microscopes:

Microplate reader

PCR machines

Phosphorimager

Power supplies:

Real-time PCR machine

Rotating wheel

Scanner

SDS-PAGE apparatus

Shaking incubator

Spectophotometer

Tilling platform

UV illuminator

Ultracentrifuge

Ultrasonics homogeniser

Vacuum oven

Waterbath

Western transfer apparatus

1-15 Sigma, Quantum Scientific

DM IRB light microscope, Leica Instruments

MPS60 on DMR light/fluorescence microscope,

Leica Instruments

TCS NT on DMRXE upright confocal microscope,

Leica Instruments

1010 transmission electron microscope, JEOL

3550, BioRad

GeneAmp PCR System 2400 and 9600, Applied

Biosystems

FLA-2000,Fujifilm

Power Pac 300 or 3000, BioRad

GPS 200/400 Power Pac, Pharmacia

Light Cycler, Roche

R.S.M.6, Ratek instruments

N1220U, Canon

AB MightySmall II SE250, Hoefer Scientific

Instruments

Innova 4300, New Brunswick Scientific

Lambda Bio 20, Perkin Elmer

Xtron SH-2004, Bartelt instruments

Gel Doc 1000, BioRad

TL-100, Beckman

Cole Parmer

V015/200 500 W.Dynavac

Ratek instruments

TE77 SemiPhor, Hoefer Scientific Instruments

251



Appendix D

Oligonucleotide Sequences

No. Name Position Sequence

1
2
3
4
6

51
52
53
58
59
61
87
88
102
103
114
117
118
119
120
121
128
134
135
140
151
152
153
154
155
160
169
170

177
179
180
187

188
189

190
192
193
194
201
206
209
213
214
217
218
219
220
223
224
225
226
227
229
231
232
242

T7
SP6
pGL-3f
loxPf
AP-1
PQE-5'
Gabpa-5'
Gabpa-3'
GAPD-5'
GAPD-3'
Gabpa 61r
Gabpbl-1 5'
Gabpbl-1 3'
Gabpa E3f
Gabpa E4f
Gabpb Elf
Gabpa E2f
Gabpa E3r
Gabpa E4r
Gabpa E5r
Gabpa E6r
Gabpa INTRON1 2f
Gabpa INTRON1 3£
Gabpa E3-I2 4r
Gabpa PROM 15f
Gabpa E7 FOR
Gabpa E8 REV2
Gabpa E8 FOR
Gabpa E9 REV
Gabpa E9 FOR
Gabpa E10 REV
Gabpa KO Bel-3'
Gabpa KO Bcl-5'

Gabpa E5 FOR2
Gabpa E6 FOR2
Gabpa E7 REV2
Cre 5'(Myo tag)

Cre 3'
Myo 3'(Cre tag)

Myo 5'
Gabpa F3 5'
Gabpa B3 3'
Neo F8 5'
3' pEF-puro-BOS
Neo4 reverse
Gabpa prom-Age 3'
Cre FORWARD
Cre REVERSE
AChR delta 5'
AChR delta 3'
Utrophin 5'
Utrophin 3'
AChR epsilon 5'
AChR epailon 3'
MTFA 5'
MTFA 3'
Gabpa E2r
Gabpa E5f
Gabpa E7f
Gabpa E9f
Gabpbl 5'

pGEM-T:2984-3
pGEM-T:124-143
V:4760-4779

V:3371-3388
G:413-428

G:25549-25568
cDNA:585-605
cDNA:967-985
G:4036-4055

CDNA:1150-1177
CDNA:1401-1418
G:6254-6272
G:9220-9237
cDNA:49-69
G:4064-4082
G:6236-6255
G:9180-9198
G:11048-11065
G:17429-17446
G:2745-2764
G:3316-3335
G:4484-4503
Sl:5019-5037
G:21371-21388
G:22034-22051
G:22000-22017
G:22322-22339
G:22316-22335
G:25372-25399
G:4070-4089
G:3747-3769

G:11068-11085
G:17362-17378
G:21362-21379
CDNA:574-597

CDNA:1931-1950
CDNA:1595-1621

cDNA:27-46
G:3973-3996
G-.4142-4165

CDNA:1043-1063
V:1990-2009
cDNA:572-593
Sl:8469-8490
cDNA:626-647
cDNA:1020-1043
CDNA:1021-1043
CDNA:1808-1830
cDNA:3014-3037
cDNA:3993-4016

CDNA:3-25
cDNA:236-258
cDNA:351-373
CDNA:1039-1061
G:4047-4073
G:11179-11205
G:21362-21388
G:22316-22341
cDNA:244-264

VTAATACGACTCACTATAGGG 3<
5#ATTTAGGTGACACTATAGAA 3"
S*CTAGCAAAATAGGCTGTCCC J<
5#ATATACTAGTATAACTTCGTATAGCATA y

*' CCATCCTAATACGACTCACTATAGGGC 3>
5> CCCGAAAAGTGCCACCTG 3>
5> CGAATTCCGGAGCTGGACTG 3'
5> GGTTAGAGCAAAGCTTGCTC 3#

CTGCCACCCAGAAGACTGTGG 3<

GTCATACCAGGAAATGAGC 5>

GTCCCGTCGATCTCAATTTC 3'
CAGCTGGATGAAGCCAAC 3>

CTCATGGCTTAAGTCCCG 3<

GCTGAATGTGTAAGCCAGG3'
GGACTGTACAGCTTAGTG 3<

GTCTGCCCTGACGGCTCCGAG 3>

CAGAGTGCACAGAAGAAAGC 3<

GCTGGGGTATAGGTTTGTTC 3<

CAAACAAGCTTCGGTCTGG 3'
CGTTTCCGCAGTCTTAAC 3<

GTTGAGTGTGGTGAGGTC 3>

GCTGTGCTTTGCCAGTGTTG 3>

CTCCTGAGGTCCCTGCTTTG 3>

GACTAAGTGAGGACTATTGG 3<

GACTCCCATTTCCGTTCGT 3'
GAGCAACAGATGAATGAG 3'
GTGAACTTCTGTCTTCTC 3<

GCAGCTAAAGTGCAACGG 3>

GTCTCGAGCATCCTTGTC 3>

CTTACTGACAAGGATGCTCG 3'
- GACCAGACGGTTCAGTTCTG 3<
s' CATCAACCTTTCTTCTGTGC J>

*' ATAACTTCGTATAATGTATGCTATACGAAGTT
ATCCTGAACACCAACAAGTTCC 3'
s§ CGAGGTGGTCATCGATCC 3"
5> GCTGGTCCACGGACCAAG 3>
i# CTGTTGCTCTTGGCTGGC 3>
5' GCCTTTTGCGACCTGATGCCCAAGAAGAAGAG
GAAGGTG 3>
5< GAACTAGTGGATCTCGAGCC 3"
s> CTTCTTCTTGGGCATCAGGTCGCAAAAGGCTT
GTTCCTG 3<
5< GTGATGACTCAGGCAGGAAG 3>
s> CTTCCAGGACTGAACTTTTGAACG 3>

*' AAAAACAAGCACACTGGCCTACTC 3>

s' TCTCCTGTCATCTCACCTTGC 3>
5' GTCTCCCACGTGGGAGACCT 3>
5> CATTGGGTGGAAACATTCCAGG 3*
S>CACCGGTCTCTTAGTCATGGTTGAAGAC 3>

*' TGCCTGCATTACCGGTCGATGC 3'
*' CCATGAGTGAACGAACCTGGTCG y

'' GGACGCCCAGCACCCATGTGCTG 3'
>' GTCCCAAGGTCACCTCTCTGGCC 3>

'' CCAGAGACTTACACTTGCTCGAGG 3<
y' CGGAGGACCTGGAGTTGCTTCTCC 3'
'' GACCTGAGGACACTGTCACCATC 3>

>' GCAAAGATGAACTCCACCTCCTC 3'
>' CCTGTGGAGGGAGCTACCAGAAG 3>
5# CACCACTGCATGCAGATGCATGG y

*' GTGCACTCTGCTTTCTCAGTCCCGTCG v

v CGAGACCTCGGAGCAGGTGACGAGATG 3'
s< GCCAGCCAAGAGCAACAGATGAATGAG 3<

*' CTTACTGACAAGGATGCTCGAGACTG 3<

*' GGAACTTCTCCACTTCATCTG 3<

51°C
47°C
55°C
65°C
75°C
53°C
59°C
55°C
63°C
51°C
55°C
51°C
51°C
53°C
49°C
67°C
55°C
55°C
53°C
49°C
51°C
57°C
59°C
53°C
53°C
47°C
47°C
51°C
51°C
55°C
57°C
53°C
55°C

53°C
55°C
53°C
67°C

57°C
77°C

57°C
65°C
65°C
59°C
61°C
61°C
55°C
65°C
67°C
73°C
71°C
69°C
73°C
67°C
65°C
69°C
67°C
81°C
83°C
77°C
73°C
57°C
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243
245
246
265
266
267
268
270
273
274
277
280
281

Gabpbl-1 3'
Gabpbl-2 3'
Gabpa EXONlaf2
HSA-Cre 5'
HSA-Cre 3'
ROSA26-lacZ 5'
ROSA26-lacZ 3'
pEGFP-1 polyA 3'
Rapsyn 5'
Rapsyn 3'
pEGFP-1 reverse
Beta actin 5'
Beta actin 3'

CDNA:1177-1197
cDNA:1152-1171
G:1290-1309

cDNA:1808-1828
cDNA:2585-2605
CDNA:927-950
cDNA:1251-1274

V:842-861
cDNA:827-846
cDNA:897-918
V:142-163

cDNA:344-363
cDNA:428-446

CAGCTGCTGTCGGTATTTCTG J'
GGATGGCTGCAGCAAAACAC 3'
GCTATGTAGATTAGACCGGC 3<

CCGGTCGATGCAACGAGTGAT 3>

ACCAGAGTCATCCTTAGCGCC 3'
TCGTGCGGTGGTTGAACTGCACAC 3>

CGATTCATTGGCACCATGCCGTGG 3<

CTACAAATGTGGTATGGCTG 3<

GCAGTGCCATGGAGTGTTGT 3<

GGCAAAGCAGAGCAGACAGAGT 3>

CGTCGCCGTCCAGCTCGACCAG 3'
CCCTGTATGCCTCTGGTCGT 3>

ATGGCGTGAGGGAGAGCAT 3>

59°C
57°C
55°C
61°C
61°C
71°C
71°C
53°C
57°C
63°C
71°C
59°C
55°C

Oligonucleotide numbers, names, reference sequences and annealing temperatures (TA) are shown. G= Total
genomic sequence of Gabpa (see Appendix E), S I - segment 1 Gabpa genomic sequence (GI:27960443),
Gabppl-1 cDNA= GI: 193384, Gabppl-2 cDNA= GI:6753933, Gapd cDNA= GI:193423, Cre cDNA=
PGK-Cre in pBS II KS, Myogenin cDNA= GI:200003, Neo cDNA= GI:1244765, lacZ cDNA= GI:41901,
HSA-Cre cDNA= GI:12965137, AChRScDUA= 01:191609, /*C/i/tecDNA= GI:2660742, Vtrophin cDNA=
GI:1934962, MTFA cDNA= GI:1575122, Rapsyn cDNA= GI:53804, p-actin cDNA= GI:49867, V= vector
sequence. pEF-puro-BOS= elongation factor la (EF-la) promoter in the pUCl 19 backbone (Mizushima and
Nagata 1990) with a puromycin resistance gene, pGL-3 basic= GI:U47295, pEGFP-l= GI:1377908, pGEM-
T sequence as per http://www.promcga.com. pQE-30 sequence as per http://www.qiagen.com.
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Appendix E

Gabpa Genomic Sequences
GI:27960443 Mus musculus ATP synthase coupling factor VI gene, partial
cds; and GA-binding protein alpha-subunit (Gabpa) gene, exons 1-5.
Length 16236 bp

1
61

121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161
2221
2281
2341
2401
2461
2521
2581
2641
2701
2761
2821
2881

ggatccagtt
aattacctta
acaatatggc
aactataaac
tactggacat
gctactttga
atacatatgc
tgccttgccc
ttgttaaatg
ttgtgcctct
gaaaacacag
tgggcttcgc

aggaatattt
tatttactgt
ccatatcagt
ggctgtgtat
tcatctcaaa
gtcttttgct
ttcaaatcac
aatcattctt
acttcaagat
actttaatga
ttaggactta
catctaccca

attccttcca
ttataagctt
aaaccatgtt
tattttccaa
tatgtagctt
agatcaccat
atcccagaag
aaagtaatca
cctgcatagt
caacagactt
catcctgaag

accctccaaa
cctacttcta
ctctgtaaat
agatttcggg
gtactcttgt
ggaaacagtc
ggctgaaaac
gtgtctaagg
tctgtgactt
actggaattg
tttacatgct

cactcaccct
tcagattttt
gacagatgac
gttaaatgaa
tttcccaagt
ttaaagagaa
caggtgaaat
tacttaattt
atttcattgt
actcctggag
ctgaacattt

gcacctcaca
aagaatctga
caaacaaaag
atgatagcta
tttacttcat
aaatgctgtt
cctgattgta
tcctaaatag
agtgacgtaa
cccttataaa
atattcaaaa

acacetgaaa
ttacatcgga
ccttcttacc
gcaagagaaa
gtctgaggaa
acaaactgcc
cagctgtctt
aaaacagctt
cttccaaaag
aaagattaga

tccatcatgt
acgcaagcta
aagaggccct
actcctgact
agagtg3ggt
tctactgtgc
agccaggagt
tgcctgctaa
aaacagcaaa
tgatacaagc

gctgagaacc
tgtctggcca
gggacctagg
tggggcagtg
gaggctgttt
cagcttccat
aagaggctgg
caacgcatga
gaaaaacaac
tcatccgagt

agcattaaaa
caattctatg
gtcatgttac
agtagctgag
ccgttctttt
aagagcactg
gacctcttga
aagtttccac
tcccagccac
gtcaaggcca

gttaatgtgc
aatcaggtta
ccttgcacaa
agttctgtta
tcccatgatc
cttgtcacca
agggacagag
ttcacaggct
ttcacactgg
agtgagccct

ttttcataca
cagcactaaa
taaggccttt
gagctaaacg
ttagtctcgg
gcaggaaaag
agagtcaaga
cataggaagg
aaccaatcaa
gcagtaacaa

catagtgcaa
agacgaccct
ttacaggcaa
tgccaccatg
ctagatgaga
tatggacaag
aacatcacca
ttaaagccag
accttctgga
tatgtctcaa
ttggagaaac
agatggatgg
ggtaccacta
taaacatatg
aagataattt
gggcacactg
aagagttatc
tgctgaaaaa
catttgagga

tgaacagctt
ctcccaccgc
agcttctcag
cttcccaggc
gagaaccatg
aatttaaaaa
attacaaaaa
gactggcatc
gctcacttgg
aaagcaatgt
acaggcagaa
atggacagat
atagttcaag
tgaagggaga
tggctgtcct
ctatactccc
taaagtgtca
aaaatcaaat
aatcaatgcc

tcggaccatt
acttctatga
gagggccgtg
tcccaccagc
gtagtgagca
tctttacgtt
tggtggtgga
aagcttatga
caacctggtc
gcacaacctg
gtgtccacat
ggatggatgg
aatcgttaac
gagtgtataa
gaataagttg
tacaacatga
atagtaccaa
aagcacgagt
attcatactc

tcatgagaca
tatccgctgt
ataaaggcca
tagctatctg
tccggctact
aatttgacag
ggggtagtgt
ggctggcact
tttttggcaa
aagataaaca
acatatgcac
actgacagaa
tatatggcag
ttttcgctac
aatgaaggtg
aagatagcaa
cttcaacaaa
tttcattcac
taccagagaa

tgagctatca
gtaagtgtac
gctacagtgc
cacaacccct
ctgccgacgc
acttcacatt
ttatttctct
tgttttgttc
ggggaggcag
gatcctggat
gcggaggctg
acatagatac
atgcacagag
ctgattggca
aagggcacaa
gcctatagtg
tcttccctat
cctggtataa
cgatcccgat
ttatacaggc

acaggagagc
cctggaaata
ttacggggtc
gaggaaatcc
cttacttcta
atagagaaag
tgaatttagt
cgttttgatt
gcaaaggcca
acggaccgat
atcctggcca
atagatggat
ggttttgagt
taatggttat
ttcctgtctg
ggtaaagttc
tctcattttg
catttagtac
aaaaataaaa
gaaagagcta
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2941
3001
3061
3121
3181
3241
3301
3361
3421
3481
3541
3601
3661
3721
3781
3841
3901
3961
4021
4081
4141
4201
4261
4321
4381
4441
4501
4561
4621
4681
4741
4801
4861
4921
4981
5041
5101
5161
5221
5281
5341
5401
5461
5521
5581
5641
5701
576l|
5821
5881
5941
6001)
6061
6121
6181
6241
6301
6361
6421
6481
6541

caggcaagta
ggaacacact
taaaatactt
ctttcagtct
cattccacag
agggaaaata
acgtctaatt
ctactcaatc
cttcactgcc
gaagacaaat
tatcctgcac
ggtgggggtg
cacggctctc
tgctcgtgag
aaacttttag
ttattcacaa
ccaccccgtc
tcttatttag
cccaggccag
gtgacgggca
ctagcccagt
gccgccaccg
ggcactatgg
gagtctgcga
gtaagtgctt
ccccttttcc

gacaagactt
taagacataa
ccatattgtc
tgcttatagg
tcaacctgct
cattttcact
tagcgtactc
gttctaacag
tttcactttt
ggcatcctaa
tagcttgctg
ggggtggggt
ctatttatag
tatctaatca
gatatcacca
gcctgtggcg
ttttctgctt
tgagcgtaag
gccaggacgg
gccctctctc
taccctccca
ttctacttcc
gccgcggctt
ccggacgcct
ccgggtccct
ctcttggaga

tataataaga
ttagtraggt
cacttaggaa
tgattaaaaa
cccaatctaa
ttcaataacg
tctgaacccc
tgaccacatt
tcagattaaa
gtgtagaaca
cttgttagag
aatcaaagtt
cggttgactg
taaagtcaat
tcgccctttc
cgccgtgacc
ttcgagtcgg
gcaaatctga
tgccaaggac
ctcgtgaaga
gtcaccttgc
ggccctggct
cagtcgttcg
ctaggtgaga
cagctaagac
cactgcactg

acaccacact
atcaagaatt
atactctcta
aaatatgtct
ctgccaagac
caccatccca
aaacatacat
ctctcttacc
tagagaatgc
ccatttggga
gtctgatagt
caaacccaga
accagcctag
cgacaaagca
ctgtcttagg
ttgggctgcc
cccgctctgc
atacccagca
acggggctgc
aacccagaag
actgagtccc
ccgcctacac
acgctcaccg
cagaagccaa
tccgccatct
ta<

tgattcatcc
ctttagccct
agtgttaggg
aaagaaggtt
ggtcatttct
aacaatgatt
gtatactcac
aaaactactt
gatctgttca
caaattccgt
aacaatattg
ggtgtagctt
ccgaaggcta
tgacttctag
aggctcgatc
ccaggcgggc
tcccaggaga
gggccgaggt
gctctactcc
ctcagtccca
gagctgccag
acgcctaccc
gacaggaagc
acaggaggag
ttcctacact

tggaaatcta
aaaaatactg
gaaggtgctt
gtttacctaa
tctacaagac
tccaatcccc
ctcctaagtc
gttgtttctc
tgatcacacg
actgaattaa
gggaaagcat
tgggaaggcg
gtccctttgc
attggatata
gccgcctgca
tgcaggctca
gcattcacgg
cacctgtgac
cagggcaaag
ggaggccgag
agtcaccgcc
gccatcgcaa
gcctcgaagg
gaagtggagg
ttaacttcac

tcgggaagat
attgcccttc
tgacctttct
acttccccca
gatggagttt
cgtttcacga
tcgacaggta
aggaggagag
qtqtctqqgt

caggctcggc
gccagacctg
tggaactgtc
ggcgtctttt
ctcctccccc
aggggattcc
tgacaaacag
aaggcacttg
aactgtctgc
acqtqtaaqt

gcgctggccg
tctgtcaccc
ctagagtcgc
ccccgaaaga
cgaccttttt
acccttaggg
tcatttgaaa
ctgccgagcc
tctctgacct
ttqtqttggq

agcgcacagc
gagtcagcca
atcggtgcaa
tgtcaagtga
tgggggttgg
tccacagcat
ctaaatcctt
agactgttca
ccacaagtgc
tqtcactttc

cccgggcgct
tccccgcact
tcgttcaaat
aaagttactg
tgtagtgcag
agagaatggt
aggtaggcca
gcctctggaa

cccgggtctc
agcagtaccg
gcaataggaa
taccttgcca
tgaacacaac
gccagcgcat
gtgagatggt
tccagatgga

acttcttttt
cattttatct
cagttcagta
gattcatctg
agttttgaga
tcagacaggg
ccaagtggtg
aaaattaatg
ccccattact

tctttctttt
ttgctacaag
agtactgagt
agtctctggc
actctcatgc
ttttcctgtg
ggattaaagg
aattcattca
ccttcgaagg

gtatttgtat
tacagacgcg
gcggtagtaa
aactgtacaa
tcttccccag
tttggctggc
catggaccac
ctttatatcc
ggaaggcccc

tactacctgg
taacttgggg
ggttgaggag
caaacctaca
aaggaggttt
cttgaacgct
tgccttctgg
caattgtctc
ccttcagtat

atgccaactg
atacatagtc
cccagggggg
ggaccgaaaa
tttgggggag
gatgcacctc
ctcagttttt
cctccctgtc
ccatcctagg

tttttttagc
gatttacgtc
gtgactgagt
ccaagtactg
gaggaatggt
tgaggggatt
ccactgcctc
aactttttaa
ctccccctca
acatccagtc
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6601
6661
6721
6781
6841
6901
6961
7021
7081
7141
7201
7261
7321
7381
7441
7501
7561
7621
7681
7741
7801
7861
7921
7981
8041
8101
8161
8221
8281
8341
8401
8461
8521
8581
8641
8701
8761
8821
8881
8941
9001
9061
9121
9181
9241
9301
9361
9421
9481
9541
9601
9661
9721
9781
9841
9901
9961
10021
10081
10141
10201

acagtaggcc
gggatccatt
accaagttgc
ttggtgggtg
ccctccaact
tgtttggctg
gacagctatg
tcagattggg
atgccgactg
tttggaatga
gagtttcctt
cccttttttt
actttcaggc
caaatttcta
agttgctttt
acttactgat
gttactgcct
cagtctttat
tcctttstag
aaactcctca
ctgctttgcc
gcctgttctg
ttgtaaaact
gcatgtactc
cttacaaaca
aaggtgtgtc
ccacactaca
atcctgaaca
gatgccactc
tacctctctc
acat

taagcctgcc
gccaggctca
acatctgctg
gttcatcttc
ccctcattcc
tgcgtctctg
ctaggctccc
tttctgtcct
catttcctag
tgtccattgg
tttctgtgct
tctatcagtt
attgtagata
gctaaacaag
aatcaagttg
ttagactagg
ctgtctgcta
ctaggcctag
ctctctctga
ccatgataac
tcaaagtagc
tctttgccta
gtctcctgtc
tgtcagatct
tgggtgcttc
ctaagggcat
actagataca
ccaacaagtt
taaacaaact
cctctgatgt

ctctccactg
gagaaagcct
caaatgtgta
catggctcca
catccccaac
catctgtttc
atctgcaggc
ttcctcatga
gcaatgcaat
tgctttacea
gtgctttgcc
aattgaagat
gcttttgtaa
ttgtaatcga
atggtagctt
ccaacatgta
actaacctag
aatgttttca
gctctggctg
tgattcagtc
tctagcaatc
tgtctatctt
ttcttttcac
ttctgattca
cctctacgaa
gcctttaatc
gcccctcccc
ccaatccata
ggcttataaa
aattcagttt

aggcccaact
ccactccagt
ggtggcctag
ggttagttga
tcgtccatga
catcagcggc
acggcagagc
gacatagatg
gccgtgtgga
ataccccgaa
agtgttgata
ttaatctatt
cttgaatttt
tccccatgct
ttatttgctt
attctcctga
gcctagcctt
gcctctgaga
gctggttcac
tggtttccct
tgttctggtc
gttatctctt
tctgtgcact
tcactttgtc
ctaacaactt
ctgctaaagg
ccaagtaaat
gagtaatgga
tgttgtatgt
tggtctcttg

ggtagtccag
tgttagggac
gtccagcccc
ctctggaggt
gactccctga
tgggatgaag
atcatggttt
gatatgccaa
gagttacgtt
gttttaattt
gtttgtctta
ccacttatta
aatcattatg
caacttcagg
ttggtagtga
ggtaattgtt
ggaggattct
cttactgctg
tcagctgttc
ctcagcttct
ttctggcttc
caacctggct
gcctttttca
tgccactgta
tacctccatt
aattaaagct
gactcacagt
gtcaccatct
gagcttttac
cagatcattt

ttaagggaac
cgacgtgaag
tgcctgtgct
cttccttaac
gctccgctga
cctctcaggc
taacttctaa
cctttcccga
tacacttcat
actttagttg
gcgccccccc
gtcccttgtc
taatcaaaat
tttgaatcca
cttggaatta
gtctcagagg
agcctctgca
aataaactca
tgaacagctc
cctgaggtcc
ttactctgca
atagctgtct
tgagcgttgg
ttagacatca
gtttggatta
cagggctgag
atgatcaaat
caggctaaca
atatagagag
ttgtttgtat

ttaatattat
cctgacctca
cttcgtagct
cgtatcacat
tcccatttaa
taacaatagt
tatagccaaa
caagtataat
ctttaaatgt
tcataagtat
tgcacactta
gaacacgcat
ttagacagga
ggggagtttc
catacctgac
gggctctgct
ttagttttaa
gcagggcaga
tcctgtccct
ttgataactt
cttaaatact
gtacaattac
tctaagtaag
ataagtggtt
aattgattag
ttgattttga
atggtggatg
atcccaacaa

caagtatgcc
cagtttagag
cagagaggaa
ggttacagta
gtgctggtga
tatttatgga
aatatgccaa
attattctaa
tttaagaaaa
atcattatac
cacatttata
gcagaggtca
tctcctgtgt
ctgtcttgtc
tttccttggg
actcagctgt
ttttaattat
agctttatgt
aaggctctgc
tagagaggct
acttgttcag
ttatcaagct
ttttcagaga
agtatttata
tagaaatgat
taagggctca
atcttgccct
agtgtgcaga

acgttacagc
gactacatat
ggcatttctg
gtctgcaccc
cttttatgac
taactgtaga
tagtcctcac
aataatatta
aaatgtgatg
ttggaaaata
tacttatatg
gaggtcagcc
ttgctgctgc
tcccatctca
ctctgagcat
ttccctagat
gtgtgtggat
agatcgccct
tcctgagccc
taagtcgtat
tctcttcctt
tcaaacatac
caatataatt
ttaaattgga
atatatatga
tgtagcccat
cctcatcccc
cttctaaggt

ttga
tgaggagtag
tgtagtttgg
aaatacaggc
accccatcta
aaagacagtt
ggatgactag
ttagtcaaaa
tcattaactt
tatatgtgat
tgtaagtata
tatgtgttaa
tcaggcattg
ataggcccat
ccgaaggaac
ctgaactctg
acgcactcat
atgactatat
tcaggtagaa
tcgtggcaca
ttaaaataaa
gccctcctgt
ttgaattctg
ttctaagaat
agtattcaac
aattctggtt
gctggtttat
ctgtctgctt
cgctatatat

tgtttctgaa
gccagtgtgc
tttttgtcgt
agcagtgagg
aggatactct
taattcaacc
aaaggatagg
aaaatttttt
taaaataata
gtgtgtatgt
aaatgacata
atgtgtgcac
gtcctcatcg
ccagctgcct
agtggtgaga
ggcctcaaca
gttttatttt
gcaggtgagt
gtgagccacc
cagacttcta
tatgctgtga
aagcatttac
aaataacagt
aataccaagc
ttgtattatt
tggtttggtt
gattctccat
cccgagtgct
agccatgctt

ttgatcaatt
ttgtttttaa
ccccatctga
ttagttgatc
tttttttttc
tgaacttact
ctgctgtgct
ttacattaac
ttatcataaa
tcactaaact
tttatctgta
ctgcatgcca
tccatcccgt
gtgagcttct
tgtgagctac
tggacagcaa
attaggagat
tcaggggcca
tgaaaccagc
gtacatgttc
aacttaattc
aaagaaatat
ctacaagagc
aaggctaatt
atatcttatt
tggcttggtg
ggacctgagg
gagtgccacc
ctgggccttc
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10261
10321
10381
10441
10501
10561
10621
10681
10741
10801
10861
10921
10981
11041
11101
11161
11221
11281
11341
11401
11461
11521
11581
11641
11701
11761
11821
11881
11941
12001
12061
12121
12181
12241
12301
12361
12421
12481
12541
12601
12661
12721
12781
12841
12901
12961
13021
13081
13141
13201
13261
13321
13381
13441
13501
13561
13621
13681
13741
13801
13861

aattcttgaa
tctccagtat
ttttgtttgt
gctctggctg
tcaaatcagc
catcaaagaa
atgcttttgc
tttat.c'ccca

aataacttgg
ttatttatgt
ttgtttgttt
tcctgaaacc
tatatgagat
gaaatgagtt
tgttgatttt
ttaacattta

gctatgatat
gctggtgcat
gttttgtttt
cactttgtag
ttagggttca
cagaatgtag
attttgagca

aaaggcagac
gcatttgtat
gttttgtttc
ataagcatgt
tattgagacc
taggaaagaa
aagtgttagg

atttcccctt
gcataattaa
tagagacagg
tttcaagagt
gctagttggg
aacagtctca
gtagaatgta

aaatagtgtg
gtgtgttttt
gttctctgta
gctttaagtt
tctaacacag
aagatcatgc
attactaaca

ttacaggtag
aattctttca
gaatgaacaa
ggaaatgaaa
gggctgcctg
ccttgactaa
actgttcgtt
tcctcacaga
aagtagtttt
cgttaacaat
ctgtctgtaa
gacctgttat
ttaaaatatg
tttctatata
gagagagaga
ttaaggacta
agatagcatg
ccaagagttc
actggtatat
taaaaccata
atatctagag
aatttaattg
atagaatacc
tctcaatgca
cacttcatat
tgttggtgca
tcgtcagata
agaataaatt
gagagctttt
gtggataatg
agaattttta
aatataaggt
acactgtagg
tgaattctta
tatctagaca
gtcacagtta
atcagagttg
tttagttgta
attagttaca
ctaattaaca
tatagaacga
ccatggaaag
gcctgggaca
tgttagggtt
atataagtgt
tgaaatggta
aaataatttt

ctataaatag
acaaattgct
taaaccacgc
ttaaagatgg
actgaacttt
actgtgtgtt
ggcattaagt
ccagttctat
ctataacttt
atgaatgtat
tcctgctgcc
tttaaaaatg
gtaatggaat
tatatatata
gagagagaga
tgattgtatg
gttttttcaa
tacatcaaja
ttataaagat
atatttacta
gacagaacat
tatcaatctt
tggattagcc
tggaagtatg
ccctctggca
agtatgcatt
aatgccagct
atatactgaa
caagatagct
ctagtatcac
agtgatagga
gttacacaat
ttttatgtat
gtaatgagag
taggttgcaa
tttctattcc
cagggctatg
ttacctttgt
agggagatat
tcctttctta
agaaatgcct
ttgccacttc
tgagcggctc
ttgctgtctt
atgacaactt
caatgattta
acttacctat

acttgatcta
tgtatctaaa
attccttttt
agtggtagga
gctgtatggg
tgctttatag
gcattaggat
tttttccagg
tcttaaactc
tttgtcagtt
tgtcttttga
cagatcctct
ttatacatta
tatatatata
gagtaaatgt
tacctaaaac
agcagttggt
tattgttcct
cctaattcat
cataaattga
atagggttaa
taaaatgtac
ataatgaaag
tgtaaattgt
cctctgctcc
tgacatcaca
tgaaagctcc
gccttgtcct
tctagtggat
tacattatag
aaagatttac
ttgttttgtt
aagacattgt
tgataggaga
atgtaaaagc
attagtaagc
gatgtgacta
gaatagtctt
gacatgagta
tcattataaa
acttctgttg
aaatagtctt
tgactgtagt
ccattacgtt
tgataattaa
tacaaaacca
gttaag

tgttataaaa
atttaaaagg
acattcatga
agcacattga
agcttcctac
tttactggga
ctcctattgt
agatactact
acaaatacta
tttgaaattt
taccattttt
tcagttactt
gttgccattt
tatatatata
taattgtgat
aacatgttaa
acttagtatc
acttaattct
gtttttccag
gaattgaaaa
gttcttacag
cattgtttta
aaggcctaca
taacttgaga
cctgaacaaa
gtgcctgccg
tccaacaatc
tgtcatagtg
aatgctagta
cttctagacg
attaactagt
cctgctcaaa
aagtaattga
cttgcatgtt
ctattccaag
caaggtagaa
cagtagatcc
tagagttaat
tgtcagcaaa
cattgcatta
tttaaggtcc
tcagtggcag
cctcaataca
ctcaatggag
atgcattctt
tagacagtaa

tttgagcact
ttgagtaata
gtactgaatc
cccttgagac
cctttacagt
gtaacattta
agtagtataa
actaggtagt
tcatctatat
ttgctttgct
tcaatatatt
ttcacaagat
accatatttg
tatatagaga
tggctattgc
gttttcttct
ttattagaag
cacctgtcac
acagttaaga
gtagtcacta
aacacttccc
gtaatattct
aggtacttat
gctgccattg
gcatgccagc
cttctaggag
actgagttgt
tgctgctgta
tcactacatt
agggaaatct
aaaatctacc
ttaaatatga
aattgtgatt
caacagtata
ctcgtgatca
aatgcattca
gggagtcaga
cctaagtttt
cttagataaa
tcttgtactt
cagcagagat
ggaatggctg
ggaaaccaga
aaactatttt
atgatttaat
tttatttaat

ggctgatctc
tagaaatgaa
aaattggaat
aaattaagat
tcagaagtgt
gagtgaggtt
aatacgagtt
gttgaaagca
aagattgctt
acttttctca
ttattcttta
agaaagcttt
tctattataa
aatctttttc
gagagagaga
tctcaaaaaa
ttgtagtgaa
tggaaaatga
ctgtgtgggc
acagatcttt
aaaatgaact
aaagtaatcc
gctgtgatag
gatcatagtt
ggtctgcggg
ttgttactca
tacctttgta
acttctttga
tttaggacct
gtagctacta
tgagggtaag
acatttagtc
agtccactta
atactgtggc
tatgcagaca
agtgtcagaa
ctagacgggg
ccatacagcc
aataagtgac
ttgtcagcca
taaatgcatt
tgcagagctc
tagaaggtgt
agaaatgatt
tagttttagc
tagtgtgccc
gactgtgcta

cttcgttgac aagtattgaa aaatttgctc atgttatgcc
ctgaaggtat ttaagatgag tgtcagataa cctgtgtgac
agtagttctg tctgtcaggg tgaagctgga agtataggac

taagttac
ggtcttttaa aatttgtctg
cttcactcat gcgtttgctt
actgcacgca tggcacagag
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13921
13981
14041
14101
14161
14221
14281
14341
14401
14461
14521
14581
14641
14701
14761
14821
14881
14941
15001
15061
15121
15181
15241
15301
15361
15421
15481
15541
15601
15661
15721
15781
15841
15901
15961
16021
16081
16141
16201

tgctgggcac
atatttttat
gaacagttta
ttagggtgta
ctacatctcc
ctacagaaag
tgattggaag
gtggctcagt
accctgtaaa
aaggaaatcc
tgaaaccgcc
cgctgatttt
aagtgaaaag
gagaggcaaa
gctagcctgg
cggctcatct
gcaccctagt
ttataagtgg
aattcacaac
tatatttgct
aaattgcaga
ccagggcctt
cctgtatgtg
attataatta
ttattggcaa
ataagtttca
gctgtta

tgacagcagc
tctgcaagaa
ttatattttt
atttctaaat
attcagactc
cacagtttgt
ttaactgaac
ctgttaactg
aagctgacac
tcgggcttgt
tgactcaaaa
catgtgcacg
aaagcagaca
agcaggggat
gctgtatgca
gaatgtttag
gtgctttctg
cacttttccc
actaagttaa
tttacctttt
catgattctg
agggttagca
atccccagca
ccaaaaccag
taaggatctt
tttctttgtg

agtaaagaag
tttcatggta
aataaacact
gtaattctga
tttatagtaa
aataacagag
aaagtcagca
tctatgagtg
aatggtgctt
tgactgtcca
cgcagggtga
catccacccg
gagctcagca
aaaagtgtgg
gtccagttta
aaagtctgta
ggttttttaa
atgtggtaat
agaattttta
ttcttcaata
ttctatctct
tacagctcag
ctgcaggtaa
aaaattgatt
ttcacattct
acttcaggtt

gagaatcacc ataaagacct
tttttatcat ctcaccacta
gtatcttact
ttcatgaaat
taagtcactc
ggcttgagtg
gagttgtacg
agcttgaaga
acctagaact
gtcagatgaa
gaaagactga
tgtgcacaca
cactttaatg
tatgatccta
tttgtgtgtt
aacccttaga
ttcatgtcaa
tgtaggtaat
catattcttt
cacattttta
aaacatatca
tgctggagta
acaatacgta
tgacacagta
cactatttca
ttatttacgt

acaattatac
agctttaagt
acttcagttt
tctttaggat
ataggaaggc
cctgagctca
gtcgtgttgg
ttgataaggt
ggaagatgtc
cacaggaccc
tgtttgtaat
agctctgtag
tatgggcagg
ctgtgaggct
tacttttttt
gtttgtcaag
acataggtgt
tttttcaact
gcacccatgt
ttctctcatg
agcattcttt
ttgtctctgt
agaacgtcac
ttgtactttt

attttttcac
tttctgccat
accattgttc
ttttgcataa
tctttcctcc
tggggttagt
aaaggaggag
gatgcccagc
ggagcagaga
tcaggtccag
ccaatatcaa
cacacagtta
cttgacactt
tggggttgtg
ggtaggggag
actcactgat
tatctcacta
ttattgctaa
ttaatttcat
atttcaagat
ttcgttaatc
tgtgtaaggc
tataaatcac
tgaattgtat
tattggaaaa
gtttctatgt

atacaaaaca
ttgattttta
aatactctgc
gctcacaatg
gaattaatag
tacagaaatc
acagagtcag
gtgtcgtagg

jtaatg
ccgctgggat
tatatttaat
tgatttctag
tagtggaaga
taataagtat
aagcgggata
gtgcaacctt
gatcctcctg

agacagctgt
atgatagaac
ttgttttgaa
gactacagag
gaaagaagat
aagtcaataa
gtttgaggaa
aggcttgtgt
cctggtctgg

tgcttaggtg
atttttaacg
ctgtaacata
aattattata
agttgaaaag
ctgacacagc
agccaaatgg
agcagacctt
aaaaaa

ccggaaaggt
tagactttat
ctcagaacac
agaaattcta
agacgattgt
aaagcatgtc
agcccgaggc
tgctcaaagc

taaattagtc
agaaagaata
atgatgaaca
cccttagcat
cataaagttt
atttgagcct
ttgcccgttc
acggacagga

ATP Synthase Coupling Factor 6 Exon
Gabpa Exon
Start Codon
Predicted promoter region
CpG island
Gabpa Exon la
Gabpa Exon lb
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GI:27960444 Mus musculus GA-binding protein alpha-subunit (Gabpa) gene,
exon 6.
Length 1179 bp

1
61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141

ggggaccgtt
gtacacagtg
aagagtgagg
tgctacaaaa
tactttagct
attccagact
tgagaaatgg
tagtgtgctt
tgagaaatta

gagtgaacag
accagcttgt
ctagctccct
taatattttg
gtcatttgat
aagtgatgta
agaaagaata
cacttgggaa
actgtaaatg

gaagctagca
tagtgggagg
agtataccag
agcttgggca
gcaccaggga
gaaccaagtg
gagggaaaaa
gtcgcctgtc
tatctaagat

tgccatatca
gatgggaaag
gtaatttttt
gtgtcctcca
acaattttat
actcctggtt
ggcagcatca
tggggtgtat

taagtgcccc
agtgcattgt
tcaaggcacc
gtatctccaa
agttcgtttt
cattcttgga
gcatgaagct
atgtgtatat
taaaggtaat

ccaagcgtga
acacaatgcg
aactctacag
ggtaataata
tcatgacaaa
gacgtgagat
cttcacaaat
atgtgtgtac
atttttcttt

gcttaatttt
aagctatagt
acctatagta
tttttttttt
tagacatagg
tctcgtgttt
tcctcttgtg

Gabpa Exon

atttttgtaa
aattaatgtt
atgccctaga
ttttgggagt
gaggatccaa
gggtatcttt
agcttggcta

ctttgttttt
gtcataggcg
ctcttactct
ttttatgtga
actaagatcc
ttgagacagg
gaactgaagl

attctgttaa
gtatgaggtg
cccccccccc
gactgcggct
taacctaggc
tcttgctata
catgaaagt

ttgttaatat
ttcttatgta
ttttttttct
gtaagatccc
ttatcccacg
tggctagcct

aaa
gcagacactt
ttatctcagc
ttcttttttt
tgcaggtggt
ttccaaggtc
caactcagga
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GI:27960445 Mus musculus GA-binding protein alpha-subunit (Gabpa) gene,
exons 7 through 10.
Length 4922 bp

1
61

121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161
2221
2281

2401
2461
2521
2581
2641
2701
2761
2821
2881
2941
3001
3061
3121
3181
3241
3301
3361

tcaacttaag
tctctcactc
tcttcttgga
gtttcaatag
gagtteiacaa
aagattcttt
aagtctatgg
gtctcctagg
taatatatat
aaggctgtct
gagaatgaat

HHHMB
agaaatgttt
agaggacgga
aaactgagaa
accttaagtg
gatcactcga
agtagcatgt
attctaccct

agacccaaag
ttctcagctc
gtcccagtct
atagactaga
tggcatttgg
tcaggtctgt
ctgtagcaaa
acagctgata
cttatttact
ttgctaaatt
gttttgtgtt

Mxmmmm
ccttattaga
agcagctgaa
ctgattagcc
ctgcagagcc
tagacttagc
ctaaaaatgc
tccatttcaa

aaatttctat
ttgcaactca
tatgagccac
tgtctgaagt
tctgggaaga
tagtcagggt
agtcttccat
ttttaatttt
tgttttactg
catttttaca
cttcagj
jgtgagtattc
tagcttcaag
ctgagtgtgt
tcaactcttc
atggccatgc
tttgatgctt
tgcaaatttc
atgagctaac

ctggtaggtt
aaactggacc
ccagtccgag
gctggaaact
ccagatagat
tctctaagga
tgagagcagt
aggagtatta
gttttgtttt
rtgttgqqqa

HHHHHi
attcctgtag
ttcaagcttt
tggctttgct
tttcagggtt
acatgcttga
gcaactcggt
actagattta
ataatcgcag

tcagacttca
caggcaggac
ggtgatgacc
gggatattga
acttactgag
acagagctaa
cttttaaaga
tcgcactaag
taaccatgga

agtgcgccca
cagcagaatt
tgccctgttc
tgatttctac
ggcttgctct
ttcattcatt
agatggtatt
gaacgtcayt

tcttactteig
tcccttcgag
aacaggttca
atatgtgaag
gcttttgtag
cagaatgaac
tgactaatca
tttcagttgt
gcttttttta

aaat

cttaccagga
ttctgactac
ctctctcgct
aaactatgcc
atgaatcctt
ttgactgctg
•aacaatttct
tttattgatt
ccttttac

tacttttgca tgaactggtg ttagtaaact tgtcgattta
gatatattct aagttggact agctctctgg cagtgttaag ctaatattta taaattgaga
agtttgtttt tgctttggtt gagattggac cagagggctt gtgcactgcc tttacctgtcj
ttagcttcta acatgaccta tgcttattct gcttacggat ttac

agaatttgtt
atataaacct
tgtgtgagcg
ttttcacccc
ctagccggct
gcatttacaa
agctgtgttc
gaactcagga
agccccttta
agagtttttc
tttatttaaa
ttaaattttt
attcatgaat
atctgaatat
agtggaaaga
ccagaggtgt
taccaagcaa
tcctaaatca
gtactcaagt
ctgcgttcaa
ttaggatagg
tgtgaatgtg
gtatgttcct
gcttgtgttt
gcagtctgtt
tgtgtgtttc
tcacaaaggt
ttctgtatgg

ttttgtcttc
ggtagttaat
tgtgcacgcc
agagcctgct
tcaggttcac
gatttattta
agacccaggc
cctctgcgaq
aaaaattttt
ttacaatttt
gtgatttaaa
tttttagttt
tcctattttg
ccaaaagttg
cctctactcc
gccatgcagg
cttttcttag
gaaaccatcc
atcaaagagg
aggacatgtg
aggggtctgg
gtcacttacg
ttaaggaaaa
atacttttag
gttagactga
ttctatctat
aagtgggggc
tatcatgtga

taatatcata
gaaagtaaaa
gtgtcagtgt
gcccagctga
acacacacat
caagaattta
ccaggagatg
agccagcagc
ttaagttaaa
gaggtgcata
agtatatcat
gcattacaaa
gcaattacat
aacttggaaa
tgagtgttgg
attctgtcca
tagaccacaa
ctgtatccat
aactgctgcc
tggtcactgt
gttcaaagga
ataatttgat
aaaatacaga
attaaggatg
gtgagaactg
atggtagagc
atcatgtaac
tgtgtgctcc

cttctctaga
tactttaaga
tggttgctga
atctcttctc
atatataccc
atttacagtt
cctcccatag
cagtgctgct
tgttttatgc
gacctttata
ttttgttcaa
gatgctgttt
ttacagtttt
gatttcccct
tgaggctatg
gggtggattg
gcagacatgt
cagcagacaa
tctgatgaca
agaacatagc
ctgtaaggta
aaactaggaa
gaaaagcagt
cttggtaaag
aatggtgaat
tcaaaatgtc
aacatagggg
agactgaaga

aatgtagctt
ttgtgtgcat
ggtggctcag
tgaacccaca
agagaaaaaa
atttatgtga
acatggttct
aacctctgtg
attatgttaa
aaaagattgt
aaccaatctt
acatattgaa
atcattctac
agttcctttg
ggagtgcttt
caatttctgc
ctgaatgtcc
acgagtgaag
gtacagagtc
tatagcctga
ggtaactgta
aagcaaacta
ggagttctgt
gacagagtgc
tggcatttct
agaggtttta
gagaacgatg
aaggaagtat

cttattcttg
cccgcatgca
tgaacaaagg
tggtaggaga
cagagaacgt
gtacactgca
gatgggactt
ccatctctcc
aaattactta
tataagatta
cttattaatc
tatatattaa
atctgcctaa
gataatctt.a
tgcactgtgg
cctgctaagt
atacacagca
cagttgtgat
caaaaggggt
gtgtattcac
ggatagagct
cagcatttat
cttgaagcaa
tcagttattg
aatgttaatg
aaaactagtt
cggctcctgc
tagacctggt
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3421
3481
3541
3601
3661
3721
3781
3841
3901
3961
4021
4081
4141
4201
4261
4321
4381
4441
4501
4561
4621
4681
4741
4801
4861
4921

gaaaagagag
tttgtgtgcg
gtcctaattg
atcataaact
tttctgttga
atagagagtg
gacagtggtg
gaccttagag
caagccttta
attagatttt
tctggattcc
agctaagcac
tttaacctca
cacagaggca
tgtcttctct
gtattttgaa
aatgttctag
tggattcaga
aactgttcat

agagagagtg
cgcggtgcat
cattctagaa
tatattttta
tgtgaagtct
tagtaaagta
ctgcttcatg
ttattctttt
tataataaat
atataaaaca
tgttaacata
tttataaaga
ttttctagat
gcaagtgagg
ttagtaattc
agtttcatat
agtttgattt
actctgctag
ctttacgagg

tgtgtgtgtg
gcaccctttt
atatgaaacc
aactgcatga
gatgtacaaa
gtctagcgta
atgcctgccc
gggaatccct
ggaagatgaa
aaagtggact
gcttatattt
ttatccctct
gaggaataaa
ccttgcggtg
tgttggtttc
ataagattct
gtaatgtgaa
gtcttctgtt
tcctgatgtg

tgtgtgtgtg
ttcttttacc
actttttttc
caagtagttt
gtagctataa
gcctccgagg
ttccctcttt
cgtggtttgg
gatatttctt
tcacaaccaa
tatagagagt
attcaacagt
ggattaaagg
tatctctgac
taaagcaatg
ggagtagtga
atactgtgac
tgcagaaaag
gtttctcttt

tgtgtgtgtg
aagaaatgac
cttttcccaa
agtggttagt
actcggctgc
ccgctctgca
tcctggagcc
agaatttctc
tattgtatta
ccatctgtaa
taactgtggc
tctatgaggg
aactaggatg
tttccaaggc
ttatcagagt
ggactgaagt
gtcaatgtta
tctaaaaagt
ttaaagl

tgtgtgtgta
gattacacca
atcftctattt
caattcaaat
ttctgcctcc
gtgcgggcta
tgtttcttct
caaaatgtgg
aatatatcat
ctttttgtta
agtcattgta
taagtactgt
gtcctgtggt
tcttttgttt
tgttaaaaat
tttggtgagt
actgttgtag
agggagtaca

Gabpa Exon
tga Stop Codon
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[tg
ttccggggct
gctgcgactc
aggctgtgcg
gggacgcggc
gcacagcccc
tcagccatcc
ggtgcaeivcg
caagtgaaaa
gggttggtgt
acagcataga
aatccttagg
ctgttcagcc
caagtgcgca
cactttct

agttgcggac
tgtccccccc
ccatttccgt
ggaagccgag
ggagtcgccc
gggcgctccc
ccgcactagc
ttcaaatgca
gttactgtac
agtgcagtga
gaatggtgcc
taggccagtg
tctggaatcc
tgcgcacctt

gcgggctggc
cgcggccgcc
tcgtggagac
gggaggggcg
gtcgcacggg
gggtctctcg
agtaccgatt
ataggaatga
cttgccaact
acacaacgat
agcgcatcgt
agatggttcg
agatggaagg
ataagtggt

ggggagcgcg
tctgtgtttt
ttgagggagc
cggggagcgg
cgcggtccag
ggaagatgcc
gcccttctgg
cctttctggc
tcccccactc
ggagtttagq
ttcacgatga
acaggtaaag
aggagagaac
tctgggtacg

ggcccgcgcg
gtttccgctg
ctggtgggga
cgtggcccgg
gctcggcgcg
agacctgtct
aactgtccta
gtcttttccc
ctccccccga
ggattccacc
caaacagtca
gcacttgctg
tgtctgctct
tgtaagtttg

ggcggcctgg
ggtccccggc
ggggcgggag
gccgcgttgc
ctggccgagc
gtcacccgag
gagtcgcatc
cgaaagatgt
ccttttttgg
cttagggtcc
tttgaaacta
ccgagccaga
ctgacctcca
tgttgggtgt

Unpublished Mus muaculus GA-binding protein alpha-subunit (Gabpa) genomic
sequence, exons 1 through 10.
Length 26595 bp

1
61

121
181
241
301
361
421
481
541
601
661
721
781
841
901
961

1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161
2221
2281
2341
2401
2461
2521
2581
2641
2701
2761
2821
2881
2941
3001
3061
3121
3181
3241
3301
3361

tacctggatg
cttggggata
tgaggagccc
acctacagga
gaggtttttt
gaacgctgat
cttctggctc
ttgtctccct
tcagtatcca
cccaactggt
ctccagttgt
ggcctaggtc
tagttgactc
tccatgagac
cagcggctgg
gcagagcatc
atagatggat
gtgtggagag
ccccgaagtt
gttgatagtt
atctattcca
gaattttaat
ccatgctcaa
tttgcttttg
ctcctgaggt
tagccttgga
tctgagactt
ggttcactca
tttccctctc
tctggtcttc

ccaactggat
catagtcgtg
aggggggcca
ccgaaaagag
gggggagtga
gcacctccca
agtttttaac
ccctgtcctc
tcctaggaca
agtccagtta
tagggaccga
cagcccctgc
tggaggtctt
tccctgagct
gatgaagcct
atggttttaa
atgccaacct
ttacgtttac
ttaatttact
tgtcttagcg
cttattagtc
cattatgtaa
cttcaggttt
gtagtgactt
aattgttgtc
ggattctagc
actgctgaat
gctgttctga
agcttctcct
tggcttctta

ttttagcact
ttacgtccat
actgagtcag
agtactggat
gaatggtagt
ggggatttca
ctgcctccca
tttttaaaaa
cccctcaccc
tccagtcaca
agggaacggg
cgtgaagacc
ctgtgctttg
ccttaacccc
ccgctgatgt
ctcaggcgac
cttctaatca
ttcccgaatg
acttcatttt
ttagttggag
cccccccccc
ccttgtcact
tcaaaatcaa
gaatccaagt
ggaattaact
tcagagggtt
ctctgcacag
aaactcatcc
acagctcaaa
gaggtccctg
ctctgcagcc

tcttttttct
tttatctttg
ttcagtaagt
tcatctgagt
tttgagaact
gacagggttt
agtggtggga
attaatgaat
cattactcct
gtaggcctaa
atccattgcc
aagttgcaca
gtgggtggtt
tccaactccc
ttggctgtgc
agctatgcta
gattgggttt
ccgactgcat
ggaatgatgt
tttccttttt
ttttttttct
ttcaggcatt
atttctagct
tgcttttaat
tactgattta
actgcctctg
tctttatcta
tttctagctc
ctcctcacca
ctttgcctca
tgttctgtct

ttcttttgta
ctacaagtac
actgagtgcg
ctctggcaac
ctcatgctct
tcctgtgttt
ttaaaggcat
tcattcactt
tcgaagggga
gcctgscctc
aggctcagag
tctgctgcaa
catcttccat
tcattcccat
gtctctgcat
ggctcccato
ctgtcctttc
ttcctaggca
ccattggtgc
ctgtgctgtg
atcagttaat
gtagatagct
aaacaagttg
caagttgatg
gactaggcca
tctgctaact
ggcctagaat
tctctgagct
tgataactga
aagtagctct
ttgcctatgt

tttgtattac
agacgcgtaa
gtagtaaggt
tgtacaacaa
tccccagaag
ggctggcctt
ggaccactgc
tatatcccaa
aggcccccct
tccactgagg
aaagcctcca
atgtgtaggt
ggctccaggt
ccccaactcg
ctgtttccat
tgcaggcacg
ctcatgagac
atgcaatgcc
tttaccaata
ctttgccagt
tgaagattta
tttgtaactt
taatcgatcc
gtagctttta
acatgtaatt
aacctaggcc
gttttcagcc
ctggctggct
ttcagtctgg
agcaatctgt
ctatcttgtt
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3421
3481
3541
3601
3661
3721
3781
3841
3901
3961
4021
4081
4141
4201
4261
4321
4381
4441
4501
4561
4621
4681
4741
4801
4861
4921
4981
5041
5101
5161
5221
5281
5341
5401
5461
5521
5581
5641
5701
5761
5821
5881
5941
6001
6061
6121
6181
6241
6301
6361
6421
6481
6541
6601
6661
6721
6781
6841
6901
6961
7021

atctcttcaa
gtgcactgcc
ctttgtctgc
acaactttac
ctaaaggaat
sgtaaatgac
taatggagtc
tgtatgtgag
tctcttgcag
taacatttac

cctggctata
tttttcatga
cactgtatta
ctccattgtt
taaagctcag
tcacagtatg
accatctcag
cttttacata
atcatttttg
ctcttccag]

gctgtctttg
gcgttgggca
gacatcactt
tggattaaag
ggctgagcca
atcaaatatc
gctaacagat
tagagagtac
tttgtataca

taaaactgtc
tgtactctgt
acaaacatgg
gtgtgtccta
cactacaact
ctgaacacca
gccactctaa
ctctctccct
tgaagtttaa

tcctgtcttc
cagatctttc
gtgcttccct
agggcatgcc
agatacagcc
acaagttcca
acaaactggc
ctgatgtaat
aaaacaaaac

ttttcactct
tgattcatca
ctacgaacta
tttaatcctg
cctcccccca
atccatagag
ttataaatgt
tcagttttgg
aaaaactctt

gttgatgt
ggagtaggcc
agtttggttt
tacaggcagc
ccatctaagg
gacagtttae
tgactagaaa
gtcaaaaaaa
ttaactttaa
atgtgatgtg
aagtataaaa
gtgttaaatg
ggcattggtc
ggcccatcca
aaggaacagt
aactctgggc
cactcatgtt
actatatgca
ggtagaagtg
tggcacacag
aaataaatat
ctcctgtaag
aattctgaaa
taagaataat
attcaacttg
tctggtttgg
ggtttatgat
tctgcttccc
tatatatagc
ggcagacatt
tttgtatgca
ttgtttctag
agcatgtttt
tgagaccgct
gaaagaaaac
t

ttctgaattg
agtgtgcttg
ttgtcgtccc
agtgaggtta
atactctttt
ttcaacctga
ggataggctg
atttttttta
aataatatta
tgtatgttca
tgacatattt
tgtgcacctg
ctcatcgtcc
gctgcctgtg
ggtgagatgt
ctcaacatgg
ttattttatt
ggtgagttca
agccacctga
acttctagta
gctgtgaaac
catttacaaa
taacagtcta
accaagcaag
tattattata
tttggtttgg
tctccatgga
gagtgctgag
catgcttctg
tccccttaaa
taattaagtg
agacagggtt
caagagtgct
agttgggtct
agtctcaaag

atcaatttta
tttttaacct
catctgactt
gttgatccgt
ttttttctcc
acttacttaa
ctgtgcttat
cattaaccaa
tcataaactt
ctaaacttca
atctgtatgc
catgccagaa
atcccgttta
agcttctggg
gagctaccat
acagcaaggg
aggagattta
ggggccagca
aaccagctcc
catgttcttg
ttaattcctt
gaaatatgta
caagagctct
gctaattata
tcttattaat
cttggtgttg
cctgaggatg
tgccaccatc
ggccttcaat
tagtgtgtct
tgtttttttt
ctctgtagct
ttaagtttca
aacacagcat
atcatgcatg

atattatcaa
gacctcacag
cgtagctcag
atcacatggt
catttaagtg
caatagttat
agccaaaaat
gtataatatt
taaatgtttt
taagtatatc
acacttacac
cacgcatgca
gacaggatct
gagtttcctg
acctgacttt
ctctgctact
gttttaattt
gggcagaagc
tgtccctaag
ataactttag
aaatactact
caattactta
aagtaagttt
agtggttagt
tgattagtag
attttgataa
gtggatgatc
ccaacaaagt
tcttgaaaat
ccagtattta
tgtttgtttg
ctggctgtcc
aatcagctat
caaagaagaa
cttttgctgt

gtatgccacg
tttagaggac
agaggaaggc
tacagtagtc
ctggtgactt
ttatggataa
atgccaatag
attctaaaat
aagaaaaaaa
attatacttg
atttatatac
gaggtcagag
cctgtgtttg
tcttgtctcc
ccttgggctc
cagctgtttc
taattatgtg
tttatgtaga
gctctgctcc
agaggcttaa
tgttcagtct
tcaagcv.tca
tcagagacaa
atttatatta
aaatgatata
gggctcatgt
ttgccctcct
gtgcagactt
aacttgggct
tttatgtgct
tttgtttgtt
tgaaacccac
atgagattta
atgagttcag
tgattttatt

ttacagctga
tacatattgt
atttctgaaa
tgcacccacc
ttatgacaaa
ctgtagagga
tcctcactta
aatattatca
tgtgatgtat
gaaaatatgt
ttatatgtat
gtcagcctca
ctgctgcata
catctcaccg
tgagcatctg
cctagatacg
tgtggatatg
tcgcccttca
tgagccctcg
gtcgtattta
cttccttgcc
aacatacttg
tataattttc
aattggaagt
tatatgaaat
agcccatgct
catccccctg
ctaaggtcgc
atgatataaa
ggtgcatgca
ttgttttgtt
tttgtagata
gggttcatat
aatgtagtag
ttgagcaaag

tataaaattt
taaaaggttg
ttcatgagta
acattgaccc
ttcctaccct
actgggagta
ctattgtagt
tactactact
aatactatca
gaaatttttg
cattttttca

jtaaggc
gagcacttag
agtaataaaa
ctgaatcaaa
ttgagactca
ttacagtgag
acatttaaat
agtataagtt
aggtagtaag
tctatatact
ctttgcttta
atatattaga

tgatctctta
aaatgaaaat
ttggaatgaa
ttaagatgga
gaagtgtggg
tgaggttcct
acgagtta^t
gaaagcatcc
attgcttaag
tttctcacgt
ttctttactg
aagctttgac

caggtagcta
tctttcaaca
tgaacaataa
aatgaaatta
ctgcctgact
tgactaaact
gttcgttggc
tcacagacca
tagttttcta
taacaatatg
tctgtaatcc
ctgttatttt

taaatagact
aattgcttgt
accacgcatt
aagatggagt
gaactttgct
gtgtgtttgc
attaagtgca
gttctatttt
taacttttct
aatgtatttt
tgctgcctgt
aaaaatgcag

tgatctatgt
atctaaaatt
cctttttaca
ggtaggaagc
gtatgggagc
tttatagttt
ttaggatctc
ttccaggaga
taaactcaca
gtcagttttt
cttttgatac
atcctcttca
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7081
7141
7201
7261
7321
7381
7441
7501
7561
7621
7681
7741
7801
7861
7921
7981
8041
8101
8161
8221
8281
8341
8401
8461
8521
8581
8641
8701
8761
8821
8881
8941
9001
9061
9121
9181
9241
9301
9361
9421
9481
9541
9601
9661
9721
9781
9841
9901
9961

10021
10081
10141
10201
10261
10321
10381
10441
10501
10561
10621
10681

gttacttttc
gccatttacc
atatatatat
ttgtgattgg
atgttaagtt
tagtatctta
taattctcac
tttccagaca
ttgaaaagta
cttacagaac
tgttttagta
gcctacaagg
cttgagagct
gaacaaagca
cctgccgctt
aacaatcact
catagtgtgc
gctagtatca
ctagacgagg
aactagtaaa
gctcaaatta
taattgaaat
gcatgttcaa
ttccaagctc
ggtagaaaat
tagatccggg
agttaatcct
cagcaaactt
tgcattatct
aaggtcccag
gtggcaggga
caatacagga
aatggagaaa
cattcttatg
aca

acaagattct
atatttgaat
atagagagag
ctattgctct
ttcttctttg
ttagaagtgg
ctgtcacctg
gttaagaaca
gtcactaaaa
acttcccaaa
atattctgct
tacttatgat
gccattgggt
tgccagcttg
ctaggagtac
gagttgtact
tgctgtattt
ctacattgta
gaaatcttga
atctaccaca
aatatgaagt
tgtgattata
cagtatatat
gtgatcaagt
gcattcacta
agtcagacca
aagttttaat
agataaattg
tgtactttaa
cagagattgc
atggctgtag
aaccagaaga
ctatttttag
atttaattag

attataatta
ctttttcttt
agagagagag
caaaaaatta
tagtgaaaga
aaaatgacca
tgtgggcact
gatcttttaa
atgaactata
gtaatccaat
gtgatagata
catagtttct
ctgcgggcac
ttactcatgt
ctttgtatcg
tctttgaaga
aggacctgag
gctactagtg
gggtaagaga
tttagtcaat
ccacttaaca
ctgtggctga
gcagacatat
gtcagaagtc
gacggggatc
tacagccttt
aagtgacatt
tcagccacta
atgcatttat
agagctccca
aaggtgtgcc
aatgatttgt
ttttagcata
tgtgccctga

aaatatggta atggaattta tacattagtt
ctatatatat atatatatat atatatatat
agagagagag
aggactatga
tagcatggtt
agagttctac
ggtatattta
aaccataata
tctagaggac
ttaattgtat
gaatacctgg
caatgcatgg
ttcatatccc
tggtgcaagt
tcagataaat
ataaattata
agcttttcaa
gataatgcta
atttttaagt
ataaggtgtt
ctgtaggttt
attcttagta
ctagacatag
acagttattt
agagttgcag
agttgtatta
agttacaagg
attaacatcc
agaacgaaga
tggaaagttg
tgggacatga
tagggttttg
taagtgtatg
aatggtacaa

agagagagag
ttgtatgtac
ttttcaaagc
atcaagatat
taaagatcct
tttactacat
agaacatata
caatctttaa
attagccata
aagtatgtgt
tctggcacct
atgcatttga
gccagcttga
tactgaagcc
gatagcttct
gtatcactac
gataggaaaa
acacaatttg
tatgtataag
atgagagtga
gttgcaaatg
ctattccatt
ggctatggat
cctttgtgaa
gagatatgac
tttcttatca
aatgcctact
ccacttcaaa
gcggctctga
ctgtcttcca
acaactttga
tgattt.̂ .tac

taaatgttaa
ctaaaacaac
agttggtact
tgttcctact
aattcatgtt
aaattgagaa
gggttaagtt
aatgtaccat
atgaaagaag
aaattgttaa
ctgctcccct
catcacagtg
aagctcctcc
ttgtccttgt
agtggataat
attatagctt
gatttacatt
ttttgttcct
acattgtaag
taggagactt
taaaagccta
agtaagccaa
gtgactacag
tagtctttag
atgagtatgt
ttataaacat
tctgttgttt
tagtctttca
ctgtagtcct
ttacgttctc
taattaaatg
aaaaccatag
aac

ttatgccggt
gtgtgacctt
ataggacact
aatcaccata
ttatcatctc
tcttactaca
atgaaatagc
gtcactcact
ttgagtgtct
ttgtacgata
ttgaagacct
tagaactgtc
agatgaattg
agactgagga
gcacacacac
tttaatgtgt
gatcctaagc
gtgtgtttat
ccttagactg
atgtcaatac
aggtaatgtt
attctttaca
atttttattt
catatcagca

cttttaaaat
cactcatgcg
gcacgcatgg
aagacctatt
accactattt
attatacacc
tttaagtttt
tcagttttct
ttaggattgg
ggaaggcaaa
gagctcagat
gtgttgggga
ataaggttca
agatgtccca
aggaccccac
ttgtaatctt
tctgtagtgg
gggcaggggt
tgaggctact
ttttttttat
tgtcaagtta
taggtgttta
ttcaactatt
cccatgtttc

aagttacctt
ttgtctgctg
tttgcttagt
cacagagtgc
ttttcacata
ctgccatgaa
attgttctta
tgcataacta
ttcctcccta
ggttagttga
ggaggaggtg
gcccagcacc
gcagagaaag
ggtccagtga
atatcaacgc
acagttaaag
gacacttgag
ggttgtggct
aggggagcgg
cactgatgca
ctcactatta
ttgctaaaat
atttcattat
tcaagataaa
gttaatccca

cgttgacaag
aaggtattta
agttctgtct
tgggcactga
tttttattct
cagtttatta
gggtgtaatt
catctccatt
cagaaagcac
ttggaagtta
gctcagtctg
ctgtaaaaag
gaaatcctcg
aaccgcctga
tgattttcat
tgaaaagaaa
aggcaaaagc
agcctgggct
ctcatctgaa
ccctagtgtg
taagtggcac
tcacaacact
atttgctttt
ttgcagacat
ggqccttagg

tattgaaaaa
agatgagtgt
gtcagggtga
cagcagcagt
gcaagaattt
tatttttaat
tctaaatgta
cagactcttt
agtttgtaat
actgaacaaa
ttaactgtct
ctgacacaat
ggcttgttga
ctcaaaacgc
gtgcacgcat
gcagacagag
aggggataaa
gtatgcagtc
tgtttagaaa
ctttctgggt
ttttcccatg
aagttaaaga
accttttttc
gattctgttc
gttagcatac

tttgctcatg
cagataacct
agctggaagt
aaagaaggag
catggtattt
aaacactgta
attctgattc
atagtaataa
aacagagggc
gtcagcagag
atgagtgagc
ggtgcttacc
ctgtccagtc
agggtgagaa
ccacccgtgt
ctcagcacac
agtgtggtat
cagtttattt
gtctgtaaac
tttttaattc
tggtaattgt
atttttacat
ttcaatacac
tatctctaaa
agctcagtgc
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10741
10801
10861
10921
10981
11041
11101
11161
11221
11281
11341
11401
11461
11521
11581
11641
11701
11761
11821
11881
11941
12001
12061
12121
12181
12241
12301
12361
12421
12481
12541
12601
12661
12721
12781
12841
12901
12961
13021
13081
13141
13201
13261
13321
13381
13441
13501
13561
13621
13681
13741
13801
13861
13921
13981
14041
14101
14161
14221
14281
14341

tggagtattc
atacgtaagc
cacagtattg
tatttcaaga

tctcatgtgt gtaaggccct gtatgtgatc cccagcactg caggtaaaca
attcttttat aaatcacatt ataattacca aaaccagaaa attgatttga
tctctgttga attgtattta ttggcaataa ggatcttttc acattctcac
acgtcactat tggaaaaata agtttcattt ctttgtgact tcaggtttta

ttaggtgccg
tttaacgtag
taacatactc
tattataaga
tgaaaagaga
acacagcaaa
caaatggagc
ctttgctcaa
aggggagggt
acaagcttag
gcagaactgt
ttgtcgttcg
taaacaggaa
gatagtcggt
tcatggaaca
actgagcaag
acatctaaag
tttttggtat
agtcacaatc
tcattcacat
catggagaag
ggaaaaccag
ggcagggaaa
taagacccaa
ctatagaggg
tatgaatagc
gttgtcttag
caatagagaa
agtccctcag
gcttaagttg
gagacttagc
ccccacaaat
tttaggcttc
atcacccgag
ctgagtctta
atactgagca
gcttacttaa
atacctacat
aatagttaca
gttcatatta
tatggtttta
aataattgta
gccagattcc
aagtattaga
ggtccactcc
agaaggcagc
tgggttcttc
cttagctcgc
tgtgtgtggt
tggtgccagg
ggcatctgct
tttagcactg

gaaaggttaa
actttataga
agaacacatg
aattctaccc
cgattgtcat
gcatgtcatt
cgaggctgcc
agcacggaca
ttattctgag
gctgggatgg
tgttgattac
tgctatagca
gagacaggtg
gtctacggca
gtactgtatg
ccttccttaa
tagattcatc
gagaaagact
agttttagga
tgaaattata
aacacagtat
atgccgggtg
tctttttgag
aactaatggc
agagttatag
atctagtttg
ataagctgaa
gaaaagcatt
taataactac
tatgcgttta
ctttgaggaa
gccaagggat
tggaagctag
aagaagtgct
gctgcattcc
cgggcagcaa
agtacattta
gcagttcctt
gctacttaaa
ctatgaacca
tgtgtgggta
gttagaaatt
accatctaag
gattgtatct
tttgtttagt
tgtgcacccg
ttcgtggcct
ttctctggac
gcgatgtgta
atggacttga
tccctctccc
ctcatttgtg

attagtcata
aagaatattg
atgaacaaat
ttagcatgct
aaagtttgaa
tgagccttac
gttcacagag
ggagtgtcgt
aactctgctt
atgcgaggac
tgaagaaatg
atactgtcca
aaaacagtga
atagttttga
ctacgcactg
ccctggcctc
accataggca
ttttaaggga
ccacaaatct
atttgaagcc
taccagtttc
tagtggcaca
ctcccagtca
acagctggag
gcagttaaga
gtcatcaaag
ttgtagtcaa
agggaaataa
ttatgtattt
ccagcatcct
tttaggagcc
agctacatgc
tgtgggtagt
gagaagggaa
cacaggccgt
gagctttgag
aaacccttga
gactaattaa
gtctttgaaa
rjttttctatc
tttttagtat
tacccagaga
aacatgtaga
aaggctatcc
cttctgtcac
tccgtgctgc
tttctcatca
aacagagcaa
tggtttggtt
aacgtgtcgt
gttcacagcc
gtagaaccat

caaaacaccg
atttttatat
actctgctga
cacaatgtag
ttaatagtaa
agaaatcaag
tcagtgcaac
agggatcctc
ccatgaaggt
actgtgggat
actgagtgga
gattagcata
tgaagacgac
aactagttgg
tggtaaattc
aacgccttat
tacattggaa
aagtgttgat
caggctggag
ataaaagcca
aagacttaac
catctttaat
gtcaagactg
acagaaagaa
ctcttgagat
aattattgtt
agtgagaaca
atgaatcata
gcactgcatc
tttctaagca
ctgaggagtg
aattccttat
ttatttgacc
gaaagggcca
ctttagtagc
actgtggctc
gatcgtcttt
ttcattccaa
tattgaactc
ttgacagcag
tgcccattaa
gaagctgtac
gtctaaaata
aattctacag
aagtctgata
cgccgtggat
ctttgttacc
ggctttgctc
tgctttgttg
ccagcctaag
tgatttgtca
gagtgtagtt

gtaatgaga
ctgggatatg
atttaatttg
tttctaggac
tggaagagaa
taagtataag
cgggatagtt
cttaggcttg
ctgcctggtc
tgttcaaaca
cgagaggtct
aagaagacaa
ggtggtggtt
acattgtgga
ttgcagcatc
tgggctaatg
gcttgcaagg
agtctttgag
agcacttgac
atacagattc
cagtcttttg
tagaacaggg
ctctgcagcc
catattgaga
agaactttac
gcctctgagg
caactttgat
ttcattagaa
tggcttatgc
acctatttta
aatactgcac
gtggccttct
tgtaacaagt
tttgagatag
tgaaagctcc
agagcttcag
aaggtcctac
gataatatcc
gcaacactga
accttgggaa
cttagatact
actaatctga
aattaaaaat
taaacatatt
ctctctgtct
gaaagaaaga
ccctgctctc
tcaccttgga
tcatgctggg
tttgacgtaa
cctcccagtg
ctttggttta
agacaactgt

cagctgttgc
atagaacatt
ttttgaactg
tacagagaat
agaagatagt
tcaataactg
tgaggaaagc
tgtagcagac
tgaagaaagg
gacactcaga
ctctgacacc
gagcatgttt
tccttggtag
catgagagag
gttattaatg
atatagaaga
caagcccttg
gatgattgct
tttgaagtaa
agtatggagt
agagaagcaa
gaaggaaata
cagtggcaga
ctctccaaaa
aatatcactg
acgtcaagaa
ataaaatagt
ctttttgagg
tcttattatt
tttagacatt
tactttgaag
agaaccaatt
agaaatttac
aaagttagga
tagtaatgtt
aaagtaattc
caggagtggc
tgctttttcg
aatagaatta
attccccaaa
tcttcactca
agatgaaatt
tcatgttttt
cacatacaaa
tctccacatt
aaagcccctg
tagccacagc
atgaaggaga
gacttgctgc
aggcttccta
ctggatcgca
agttcgtcac
taagtttctg
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14401
14461
14521
14581
14641
14701
14761
14821
14881
14941
15001
15061
15121
15181
15241
15301
15361
15421
15481
15541
15601
15661
15721
15781
15841
15901
15961
16021
16081
16141
16201
16261
16321
16381
16441
16501
16561
16621
16681
16743
16801
16861
16921
16981
17041
17101
17161
17221
17281
17341
17401
17461
17521
17581
17641
17701
17761
17821
17881
17941
18001

agcagagaga
gggtatccta
cctaactgtc
acaccgagtg
cgtgaccaga
atttttgtag
tagaaagggt
tgctctgctg
ccgtcccatt
tctttgtgcc
gtattttatg
atatactaag
taatataaat
ttttgatcat
gaactagctg
tcttaaaaaa
aagagacaaa
aggaaaacaa
ttttttaatg
tagcttggct
cttgctttct
catccaccat
gccgtctttt
atgctcgggc
tggtttactt
cattccctgc
gaccctgcat
gcttgttgtg
tctgataggt
actgttggcc
agtatcttat
ctgggtgtgt
tttcctaatt
cttccatctc
actagttgtt
gccaatacta
aagcaattaa
tctttaaata
t^gcagacaa
agtcacottg
gccac'cgggg
gcgtgagtac
caatgcgaag
tctacagtgc
aataatatac
tgacaaaatt
gtgagattga
cacaaattag
tgtgtactga
tttctttcta

gtattgactt
tatagcccag
ctgtttttag
gtcagctgtt
gctggcctct
ctttggccag
tctgaagaag
atggtactgt
agtgttgtag
tggtctttct
cattactatt
tgtgtgcccc
tttggagcaa
aatttctctt
aaatctcccc
cacaaacaaa
atacacatag
atcagactga
taaaatgagt
agctcagagc
cggctcttgt
tccgtctctc
cctttttttt
aggccttgaa
tctcttttgt
ccgcacatcc
tcggccgctg
ctttagggac
gtggaaccta
aagctgccct
agaagctgct
gtctgggttt
ttctatgtac
tgtggctttt
acttttacac
cttatgtaaa
gtgcccacag
tgctggcagt
aatgaaataa
gttgactaaa
gaccgttgag
acagtgacca
agtgaggcta
tacaaaataa
tttagctgtc
ccagactaag
gaaatggaga
tgtgcttcac

gaaattaact
j —

catttttgtt
cttgcctttg
ttccataggt
ggcttttctc
cgcccctggt
ttctctaggc
atgctctact
ctgcatagca
gaaacactca
cttagtttgg
tatccattgt
tgcctgactt
ggagttctca
tactgaataa
tccatctctg
acaatactga
ccaattcaat
tattttccca
ttgctttctt
cacctctgtt
ttactgcctt
tcgctttctc
tttttttttt
cctttgatct
tgtttccttc
ctgggcttct
ctgcacgagg
ggctgttggc
gagctcctgt
caaaccactt
ttgtcttcac
tgtaagcatc
attcagagaa
cttttgtcta
acattttctt
ccatcatctt
gtaatatctt
ctttaatttt
tttgagtatg
gtcaggttta
tgaacaggaa
gcttgttagt
gctccctagt
tattttgagc
atttgatgca
tgatgtagaa
aagaatagag
ttgggaagtc
itaaatgtat

gtttgattag
tcctcacaga
ttgggtacgt
tttctcactt
ctctgacatc
accatgcttt
ttacccttcc
cggtaaagct
gaggcaacgc
ttatagtgag
aacgtgtgtc
gtgtctagag
ttttaaactg
attggttgtt
attttatatc
ttttctggta
atactaaacc
ccttacttga
agatatttta
gttgtcaggt
attcattctc
tccttcctgt
tttccttttg
tcctgcctca
ccacttcctt
caccgtttgc
aagactgttc
tcccgtcagg
agattatttt
cactcggggt
ccgtgtgtga
tatgggtttc
aataaactat
tttttttttt
acaaaatagc
aaagcaagag
caattagatg
ctggttgcaa
ttttatatac
gtacacagtc
gctagcatgc
gggagggatg
ataccaggta
ttgggcagtg
ccagggaaca
ccaagtgact
ggaaaaaggc
gcctgtctgg
ctaagat<

ttgtctggca
tgtcctcctg
atgaagagtt
atatctggac
agctggctcc
cattccgttt
aaacagtatt
cacttttacg
attgtgactc
aaagaatatt
cttaaacgaa
tcagcacatc
ggaf.cctcct
gcccagcttg
tgagttcctg
tttcattatt
agttgtcctg
tactaaaagt
aagggaggtg
agcacactag
atatattacc
accactgagt
tgagacatag
aactcccagg
tttgcccaag
gtttgcattc
tttggctgtg
cttgctgagg
cctttctgag
tacagagtat
tatggactct
tgtttttact
attctcatct
ttgccataaa
actcattcat
taccagtgcc
ccaggaatat
atttggttag
attcaacaaa
cttagagtta
catatcataa
gggaaagagt
atttttttca
tcctccagta
attttatagt
cctggttcat
agcatcagca
ggtgtatatg

fctaa

ttctagccca
ctcagcctcc
tctttctcct
gcagtctcca
tccattatcc
acagattgtc
tgttttcctc
tttcctgacc
tttcatctgc
ttccttcact
taatctcgcc
ctgagcaata
gtacagatac
ttgattttaa
tgtttgcaca
actttgagaa
gtagtattta
ttcttgtaag
tggttcatgg
tgctgagtgg
accccttcat
catatcctca
tctctttaaa
tatataggtg
gcttctctgc
cgtccctttg
ttccgtcttg
tcactgtgct
atgagagctg
ggccacaccc
gtggtagacc
ctcagttact
tctagacatc
ttattccttg
tgggtatctg
agaattaacc
agttatacaa
cttgtaaaaa
tgcctattca
tggacttgat
gtgccaccaa
gcattgtaca
aggcaccaac
tctccaaggt
ttgtttttca
tcttggagac
tgaagctctt
tgtatatatg

taatatt

aactaaagct
gacacttaag
tctcagcacc
tttttttttt
tgcaggtggt
ttccaaggtc
cagctcagga
ctccgcctcc

taattttatt
ctatagtaat
tatagtaatg
tttttttttt
tagacatagg
tctcgtgttt
tcctcttgtg
acctttagcc

jtat
tttgtaactt
taatgttgtc
ccctagactc
ttttgttagt
gaggatccaa
gtgtatcttt
agcttggcta
cttctcacac

aaaattagcg
tgtttttatt
ataggcggta
ttactctccc
ttttatgtga
actaagatcc
ttgagacagg
gaactgaagt
attctgatca

ttattatcta
ctgttaattg
tgaggtgttc
cccccccttt
gactgcggct
taacctaggc
tcttgctata
catgaaagtc
ttgccttgtc

tttgcattgt
ttaatatgca
ttatgtatta
tttttctttc
gtaagatccc
ttatcccacg
tggctagcct
tcccacgagc
tgtccctaat

266



18061
18121
18181
18241
18301
18361
18421
18481
18541
18601
18661
18721
18781
18841
18901
18961
19021
19081
19141
19201
19261
19321
19381
19441
19501
19561
19621
19681
19741
19801
19861
19921
19981
20041
20101
20161
20221
20281
20341
20401
20461
20521
20581
20641
20701
20761
20821
20881
20941
21001
21061
21121
21181
21241
21301
21361
21421
21481
21541
21601
21661

cctcccctgc
ctcttatttg
tttgtttgtt
gtcctggaac
cctcccaagt
aagagagtta
ctacctggct
attttaacat
tgttttatat
agtctattct
tatgctcctg
gcttcgcctc
gagtggacgc
tgcgtggggt
aactgagttg
ttctcagtct
tttctcaaac
ctctcctctt
ttttccagcc
ctgccccagt
gtggacgtga
aagagggttc
caggtctgtt
tgtctggaca
cagagcctaa
tgttccaggc
atgtgaacat
tgcttcacac
ctctcatgca
tattttctta
aaccacacca
agggtctggg
cttatattca
ttatttattt
gagtcagacc
ggacttctgg
tttagtttta
cttttagcca
gtggatctct
ctacacagag
tcttaagaga
atcctcagtt
gattcgtaat
agggtttgac
gaggctagtc
gtaggtttca
ctgaacccag
gtccgagggt
ggaaactggg
gatagatact
ctaaggaaca
gagcagtctt
agtattatcg
ttgtttttaa
ttggygattg

cctgtagagt
eiagctttcag
ctttgcttgc
cagggtttga
tgcttgaggc

gtttctagga
taggattagg
tgtttgtttt
tcactttgta
gctgggatta
tggaggctgt
gaccaaaaag
gttttaaggt
gttgcaatgc
ttttgctaag
atgaggaaag
tgctgttgag
tcactggtgt
tattaccagc
ttcttggaac
ttcctagatc
tgtgaaagtt
tctcttctgt
tccattaaca
aaggaagtgg
tctgcaaggt
tgtgagcaga
actgagaagc
gtgagaattc
gttaaaattt
atacaaattc
ctgtctgtct
cccgagggct
tggccaaggt
cattacttat
aactcaagtc
ctgcctaatg
tgtagtggca
tatgcatatg
tcattacaga
aagagcagtc
ataacacttt
ggtggtgatg
tagaactttg
aagccctatc
acegttctga
tactgaaaag
agccttgtga
attttgccta
tcaaataatt
gacttcatct
gcaggactcc
gatgaccaac
atattgaata
tactgaggct
gagctaacag
ttaaagatga
cactaagttt
ccatggagct
tattttcagt

UMHHHHHi
gcgcccactt
cagaattttc
cctgttcctc
tttctacaaa
ttgctctatg

acgttaagat
catttttata
ttgggttttc
gaccatgctg
aaggcgtgtg
agaacttcag
ttcaaattta
atctactaag
tagccggacc
agttacgtat
aagaccttag
gacgaggtgg
tttttgaagt
ttcagttgtt
tacagtaata
aactctttgt
actacgeatt
gcagtagyct
gctcatag&a
tttggtttta
gttttctaaa
gcgtctgtgg
ctgtctgtcg
tttttgtacc
ctgtcagctt
ttgcgcatgc
gtcagcaagg
ccatggtcct
ttgaggcgct
tacttcctgt
tctgagaatc
aatggttccg
gaatactttt
agtacatcac
tggttgtgag
agtgctctta
tcttcaatga
atgcccactc
agccagcctg
ttgaaaaaca
gtagaatgtt
ttaactttgt
ggtgtgagag
agtggtagtg
aagccctcaa
tacttagtct
cttcgagtct
aggttcagtt
tgtgaaggag
tttgtagaag
aatgaacaag
ctaatcagtc
cagttgttaa
ttttttaaag
ttcaaatga<

HHM
HHBRBBD9nHBRBHH

accaggaaga
tgactacaga
tctcgctaaa
ctatgccacc
aatccttgat

cctggaattg
tgtttttcct
gagacaaggt
gcctcgaact
ccaccatgcc
agcaaagctt
agtacacagt
ccatcttacc
tccgtcattt
ggaaatgtca
acagtaattg
gctggaaagg
gtcactaaga
aaatgtgagt
atactgagaa
tgtacctgtc
ttctttccta
gggtttcctc
ttgcttgcct
gaatctaagg
agagtctcta
cctagctctg
ccttgccagc
ttgattgatt
ttattatatt
atgctgttga
aacaaagtct
caggaccttg
ttagaggaag
gttctgcttt
aagggtttgg
ttctaacttg
agttgttttt
cattgctccc
ccaccatgtg
accgctgagc
gactttaaga
ttaatcccag
gtctataaag
aaacaaaaca
cagaactaga
agtgtgcttc
atctcattca
attgctaagc
acttaagaga
ctcactcttc
tcttggagtc
tcaatagata
ttaacaatgg
attcttttca
tctatggctg
tcttaggaca
tatatatctt
gctgtctttg

aatgaatgtt
numn|
aatgtttcct
ggacggaagc
ctgagaactg
ttaagtgctg
cactcgatag

caggggattt
agttgaataa
ttctctgtgt
cagaaatccg
cggcaataaa
ctctgaggaa
tttagttgag
agcagtccat
cctgtttata
cggcttgttc
gatatagcat
catgatactg
gactggttat
aaattgagtg
tagtctctaa
gctttctaat
gtcaggaaac
agagaagctt
gtccagcatg
tccagttctg
ttgttcccaa
aagagtgctg
cgagtaatct
atcacttggc
tggggaagat
tgtgaacgtc
tcagggaaag
cttttagcat
tttggtattc
cagccttgag
agctgagttt
tctcctttaa
tttttttttt
ttcagacaca
gttgctggga
catctctcca
acttgtgaga
cgcttggaag
caagttccag
aaacaaaaaa
ggtctaaata
ttaaaagcat
gatgtcaaga
tctaaaccct
cccaaagaaa
tcagctcttg
ccagtcttat
gactagatgt
catttggtct
ggtctgttag
tagcaaaagt
gctgatattt
atttacttgt
ctaaattcat
ttgtgttctt

itg
tattagatag
agctgaactg
attagcctca
cagagccatg
acttagcttt

ccctcctagt
ataaggtttt
agccctggct
cctgcctctg
taagattttt
aacttagaaa
tccactccat
cccttcatac
agtgggctag
tttgttctgc
tgttacccaa
ctttcctctt
attcattggc
tcagagtttt
cgccatggtt
tcacctgatc
aag&gtcttg
tcttctagag
aatccctgct
catttacaga
gtcttgtcag
tttcctagga
cttgtgaacc
ctcctgcatg
agataagaaa
tgtctgtcag
ggactggttc
tatcttcctt
aggattcctg
agtccctaag
acaggtagcc
ggttaagctg
aagattttat
ccagaagaag
attgaactca
gccccatact
aaaacccaag
gtagsagcag
acagcctggg
accccagagc
aaacataaaa
ttttctttga
attaataccc
taatctctct
tttctatctg
caactcaaaa
gagccaccca
ctgaagtgct
gggaagacca
tcagggttct
cttccattga
taattttagg
tttactggtt
ttttacagtg

cag|
agtattcatt
cttcaagttc
agtgtgttgg
actcttcttt
gccatgcaca
gatgcttgca
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21721
21781
21841
21901
21961
22021
22081
22141
22201
.22261
22321
22381
22441
22501
22561
22621
22681
22741
22801
22861
22921
22981
23041
23101
23161
23221
23281
23341
23401
23461
23521
23581
23641
23701
23761
23821
23881
23941
24001
24061
24121
24181
24241
24301
24361
24421
24481
24541
24601
24661
24721
24781
24841
24901
24961
25021
25081
25141
25201
25261
25321

actcggtttc attcattttg actgctgagt
agatttaaga tggtattaac aatttctatt
atcgcaggaa cgtcagtttt attgatt

agcatgtcta aaaatgctgc aaatttcact
ctacccttcc atttcaaatg agctaacata
tttatttcta ttttctgtat tac aaaa

actggtgtta gtaaacttgt cgatttagat
tgttaagcta atatttataa attgagaagt
agggcttgtg cactgccttt acctgtgtta
tac

tac ttttgcatga
atattctaag ttggactagc tctctggcag
ttgtttttgc tttggttgag attggaccag
gcttctaaca tgacctatgc ttattctgct

ctctagaaat
tttaagattg
ttgctgaggt
tcttctctga
tatacccaga
tacagttatt
cccatagaca
tgctgctaac
tttatgcatt
ctttataaaa
tgttcaaaac
gctgtttaca
cagttttatc
ttcccctagt
ggctatggga
tggattgcaa
gacatgtctg
cagacaaacg
gatgacagta
acatagctat
taaggtaggt
ctaggaaaag
aagcagtgga
ggtaaaggac
ggtgaattgg
aaatgtcaga
atagggggag
ctgaagaaag
gtgtgtgtgt
ttttaccaag
ttttttcctt
gtagtttagt
gctataaact
tccgaggccg
cctcttttcc
ggtttggaga
atttctttat
caaccaacca
agagagttaa
caacagttct
ttaaaggaac
ctctgacttt
agcaatgtta
gtagtgagga
ctgtgacgtc
agaaaagtct
tctcttttta

gtagcttctt
tgtgcatccc
ggctcagtga
acccacatgg
gaaaaaacag
tatgtgagta
tggttctgat
ctctgtgcca
atgttaaaaa
agattgttat
caatcttctt
tattgaatat
attctacatc
tcctttggat
gtgcttttgc
tttctgccct
aatgtccata
agtgaagcag
cagagtccaa
agcctgagtg
aactgtagga
caaactacag
gttctgtctt
agagtgctca
catttctaat
ggttttaaaa
aacgatgcgg
gaagtattag
gtgtgtgtgt
aaatgacgat
ttcccaaatg
ggttagtcaa
cggctgcttc
ctctgcagtg
tggagcctgt
atttctccaa
tgtattaaat
tctgtaactt
ctgtggcagt
atgagggtaa
taggatggtc
ccaaggctct
tcagagttgt
ctgaagtttt
aatgttaact
aa

attcttgata
gcatgcatgt
acaaaggttt
taggagacta
agaacgtgca
cactgcaagc
gggacttgaa
tctctccagc
ttacttaaga
aagattattt
attaatctta
atattaaatt
tgcctaaatc
aatcttaagt
actgtggcca
gctaagttac
cacagcatcc
ttgtgatgta
aaggggtctg
tattcactta
tagagcttgt
catttatgta
gaagcaagct
gttattggca
gttaatgtgt
actagtttca
ct-x'/ctgcttc
acctgqtgaa
gtgtgtcttt
tacaccacts
tctattti :c
ttcaaatttt
tgcctccata
cgggctagac
ttcttctgac
aatgtggcaa
atatcatatt
tttgttatct
cattgtaagc
gtactgtttt
ctgtggtcac
tttgttttgt
taaaaatgta
ggtgagtaat
gttgtagtgg

taaacctggt
gtgagcgtgt
tcaccccaga
gccggcttca
tttacaagat
tgtgttcaga
ctcaggacct
ccctttaaaa
gtttttctta
atttaaagtg
aatttttttt
catgaattcc
tgaatatcca
ggaaagacct
gaggtgtgcc
caagcaactt
taaatcagaa
ctcaagtatc
cgttcaaagg
ggataggagg
gaatgtggtc
tgttccttta
tgtgtttata
gtctgttgtt
gtgtttcttc
caaaggtaag
tgtatggtat
aagagagaga
gtgtgcgcgc
ctaattgcat
ataaacttat
ctgttgatgt
gagagtgtag
agtggtgctg
cttagagtta
gcctttatat
agattttata
ggattcctgt
taagcacttt
aacctcattt
agaggcagca
cttctcttta
ttttgaaagt
gttctagagt
attcagaact

tgtcttctaa
agttaatgaa
gcacgccgtg
gcctgctgcc
ggttcacaca
ttatttacaa
cccaggccca
ctgcgagagc
aattttttta
caattttgag
atttaaaagt
ttagtttgca
tattttggca
aaagttgaac
ctactcctga
atgcaggatt
ttcttagtag
accatccctg
aaagaggaac
acatgtgtgg
ggtctgggtt
acttacgata
aggaaaaaaa
cttttagatt
agactgagtg
tatctatatg
tgggggcatc
catgtgatgt
gagagtgtgt
ggtgcatgca
tctagaaata
atttttaaac
gaagtctgat
taaagtagtc
cttcatgatg
ttcttttggg
aataaatgga
taaaacaaaa
taacatagct
ataaagatta
tctagatgag
agtgaggcct
gtaattctgt
ttcatatata
ttgatttgta
ctgctaggtc

tatcatactt
agtaaaatac
tcagtgttgg
cagctgaatc
cacacatata
gaatttaatt
ggagatgcct
cagcagccag
agttaaatgt
gtgcatagac
atatcatttt
ttacaaagat
attacattta
ttggaaagat
gtgttggtga
ctgtccaggg
accacaagca
tatccatcag
tgctgcctct
tcactgtaga
caaaggactg
atttgataaa
atacagagaa
aaggatgctt
agaactgaat
gtagagctca
atgtaacaac
gtgctccaga
gtgtgtgtgt
cccttttttc
tgaaaccact
tgcatgacaa
gtacaaagta
tagcgtagcc
cctgcccttc
aatccctcgt
agatgaagat
gtggacttca
tatattttat
tccctctatt
gaataaagga
tgcggtgtat
tggtttctaa
agattctgga
atgtgaaata
ttctgtttgc
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Gabpa Exon l-10a
Gabpa Exon la
Gabpa Exon lb
Gabpa Exon 10b
Gabpa Exon 10c
Gabpa Exon lOd
S t a r t Codon
Stop Codon
Poly-A Signal
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Appendix F

Gabpa Alternative Transcripts
AY282793 Mus musculus Gabp alpha mRNA, partial cds (exon 1-exon 3).
Length 675 bp

1 gcatgcgtat
61 ttggggttgg

121 aaaacaaaac
181 gcgggcgttt
241 ggaggcggga
301 ttaccctgct
361 gcgccgccgc
421 ggagctggac
481 atagaaattg
541 caaacctata
601 aatttaaaga
661 ctgcaagata

tctggcctgt
ggaggtggat
aaaaaaccaa
cgggccgcgc
gaggggctgg
actcgcggga
cgttcccagc
tgaacttttg
agatcgacgg
ccccagctga
aactactaga
ttcag

cccctagttc
gtagggtggg
agcggctggg
agcctgctgg
ggttccttag
gcggcgcggc
cggctgtgga
aacgtcttca
gactgagaaa
atgtgtaagc
accaagactg

aagctccctt
ggtacaaagg
gggcgtttgt
gagttgtagt
cgccgattcc
tcgcccggag
agcgcgggct
accatgacta
gcagagtgca
caggccatag
cagtgttctt

cggagtcagc
agcgcgtaaa
gcctcgtgag
tccaggcccg
acgggaaggg
aggcgctgta
agggccacgg
agagagaagc
cagaagaaag
acatcaatga
tggatgctca

gtcccgatcc
aaccaaaacc
ccccgtcgtc
ggggtgcctg
ccccgggacc
cctggagccc
gacgaattcc
agaagagctg
cattgtggaa
accaataggc
tgaaatttgc

AY282794 Mus musculus Gabp alpha mRNA/ partial cds (exon la-exon 3).
Length 334 bp

1 ctgaccttga
61 tattttctga
121 gagagaagca
181 agaagaaagc
241 catcaatgaa
301 ggatgctcat

acttgctatg
gcgccggcat
gaagagctga
attgtggaac
ccaataggca
gaaatttgcc

tagattagac
taaagggact
tagaaattga
aaacctatac
atttaaagaa
tgcaagatat

cggcctagag
gaacttttga
gatcgacggg
cccagctgaa
actactagaa
tcag

tttagaggcc
acgtcttcaa
actgagaaag
tgtgtaagcc
ccaagactgc

tatctgcctc
ccatgactaa
cagagtgcac
aggccataga
agtgttcttt

AY282795 Mus musculus Gabp alpha mRNA, partial cds (exon lb-exon 3).
Length 550 bp

1 ctgaccttga
61 tattttctga
121 ttttaattgg
181 acctcaattt
241 gaaaacattt
301 cagactgaac
361 aattgagatc
421 ctatacccca
481 aaagaaacta
541 agatattcag

acttgctatg
gcgccggcat
ttattttatt
ttttaaaaca
atatagatcc
ttttgaacgt
gacgggactg
gctgaatgtg
ctagaaccaa

tagattagac
taaaggtgtg
tacttacatt
ggtagattga
ccctcacatt
cttcaaccat
agaaagcaga
taagccaggc
gactgcagtg

cggcctagag
cactaccttg
tcaaatgttg
gctaatgaca
cttaggtacc
gactaagaga
gtgcacagaa
catagacatc
ttctttggat

tttagaggcc
cctagcaaaa
acccctttct
ggactgactg
ccatgccact
gaagcagaag
gaaagcattg
aatgaaccaa
gctcatgaaa

tatctgcctc
taagtgcatt
tggcctcccc
ctggcaagag
aaacactggc
agctgataga
tggaacaaac
taggcaattt
tttgcctgca
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AY282796 Mus musculus Gabp alpha mRNA, partial cds (exon 8~exon 10a).
Length 710 bp

1 ctgtgcagat
61 acagcagtgc

121 gttcaccggg
181 aacttcttac
241 ttaagctaaa
301 ccatgaacta
361 gtaaagttca
421 gatacagtgc
481 ggatgcagct
541 tacaggcaga
601 aaatatttag
661 gtgtacaatc

tattccagcc
aaaagcagct
gaacagaaca
tgacaaggat
tcagcctgag
tgagaaactt
aggcaagaga
agcagaactg
gcatgggatt
caaagagatt
agcaagcttt
tgatgcatga

tcagtgcctc
aaagtgcaac
ggaaacaatg
gctcgagact
ttggttgcgc
agccgtgcat
tttgtgtaca
aaccgtctgg
gcccagccag
tgagacctag
gctctaacct
ttttttttat

ccgctacacc
ggtccccaag
gtcagatcca
gtatttcttg
aaaaatgggg
tacggtatta
aatttgtttg
tcatagagtg
tcacggcagt
gacctcctgg
ttattactga
aaatatttca

gactacgatt
gatttcagga
actatggcag
ggttggtgat
acaacgtaag
ttatgatggg
tgacttgaag
tgaacagaag
agcactggca
ggagtcttaa
atttgaatcg
tactcttgtg

aaagttataa
gaagacagaa
tttttgctag
gaaggtgaat
aacaagccta
gacatgattt
actcttattg
aaactggcac
gccacctctc
ggtttttctt
tatttctaga

AY282797 Mus musculus Gabp alpha mRNA, partial cds (exon 8-exon 10b) .
Length 1273 bp

1
61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961

1021
1081
1141
1201
1261

ctgtgcagat
acagcagtgc
gttcaccggg
aacttcttac
ttaagctaaa
ccatgaacta
gtaaagttca
gatacagtgc
ggatgcagct
tacaggcaga
aaatatttag
gtgtacaatc
tttttacgtt
gagagcaggt
atgtctagcc
ccaggaaacc
cacagagcct
agcagagcta
attaatttat
acccagattt
cattatgtca
gctattgcaa

tattccagcc
aaaagcagct
gaacagaaca
tgacaaggat
tcagcctgag
tgagaaactt
aggcaagaga
agcagaactg
gcatgggatt
caaagagatt
agcaagcttt
tgatgcatga
gaacatatat
tcatcggggt
ctaccaaaaa
gcctggtgta
ggaaaaagga
agcagtccta
aatttacaag
aaagctggct
agccaaggtc
aaa

tcagtgcctc
aaagtgcaac
ggaaacaatg
gctcgagact
ttggttgcgc
agccgtgcat
tttgtgtaca
aaccgtctgg
gcccagccag
tgagacctag
gctctaacct
ttttttttat
tttagaatat
agtttgctaa
atagccagta
gccactgcgg
cattctcagc
tcaaatacaa
aagagaggaa
taactcaaac
ttaaattatt

ccgctacacc
ggtccccaag
gtcagatcca
gtatttcttg
aaaaatgggg
tacggtatta
aatttgtttg
tcatagagtg
tcacggcagt
gacctcctgg
ttattactga
aaatatttca
gttaaaggat
cagtcaggaa
gcgtctgaag
gcgtggagct
taaagcatgt
ttacattggt
gttaactggc
cactattaat
ttgagagagg

gactacgatt
gatttcagga
actatggcag
ggttggtgat
acaacgtaag
ttatgatggg
tgacttgaag
tgaacagaag
agcactggca
ggagtcttaa
atttgaatcg
tactcttgtg
caccacgatg
agctaaactg
atgaaaggag
gtttcctctc
gtgcctgttt
aattactaaa
agaagaaagt
ggttttctgt
catttaattc

aaagttataa
gaagacagaa
tttttgctag
gaaggtgaat
aacaagccta
gacatgattt
actcttattg
aaactggcac
gccacctctc
ggtttttctt
tatttctaga
aatttggatc
cctgcaatgt
gtcagtatta
ggaagcattt
cgctgcttta
catctaatca
ctatcaggtt
gttgaatgag
atagattatt
taataaacca

AY282798 Mus musculus Gabp alpha mRNA/ partial cds {exon 8-exon 10c)
Length 1554 bp

1 ctgtgcagat
61 acagcagtgc
121 gttcaccggg
181 aacttcttac
241 ttaagctaaa
301 ccatgaacta
361 gtaaagttca
421 gatacagtgc
481 ggatgcagct
541 tacaggcaga
601 aaatatttag
661 gtgtacaatc
721 tttttacgtt
781 gagagcaggt
841 atgtctagcc

tattccagcc
aaaagcagct
gaacagaaca
tgacaaggat
tcagcctgag
tgagaaactt
aggcaagaga
agcagaactg
gcatgggatt
caaagagatt
agcaagcttt
tgatgcatga
gaacatatat
tcatcggggt
ctaccaaaaa

tcagtgcctc
aaagtgcaac
ggaaacaatg
gctcgagact
ttggttgcgc
agccgtgcat
tttgtgtaca
aaccgtctgg
gcccagccag
tgagacctag
gctctaacct
ttttttttat
tttagaatat
agtttgctaa
atagccagta

ccgctacacc
ggtccccaag
gtcagatcca
gtatttcttg
aaaaatgggg
tacggtatta
aatttgtttg
tcatagagtg
tcacggcagt
gacctcctgg
ttattactga
aaatatttca
gttaaaggat
cagtcaggaa
gcgtctgaag

gactacgatt
gatttcagga
actatggcag
ggttggtgat
acaacgtaag
ttatgatggg
tgacttgaag
tgaacagaag
agcactggca
ggagtcttaa
atttgaatcg
tactcttgtg
caccacgatg
agctaaactg
atgaaaggag

aaagttataa
gaagacagaa
tttttgctag
gaaggtgaat
aacaagccta
gacatgattt
actcttattg
aaactggcac
gccacctctc
ggtttttctt
tatttctaga
aatttggatc
cctgcaatgt
gtcagtatta
ggaagcattt
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901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501

ccaggaaaca
cacagagcct
agcagagcta
attaatttat
acccagattt
cattatgtca
gctattgcaa
cagaaagaaa
ccagattatt
tttagatcag
gtttgactgg

gcctggtgta
ggaaaaagga
agcagtccta
aatttacaag
aaagctggct
agccaaggtc
aaattccaaa
aaattggttt
atgcaagacc
gcgacatgtt
gctctgtagg

gccactgcgg
cattctcagc
tcaaatacaa
aagagaggaa
taactcaaac
ttaaattatt
atgatatcat
agttttgact
gtttatatat
taacgtttga
cgatcttctt

gcgtggagct
taaagcatgt
ttacattggt
gttaactggc
cactattaat
ttgagagagg
tctttctctc
tcctattttt
tcccttctgt
cgtaagttcc
taaataaagt

gtttcctctc
gtgcctgttt
aattactaaa
agaagaaagt
ggttttctgt
catttaattc
agattttaaa
ttaaaaatta
gtttctgata
ttgtgagtag
ttcccacttg

cgctgcttta
catctaatca
ctatcaggtt
gttgaatgag
atagattatt
taataaacca
aagtatacct
atctgtagta
aaatgaagac
ttatgaaagg
tttc

AY282799 Mus musculus Gabp alpha mRNA, partial cds (exon 8-exon lOd).
Length 1656 bp

1
61
121
181
241
301
361
421
481
5dl
602
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621

ctgtgcagat
acagcagtgc
gttcaccggg
aacttcttac
ttaagctaaa
ccatgaacta
gtaaagttca
gatacagtgc
ggatgcagct
tacaggcaga
aaatatttag
gtgtacaatc
tttttacgtt
gagagcaggt
atgtctagcc
ccaggaaaca
cacagagcct
agcagagcta
attaatttat
acccagattt
cattatgtca
gctattgcaa
cagaaagaaa
ccagattatt
tttagatcag
gtttgactgg
ttctywtkww
ctagctaacc

tattccagcc
aaaagcagct
gaacagaaca
tgacaaggat
tcagcctgag
tgagaaactt
aggcaagaga
agcagaactg
gcatgggatt
caaagagatt
agcaagcttt
tgatgcatga
gaacatatat
tcatcggggt
ctaccaaaaa
gcctggtgta
ggaaaaagga
agcagtccta
aatttacaag
aaagctggct
agccaaggtc
aaattccaaa
aaattggttt
atgcaagacc
gcgacatgtt
gctctgtagg
twtykywtga
atttctgcat

tcagtrgcctc
aaaytgcaac
ggaaacaatg
gctcgagact
ttggttgcgc
agccgtgcat
tttgtgtaca
aaccgtctgg
gcccagccag
tgagacctag
gctctaacct
ttttttttat
tttagaatat
agtttgctaa
atagccagta
gccactgcgg
cattctcagc
tcaaatacaa
aagagaggaa
taactcaaac
ttaaattatt
atgatatcat
agttttgact
gtttatatat
taacgtttga
cgatcttctt
atattgcata
atatgaagac

ccgctacacc
ggtccccaag
gtcagatcca
gtatttcttg
aaaaatgggg
tacggtatta
aatttgtttg
tcatagagtg
tcacggcagt
gacctcctgg
ttattactga
aaatatttca
gttaaaggat
cagtcaggaa
gcgtctgaag
gcgtggagct
taaagcatgt
ttacattggt
gttaactggc
cactattaat
ttgagagagg
tctttctctc
tcctattttt
tcccttctgt
cgtaagttcc
taaataaagt
yatgactctt
agatat

gactacgatt
gatttcagga
actatggcag
ggttggtgat
acaacgtaag
ttatgatggg
tgacttgaag
tgaacag&ag
agcactggca
ggagtcttaa
atttgaatcg
tactcttgtg
caccacgatg
agctaaactg
atgaaaggag
gtttcctctc
gtgcctgttt
aattactaaa
agaagaaagt
ggttttctgt
catttaattc
agattttaaa
ttaaaaatta
gtttctgata
ttgtgagtag
ttcccacttg
aaaaaatact

aaagttataa
gaagacagaa
tttttgctag
gaaggtgaat
aacaagccta
gacatgattt
actcttattg
aaactggcac
gccacctctc
ggtttttctt
tatttctaga
aatttggatc
cctgcaatgt
gtcagtatta
ggaagcattt
cgctgcttta
catctaatca
ctatcaggtt
gttgaatgag
atagattatt
taataaacca
aagtatacct
atctgtagta
aaatgaagac
ttatgaaagg
tttcattttt
gtacacatga
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Appendix G

Gabppl Alternative Transcripts
AY282802 Mus musculus Gabp betal-1 mRNA, exon 7-9 alternative splice
form, partial cds (exon 3-exon 9).
Length 841 bp

1 ggaacttctc
61 ctccgagccg

121 gcggcttctg
181 aatgcaaagg
241 gaggtggtgg
301 aaaactgcat
361 attgctatgc
421 gctgccacac
481 ggagtatctg
541 ttagctgaag
601 gaagtggtta
661 cagcaagtca
721 accagtggga
781 agcgcttcag
841 g

cacttcatct
gtgtaagtag
agggccatgc
atatgttaaa
agcttttaat
ttgatatttc
agaaccaaat
cacagttcat
ctgttcagtt
cttctgcccc
ccgcagaatc
tcacgatagt
tgggtcagcc
aaacagctgg

ggccgcacag
agatgccagg
caacatagta
gatgacagct
caaatatggt
aatagacaat
caacaccaac
cattggaccc
tggaaactcc
attgtccaat
tgtggatggt
tacagatgga
catcatggtg
atgaagccaa

tatgggcatt
accaaagtgg
gaagttttgc
ctgcattggg
gctgatgtac
ggaaatgaag
ccggagagtc
ggaggggtgg
tctacgtcag
tcttcagaaa
gcaattcagc
atccagctgg
acgatgcccg
ccgagaggcc

tctctaccac
accggacacc
ttaagcatgg
caacagaaca
acacgcagag
atttagcaga
ctgacactgt
tgaacctcac
tattagctac
ctccagtagt
aagtagttag
ggaatttgca
atggacagca
cagaaatacc

agaggttctt
actgcacatg
tgctgacgtc
taatcatcaa
taaattttgt
gatattacag
gacaatacac
agatgaaaca
attagctgcc
ggccacagag
ctcagggggt
ctccatacca
aggagagaga
gacagcagct

AY282800 Mus musculus Gabp betal-1 mRNA, exon 3-5 alternative splice
form, partial cds (exon 3-exon 9).
Length 762 bp

1 ggaacttctc
61 ctccgagccg

121 gcggcttctg
181 caaatcaaca
241 ttcatcattg
301 cagtttggaa
361 gccccattgt
421 gaatctgtgg
481 atagttacag
541 cagcccatca
601 attgctgaag
661 attgagagcc
721 gatgaagcca

cacttcatct
gtgta&qtag
agggcc,"gc
ccaacccgga
gacccggagg
actcctctac
ccaattcttc
atggtgcaat
atggaatcca
ttgtgacgat
aaactgtcat
gggtggaatg
accgagaggc

ggccgcacag
agatgccagg
caacatagta
gagtcctgac
ggtggtgaac
gtcagtatta
agaaactcca
tcagcaagta
gctggggaat
gcccgatgga
cagtgaagag
tgcagaaatt
ccagaaatac

tatgggcatt
accaaagtgg
gaagttttgc
actgtgacaa
ctcacagatg
gctacattag
gtagtggcca
gttagctcag
ttgcactcca
cagcaagtat
ccaccagcta
gaagagagag
cgacagcagc

tctctaccac
accggacacc
ttaagattgc
tacacgctgc
aaacaggagt
ctgccttagc
cagaggaagt
ggggtcagca
taccaaccag
tgacagtacc
agagacagtg
aagcgcttca
tg

agaggttctt
actgcacatg
tatgcagaac
cacaccacag
atctgctgtt
tgaagcttct
ggttaccgca
agtcatcacg
tgggatgggt
agcaacagac
tatggaaata
gaaacagctg

AY282801 Mus musculus Gabp betal-1 mRNA, exon 3-9 alternative splice
form, partial cds (exon 1-exon 9).
Length 649 bp

1 gtctgccctg
61 cgccgctccc

121 cggcacgagc
181 ctacagactg
241 ccacagaggt
301 caccactgca
361 agagagaagc
421 agcagctgct
481 cacgcatcca
541 ttttgtccag
601 ccgaataata

acggctccga
gaagcttttc
cggtcaagat
gttgggaact
tcttctccga
catggcggct
gcttcagaaa
taagaaggag
gaccaacaaa
aaagaatata
gaaaatacta

ggcgccgcgg
cagatgtccc
gatgaagttc
tctccacttc
gccggtgtaa
tctgagggcc
cagctggatg
caggaggcag
gaagccgttt
gtcttgaact
cagcttgata

tccccgcacc
tggtagattt
gcattttgat
atctggccgc
gtagagatgc
atgccaacat
aagccaaccg
aggcctacag
agctgccatg
gcacacagta
acgggactta

tcctcccgct
ggggaagaag
ggcaagtgga
acagtatggg
caggaccaaa
agtagaagtt
agaggcccag
gcagaagctg
aacaccagtt
aggacacagc
agccatgag

gctcccccgc
cttttagaag
gctcctttta
catttctcta
gtggaccgga
ttgcttaagg
aaataccgac
gaggccatga
tgcttttacc
catgggaata
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AY232805 Mus musculus Gabp betal-2 mRNA, exon 4-6 alternative splice
form, partial cds (exon 3-exon 8).
Length 817 bp

1 ggaacttctc
61 ctccgagccg

121 gcggcttctg
181 aatgcaaagg
241 gaggtggtgg
301 aaaactgcat
361 atgaaacagg
421 tagctgcctt
481 ccacagagga
541 cagggggtca
601 ccataccaac
661 tattgacagt
721 ctaagagaca
781 ggagccttat

cacttcatct
gtgtaagtag
agggccatgc
atatgttaaa
agcttttaat
ttgatatttc
agtatctgct
agccgaagct
agtggttacc
gcaagtcatc
cagtgggatg
accagcaaca
gtgtatggaa
acccggtgtg

ggccgcacag
agatgccagg
caacatagta
gatgacagct
caaatatggt
aatagacaat
gttcagtttg
tctgccccat
gcagaatctg
acgatagtta
ggtcagccca
gacattgctg
ataattgaga
ttttgctgca

tatgggcatt
accaaagtgg
gaagttttgc
ctgcattggg
gctgatgtac
ggaaatgaag
gaaactcctc
tgtccaattc
tggatggtgc
cagatggaat
tcattgtgac
aagaaactgt
gccgggtgga
gccatcc

tctctaccac
accggacacc
ttaagcatgg
caacagaaca
acacgcagag
atttagcaga
tacgtcagta
ttcagaaact
aattcagcga
ccagctgggg
gatgcccgat
catcagtgaa
atgtgcagaa

agaggttctt
actgcacatg
tgctgacgtc
taatcatcaa
taaattttgt
gatattacag
ttagctacgt
ccagtagtgg
gtagttagct
aatttgcact
ggacagcaag
gagccaccag
attgaagtaa

AY282804 Mus musculus Gabp betal-2 mRNA, exon 3-6 alternative splice
form, partial cds (exon 1-exon 8).
Length 816 bp

1 gtctgccctg
61 cgccgctccc

121 cggcacgagc
181 ctacagactg
241 ccacagaggt
301 caccactgca
361 tgaaacagga
421 agctgcctta
481 cacagaggaa
541 agggggtcag
601 cataccaacc
661 attgacagta
721 taagagacag
781 gagccttata

acggctccga
gaagcttttc
cggtcaagat
gttgggaact
tcttctccga
catggcggct
gtatctgctg
gctgaagctt
gtggttaccg
caagtcatca
agtgggatgg
ccagcaacag
tgtatggaaa
cccggtgtgt

ggcgccgcgg
cagatgtccc
gatgaagttc
tctccacttc
gccggtgtaa
tctgagggcc
ttcagtttgg
ctgccccatt
cagaatctgt
cgatagttac
gtcagcccat
acattgctga
taattgagag
tttgctgcag

tccccgcacc
tggtagattt
gcattttgat
atctggccgc
gtagagatgc
atgccaacat
aaactcctct
gtccaattct
ggatggtgca
agatggaatc
cattgtgacg
agaaactgtc
ccgggtggaa
ccatcc

tcctcccgct
ggggaagaag
ggcaaatgga
acagtatggg
caggaccaaa
agtagaagtt
acgtcagtat
tcagaaactc
attcagcaag
cagctgggga
atgcccgatg
atcagtgaag
tgtgcagaaa

gctcccccgc
cttttaggag
gctcctttta
catttctcta
gtggaccgga
ttgcttaaga
tcgctacgtt
cagtagtggc
tagttagctc
atttgcactc
gacagcaagt
agccaccagc
ttgaagtaag

AY282803 Mus musculus Gabp betal-2 mRNA, exon 3-5 alternative splice
form, partial cds (exon 3-exon 8).
Length 734 b/p

V.

1 ggaacttctc
61 ctccgagccg
121 gcggcttctg
181 caaatcaaca
241 ttcatcattg
301 cagtttggaa
361 gccccattgt
421 gaatctgtgg
481 atagttacag
541 cagcccatca
601 attgctgaag
661 attgagagcc
721 tgctgcagcc

cacttcatct
gtgtaagtag
agggccatgc
ccaacccgga
gacccggagg
actcctctac
ccaattcttc
atggtgcaat
atggaatcca
ttgtgacgat
aaactgtcat
gggtggaatg
atcc

ggccgcacag
agatgccagg
caacatagta
gagtcctgac
ggtggtgaac
gtcagtatta
agaaactcca
tcagcaagta
gctggggaat
gcccgatgga
cagtgaagag
tgcagaaatt

tatgggcatt
accaaagtgg
gaagttttgc
actgtgacaa
ctcacagatg
gctacgttag
gtagtggcca
gtcagctcag
ttgcactcca
cagcaagtat
ccaccagcta
gaagtaagga

tctctaccac
accggacacc
ttaagattgc
tacacgctgc
aaacaggagt
ctgccttagc
cagaggaagt
ggggtcagca
taccaaccag
cgacagtacc
agagacagtg
gccttatacc

agaggttctt
actgcacatg
tatgcagaac
cacaccacag
atctgctgtt
tgaagcttct
ggttaccgca
agtcatcacg
tgggatgggt
agcaacagac
tatggaaata
cggtgtgttt

274



References

Ahn, A.H. and L.M. Kunkel. 1993. The Structural and Functional Diversity of Dystrophin. Nature Genetics
3: 283-291.

Aizencang, G.I., D.F. Bishop, D. Forrest, K.H. Astrin, and RJ. Desnick. 2000. Uroporphyrinogen III
Synthase. The Journal of Biological Chemistry 275: 2295-2304.

Akeson, E.C., J.P. Lambert, S. Narayanswami, K. Gardiner, L.J. Bechtel, and M X Davisson. 2001. Ts65Dn
- Localization of the Translocation Breakpoint and Trisomic Gene Content in a Mouse Model for
Down Syndrome. Cytogenetics and Cell Genetics 93: 270-276.

Albagli, O., A. Klaes, E. Ferreira, D. Leprince, and C. KlSmbt. 1996. Function of ets Genes is Conserved
between Vertebrates and Drosophila. Mechanisms of Development 59: 29-40.

Al-Gazali, L.I., R. Padmanabhan, S. Melnyk, P. Yi, I.P. Pogribny, M. Pogribna, M. Bakir, Z.A. Hamid, Y.
Abdulrazzaq, A. Dawodu, and S.J. James. 2001. Abnormal Folate Metabolism and Genetic
Polymorphism of the Folate Pathway in a Child with Down Syndrome and Neural Tube Defect.
American Journal of Medical Genetics 103:128-132.

Allen, D.D., J. Martin, C. Arriagada, A.M. Cardenas, S.I. Rapoport, R. Caviedes, and P. Caviedes. 2000.
Impaired Cholincrgic Function in Cell Lines Derived from the Cerebral Cortex of Normal and
Trisomy 16 Mice. European Journal of Neuroscience 12: 3259-3264.

Altschul, S., J. Epstein, D. Lipman, T. Madden, S. McGinnus, J. Ostell, A. Schaffer, S. Shavirin, H. Sofia,
and J. Zhang. 1990. NIH Basic Local Alignment Search Tool (BLAST).
http://www.ncbi.nlm.nih.gov/blast (02/12/2002).

Anderson, A.J., S. Stoltzner, F. Lai, J. Su, and R.A. Nixon. 2000. Morphological and Biochemical
Assessment of DNA Damage and Apoptosis in Down Syndrome and Alzheimer Disease, and effect
of Postmortem Tissue Archival on TUNEL. Neurobiology of Aging 21: 511-524.

Anderson, M.K., G. Hernandez-Hoyos, R.A. Diamond, and E.V. Rothenberg. 1999. Precise Developmental
Regulation of Ets Family Transcription Factors During Specification and Commitment to the T Cell
Lineage. Development 126: 3131-3148.

Antonarakis, S.E. 1998. 10 Years of Genomics, Chromosome 21, and Down Syndrome. Genomics 51: 1-16.
Antonarakis, S.E. and D.S.C. Group. 1991. Parental Origin of the Extra Chromosome in Trisomy 21 as

Indicated by Analysis of DNA Polymorphisms. The New England Journal of Medicine 324: 872-
876.

Arber, S., S.J. Burden, and A.J. Harris. 2002. Patterning of Skeletal Muscle. Current Opinion in
Neurobiology 12: 100-103.

Arber, S., D.R. Ladle, J.H. Lin, E. Frank, and T. Jessell. 2000. ETS Gene Er81 Controls the Formation of
Functional Connections between Group la Sensory Afferents and Motor Neurons. Cell 101:485-
498.

Arbuzova, S., H. Cuckle, R. Mueller, and I. Sehmi. 2001. Familial Down Syndrome: Evidence Supporting
Cytoplasmic Inheritance. Clin Genet 60:456-462.

Arbuzova, S., T. Hutchin, and H. Cuckle. 2002. Mitochondria! Dysfunction and Down's Syndrome.
BioEssays 24: 681-684.

Aryee, D.N.I'., R. Petermann, K. Kos, T. Henn, O.A. Haas, and H. Kovar. 1998. Cloning of a Novel Human
ELF-I-Related ETS Transcription Factor, ELFR, its Characterization and Chromosomal Assignment
Relative to ELF-1. Gene 210: 71-78.

Atlas, E., M. Stramwasser, K. Whiskin, and C.R. Mueller. 2000. GA-Binding Protein ct/p is a Critical
Regulator of the BRCA1 Promoter. Oncogene 19: 1933-1940.

Au, H.C. and I.E. Schcffler. 1998. Promoter Analysis of the Human Succinate Dehydrogenase Iron-Protein
Gene- Both Nuclear Respiratory Factors NRF-1 and NRF-2 are Required. Eur. J. Biochem. 251:
164-174.

Aurrekoetxea-Hemandez, K. and E. Buetti. 2000. Synergistic Action of GA-Binding Protein and
Glucocorticoid Receptor in Transcription from the Mouse Mammary Tumor Virus Promoter.
Journal of Virology 74: 4988-4998.

Avots, A., A. Hoffrneyer, E. Flory, A. Cimanis, U.R. Rapp, and E. Serfling. 1997. GABP Factors Bind to a
Distal Interleukin 2 (IL-2) Enhancer and Contribute to c-Raf Mediated Increase in IL-2 Induction.
Molecular and Cellular Biology 17:4381-4389.

275



Avraham, K.B., M. Schickler, D. Sapoznikov, R. Yarom, and Y. Groner. 1988. Down's Syndrome: Abnormal
Neuromuscular Junction in Tongue of Transgenic Mice with Elevated Levels of Human Cu/Zn-
Superoxide Dismutase. Cell 54: 823-829.

Ayer, D.E., L. Kretzner, and R.N. Eisenman. 1993. Mad: A Heterodimeric Partner for Max that Antagonizes
Myc Transcriptional Activity. Cell 72: 211-222.

Aylward, E.H., R. Habbak, A.C. Warren, M.B. Pulsifer, P.E. Barta, M. Jerram, and G.D. Pearlson. 1997.
Cerebellar Volume in Adults with Down Syndrome. Archives of Neurology 54: 209-212.

Ayoub\ T.A.Y. and W.J.M. Van De Ven. 1996. Regulation of Gene Expression by Alternative Promoters.
The FASEB Journal 10: 453-460.

Bacchus, C , H. Sterz, W. Buselmaier, S. Sahai, and H. Winking. 1987. Genesis and Systematization of
Cardiovascular Anomalies and Analysis of Skeletal Malformations in Murine Trisomy 16 and 19.
Human Genetics 77: 12-22.

Bachrr *n, N.J., W. Wu, T.R. Schmidt, L.I. Grossman, and M.I. Lomax. 1999. The 5' Region of the COX4
Gene Contains a Novel Overlapping Gene, NOC4. Mammalian Genome 10: 506-512.

Baeuerle, P.A. and D. Baltimore. 1988.1 Kappa B: A Specific Inhibitor of the NF-Kappa B Transcription
Factor. Science 242: 540-546.

Baird, P.A. and A.D. Sadovnick. 1989. Life Tables for Down Syndrome. Human Genetics 82: 291-292.
Baker, D.A., B. Mille-Baker, S.M. Wainwright, D. Ish-Horowicz, and N.J. Dibb. 2001. Mae Mediates MAP

Kinase Phosphorylation of Ets Transcription Factors in Drosophila. Nature 411: 330-334.
Baldwin, T.J. and S.J. Burden. 1988. Isolation and Characterization of the Mouse Acetylcholine Receptor

Delta Subunit Gene: Identification of a 148-bp Cu-Acting Region that Confers Myotube-Specific
Expression. The Journal of Cell Biology 107: 2271-2279.

Bannert, N., A. Avots, M. Baier, E. Serfling, and R. Kurth. 1999. GA-Binding Protein Factors, in Concert
with the Coactivator CREB Binding Protein/p300, Control the Induction of the Interleukin 16
Promoter in T Lymphocytes. Proceedings of the National Academy of Sciences USA 96: 1541-1546.

Barany, M. 1967. ATPase Activity of Myosin Correlated with Speed of Muscle Shortening. J Gen Physiol.
50: 197-218.

Barbeau, B., C. Barat, D. Bergeron, >,ind E. Rassart. 1999. The GATA-1 and Spi-1 Transcriptional Factors
Bind to a GATA/EBS Dual Element in the Fli-1 Exon 1. Oncogene 18: 5535-5545.

Barbi, G., I. Kennerknecht, G. WShr, D, Avramopoulos, G. Karadima, and M.B. Petersen. 2000. Mirror-
Symmetric Duplicated Chromosome 2lq with Minor Proximal Deletion, and with Neocentromcre in
a Child without the Classical Down Syndrome Phenotype. American Journal of Medical Genetics
91: 116-122.

Barjot, C , M,L. Cotten, C. Goblet, R.G. Whalen, and F. Bacou. 1995. Expression of Myosin Heavy Chain
and of Myogenic Regulator Factor Genes in Fast or Slow Rabbit Muscle Satellite Cell Cultures. J
Muscle Res Cell Motil 16: 619-628.

Barkovich, A.J. 1998. Neuroimaging Manifestations and Classification of Congenital Muscular Dystrophies.
Am J Neuroradiol 19: 1389-1396.

Barlow, G.M., X.-N. Chen, Z.Y. Shi, G.E. Lyons, D.M. Kurnit, L. Cclle, N.B. Spinner, E. Zachai, M.J.
Pettenati, A.J. Van Riper, M.J. Vekemans, C.H. Mjaatvcdt, and J.R. Korenberg. 2001. Down
Syndrome Congenital Heart Disease: A Narrowed Region and a Candidate Gene. Genetics in
Medicine 3: 91-101.

Barrientos, A., M.H. Barros, I. Valnot, A. R6tig, P. Rustin, and A. Tzagoloff. 2002. Cytochrome Oxidase in
Health and Disease. Gene 286: 53-63.

Bassuk, A.G., R.T. Anandappa, and J.M. Leiden. 1997. Physical Interactions between Ets and NF-KB/NFAT

Proteins Play an Important Role in their Cooperative Activation of the Human Immunodeficiency
Virus Enhancer in T Cells. Journal of Virology 71: 3563-3573.

Basuyaux, J.P., E. Ferreira, D. Stehelin, and G. Buttice. 1997. The Ets Transcription Factors Interact with
Each Other and with the c-Fos/c-Jun Complex via Distinct Protein Domains in a DNA-Dependent
and -Independent Manner. The Journal of Biological Chemistry Til: 26188-26195.

Batchelor, A.H., D.E. Piper, F.C. de la Brousse, S.L. McKnight, and C. Wolberger. 1998. The Structure of
GABPa/p: An ETS Domain-Ankyrin Repeat Heterodimer Bound to DNA. Science 279:1037-1041.

Baxter, L.L., T.H. Moran, J.T. Richtsmeier, J. Troncoso, and R.H. Reeves. 2000. Discovery and Genetic
Localization of Down Syndrome Cerebellar Phenotypes using the Ts65Dn Mouse. Human
Molecular Genetics 9: 195-202.

Bazelon, M., R.S. Paine, V.A. Cowie, P. Hunt, J.C. Houck, and D. Mahanand. 1967. Reversal of Hypotonia
in Infants with Down's Syndrome by Administration of 5-Hydroxytryptophan. The Lancet 1: 1130-
1133.

Becker, L., T. Mito, S. Takashima, and K. Onodera. 1991. Growth and Development of the Brain in Down
Syndrome. Progress in Clinical and Biological Research 373: 133-152.

276



Beeson, D., M. Brydson, S. Jeremiah, S. Povcy, A. Vincent, and J. Newsom-Davis. 1993. Prmiary Structure
of the Human Muscle Acetylcholine Receptor cDNA cloning of the y and E subunits. Eur. J.
Biochem. 215:229-238.

Beeson, D., J. Palace, and A. Vincent 1997. Congenital Myasthenic Syndromes. Current Opinion in
Neurology 10:402-407.

Behre, G., A.J. Whitmarsh, M.P. Coghlan, T. Hoang, C.L. Carpenter, D.-E. Zhang, R.J. Davis, and D.G.
Tenen. 1999. c-Jun isa JNK-Independent Coactivator of the PU.l Transcription Factor. TheJournal
of Biological Chemistry 274:4939-4946.

Bernards, R., G.M. Schackleford, M.R. Gerber, J.M. Horowitz, S.H. Friend, M. Schartl, E. Bogenmann, J.M.
Rapaport, T. McGee, T. Dryja, and R.A. Weinberg. 1989. Structure and Expression of the Murine
Retinoblastoma Gene and Characterization of its Encoded Protein. Proc. Natl. Acad. Set. USA 86:
6474-6478.

Bewick, G.S., L.V.B. Nicholson, C. Young, E. O'Donnell, and C.R. Slater. 1992. Different Distributions of
Dystrophin and Related Proteins at Nerve-Muscle Junctions. NeuroReport 3: 857-860.

Bezakova, G., J.P. Helm, M. Francolini, and T. Lemo. 2001. Effects of Purified Recombimuit Neural and
Muscle Agrin on Skeletal Muscle Fibers In Vivo. Journal of Cell Biology 153:1441-1452.

Bezakova, G. and T. Lomo. 2001. Muscle Activity and Muscle Agrin Regulate the Organization of
Cytoskeletal Proteins and Attached Acetylcholine Receptor (AChR) Aggregates in Skeletal Muscle
Fibers. The Journal of Cell Biology 153: 1453-1463.

Bhat, N.K., R.J. Fisher, S. Fujiwara, R. Ascione, and T.S. Papas. 1987. Temporal and Tissue-Specific
Expression of Mouse ets Genes. Proceedings of the National Academy of Sciences USA 84: 3161-
3165.

Bhaumik, S.R. and M.R. Green. 2001. SAGA is an Essential in vivo Target of the Yeast Acidic Activator
Gal4p. Genes & Development 15: 1935-1945.

Bidder, M., A.P. Loewy, T. Latifi, E.P. Newberry, G. Ferguson, D.M. Willis, and D.A. Towler. 2000. Ets
Domain Transcription Factor PE1 Suppresses Human Interstitial Collagenase Promoter Activity by
Antagonizing Protein-DNA Interactions at a Critical API Element. Biochemistry39: 8917-8928.

Biral, D., L. Senter, and G. Salviati. 1996. Increased Expression of Dystrophin, p-Dystroglycan and Adhalin
in Denervated Rat Muscles. Journal of Muscle Research and Cell Motility 17: 523-532.

Bird, S.R. 1992. Exercise Physiology for Health Professionals. Chapman & Hall, London, UK.
Bister, K., M. Nunn, C. Moscovici, B. Perbal, M.A. Baluda, and P.H. Duesberg. 1982. Acute Leukemia

Viruses E26 and Avian Myeloblastosis Virus have Related IVansformation-specific RNA Sequences
but Different Genetic Structures, Gene Products, and Oncogenic Properties. Proceedings of the
National Academy of Sciences USA 79:3677-3681.

Blair, D.G. and M. Athanasiou. 2000. Ets and Retroviruses - Transduction and Activation of Members of the
Ets Oncogcne Family in Viral Oncogenesis. Oncogene 19:6472-6481.

Blake, D.J., J.M. Tinsley, and K.E. Davies. 1996. Utrophin: A Structural and Functional Comparison to
Dystrophin. Brain Pathology 6: 37-47.

Bloch, A., X.M. Liu, and L.G. Wang. 1995. Regulation ofc-myb Expression in ML-1 Human Myeloblastic
Leukemia Cells by c-ets-1 Protein. Adv. Enzyme Regul. 35:35-41.

Boccia, L.M., D. Lillicrap, K. Newcombe, and C.R. Mueller. 1996. Binding of the Ets Factor GA-Binding
Protein to an Upstream Site in the Factor IX Promoter is a Critical Event in Transactivation.
Molecular and Cellular Biology 16: 1929-1935.

Bonifer, C , F.X. Bosch, N. Faust, A. Schuhmann, and A.E. Sippel. 1994. Evolution of Gene Regulation as
Revealed by Differential Regulation of the Chicken Lysozyme Transgene and the Endogenous
Mouse Lysozyme Gene in Mouse Macrophages. Eur. J. Biochem. 226:227-235.

Bothe, G.W.M., J.A. Haspel, C.L. Smith, H.H. Wiener, and S.J. Burden. 2000. Selective Expression of Cre
Recombinase in Skeletal Muscle Fibers. Genesis 26: 165-166.

BSttinger, E.P., C.S. Shelley, O.C. Farokhzad, and M.A. Arnaout. 1994. The Human P2 Integrin CD18
Promoter Consists of Two Inverted Ets cis Elements. Molecular and Cellular Biology 14:2604-
2615.

Boulter, J., K. Evans, G. Martin, P. Mason, S. Stengelin, D. Goldmen, S. Heinemann, and J. Patrick. 1986.
Isolation and Sequence of cDNA Clones Coding for the Precursor to the y Subuni: of Mouse Muscle
Nicotinic Acetylcholine Receptor. Journal of Neuroscience Research 16: 37-49.

Boyd, K.E. and P.J, Farnham. 1999. Identification of Target Genes of Oncogenic Transcription Factors.
P.S.E.B.M. 222:9-28.

Bradford, A.P., K.S. Brodsky, S.E. Diamond, L.C. Kuhn, Y. Liu, and A. Gutierrez-Hartmann. 2000. The Pit-
1 Homcodomain and P-Domain Interact with Ets-1 and Modulate Synergistic Activation of the Rat
Prolactin Promoter. The Journal of Biological Chemistry 275: 3100-3106.

111



Bradford, A.P., K.E. Conrad, P.H. Tran, M.C. Ostrowski, and A. Gutierrez-Hartmann. 1996. GHF-l/Pit-1
Functions as a Cell-Specific Integrator of Ras Signaling by Targeting the Ras Pathway to a
Composite Ets-l/GHF-1 Response Element. The Journal ofBiological Chemistry 271: 24639-
24648.

Bradford, A.P., K..E. Conrad, C. Wasylyk, B. Wasylyk, and A. Gutierrez-Hartmann. 1995. Functional
Interaction of c-Ets-1 and GHF-l/Pit-1 Mediates Ras Activation of Pituitary-Specific Gene
Expression: Mapping of the Essential c-Ets-1 Domain. Molecular and Cellular Biology 15: 2849-
2857.

Brasier, A.R., J.E. Tate, and J.F. Habener. 1989. Optimized Use of the Firefly Luciferase Assay as a Reporter
Gene in Mammalian Cell Lines. BioTechniques 7: 1116-1122.

Brass, A.L., E. Kehrli, C.F. Eisenbeis, U. Storb, and H. Singh. 1996. Pip, a Lymphoid-Restricted IRF,
Contains a Regulatory Domain that is Important for Autoinhibition and Ternary Complex Formation
with the Ets Factor PU.l. Genes & Development 10: 2335-2347.

Bray, N., I. Dubchak, and L. Pachter. 2003. AVID: A Global Alignment Program. Genome Research 13:97-
102.

Brennan, KJ. and E.C. Hardeman. 1993. Quantitative Analysis of the Human a-Skeletal Actin Gene in
Transgenic Mice. The Journal of Biological Chemistry 268: 719-725.

Briguet, A., D. Bleckmann, M. Bettan, N. Mermod, and T. Meier, 2003. Tianscriptional Activation of the
Utrophin Promoter B by a Constitutively Active Ets-Transcription Factor. Neurornuscular Disorders
13:143-150.

Bronson, S.K., E.G. Plaehn, K..D. Kluckman, J.R. Hagaman, N. Maeda, and O. Smithies. 1996. Single-copy
Transgenic Mice with Chosen-Site Integration. Proceedings of the National Academy of Sciences
USA 93: 9067-9072.

Brooksbank, B.W.L. and R. Balazs. 1984. Superoxidc Dismutase, Glutathione Peroxidase and
Lipoperoxidation in Down's Syndrome Fetal Brain. Developmental Brain Research 16: 37-44.

Brown, T.A. and S.L. McKnight. 1992. Specificities of Protein-Protein and Protein-DNA Interaction of
GABPcc and Two Newly Defined ete-related Proteins. Genes & Development 6: 2502-2512.

BrUning, J.C., M.D. Michael, J.N. Winnay, T. Hayashi, D. H6rsch, D. Accili, L.J. Goodyear, and C.R. Kahn.
1998. A Muscle-Specific Insulin Receptor Knockout Exhibits Features of the Metabolic Syndrome
of NIDDM without Altering Glucose Tolerance. Molecular Cell 2: 559-569.

Brunner, D., K. DQcker, N. Oellers, E. Hafen, H. Scholz, and C. KlSmbt. 1994. The ETS Domain Protein
Pointed-P2 is a Target of MAP Kinase in the Sevenless Signal Transduction Pathway. Nature 370:
386-389.

Buonanno, A. and J,P. Merlie. 1986. Transcriptional Regulation of Nicotinic Acetylcholinc Receptor Genes
during Muscle Development. The Journal of Biological Chemistry 261: 11452-11455.

Burden, S. and Y. Yarden. 1997. Neurcgulins and Their Receptors: A Versatile Signaling Module in
Organogenesis and Oncogenesis. Neuron 18: 847-855.

Burden, S.J. 2002. Building the Vertebrate Neuromuscular Synapse. Journal of Neurobiology 53:501-511.
Burtis, K.C., C.S. Thummel, C.W. Jones, F.D. Karim, and D.S. Hogness. 1990. The Drosophila 74EF Early

Puff Contains E74, a Complex Ecdysone-lnducible Gene that Encodes Two Ets-Related Proteins.
Cell 61: 85-99.

Busciglio, J. and B.A. Yankner. 1995. Apoptosis and Increased Generation of Reactive Oxygen Species in
Down's Syndrome Neurons in vitro. Nature 378: 776-779.

Bush, T.S., M.S. Coeur, K..K. Resendcs, and A.G. Rosmarin. 2003. GA-Binding Protein (GABP) and Spl are
Required, Along with Retinotd Receptors, to Mediate Retinoic Acid Responsiveness of CD 18 (P2

Leukocyte Integrin): A Novel Mechanism of Transcriptional Regulation in Myeloid Cells. Blood
101:311-317.

Cabin, D.E., J.W. McKsc-Johnson, L.E. Matesic, T. Wiltshire, E.E. Rue, A.E. Mjaatvedt, Y. Kang Huo, J.R.
Korenberg, and R.H. Reeves. 1998. Physical and Comparative Mapping of Distal Mouse
Chromosome 16. Genome Research 8:940-950.

Cairns, N.J. 2001. Molecular Neuropathology of Transgenic Mouse Models of Down Syndrome. Journal of
Neural Transmission 61: 289-301.

Calvo, O. and J.L. Manley. 2003. Strange Bedfellows: Polyadenylation Factors at the Promoter. Genes &
Development 17: 1321-1327.

Capaldi, R.A., D. Gonzalez Halphen, Y.-Z. Zhang, and W. Yanamura. 1988. Complexity and T_*sue
Specificity of the Mitochondria! Respiratory Chain. Journal ofBioenergetics and Biomembranes 20:
291-311.

Capaldi, R.A., M.F. Marusich, and J.-W. Taanman. 1995. Mammalian Cytochrome-c Oxidase:
Characterization of Enzyme and Immunological Detection of Subunits in Tissue Extracts and Whole
Cells. Methods in Enzymology 260: 117-132.

278

! '

! i



Capecchi, M.R, 1989. The New Mouse Genetics: Altering the Genome by Gene Targeting. Trends in
Genetics 5: 70-76.

Capone, G.T. 2001. Down Syndrome: Advances in Molecular Biology and the Neurosciences.
Developmental and Behavioral Pediatrics 22:40-59.

Cardot, P., D. Pastier, J.M. Lacorte, M. Mangeney, V.I. Zannis, and I Chambaz. 1994. Purification and
Characterization of Nuclear Factors Binding to the Negative Regulatory Element D of Human
Apolipoprotein A-II Promoter: A Negative Regulatory Effect is Reversed by GABP, an Ets-Related
Protein. Biochemistry 33: 12139-12148.

Carrere, S., A. Verger, A. Flourens, D. Stechelin, and M. Duterque-Coquillaud. 1998. Erg Proteins,
Transcription Factors of the Ets Family, Form Homo, Heterodimers and Ternary Complexes via
Two Distinct Domains. Oncogene 16: 3261-3268.

Carter, R.S. and N.G. Avadhani. 1991. Cloning and Characterization of the Mouse Cytochrome c Oxidase
Subunit IV Gene. Archives of Biochemistry and Biophysics 288: 97-106.

-. 1994. Cooperative Binding of GA-Binding Protein Transcription Factors to Duplicated Transcription
Initiation Region Repeats of the Cytochrome c Oxidase Subunit IV Gene. The Journal of Biological
Chemistry 269:4381-4387.

Carter, R.S., N.K. Bhat, A. Basu, and N.G. Avadhani. 1992. The Basal Promoter Elements of Murine
Cytochrome c Oxidase Subunit IV Gene Consist of Tandemly Duplicated ets Motifs that Bind to
GABP-Related Transcription Factors. The Journal of Biological Chemistry 267: 23418-23426.

Chakrabarti, S.R. and G. Nucifora. 1999. The Leukemia-Associated Gene TEL Encodes a Transcription
Represser which Associates with SMRTand mSin3A. Biochemical and Biophysical Research
Communications 264: 871-877.

Chakrabarti, S.R., R. Sood, S. Ganguly, S. Bohlander, Z. Shen, and G. Nucifora. 1999. Modulation of TEL
Transcription Activity by Interaction with the Ubiquitin-Conjugating Enzyme UBC9. Proceedings
of the National Academy of Sciences USA 96: 7467-7472.

Chan, R.Y.Y., C. Boudreau-Lariviere, L.M. Angus, F.A. Mankal, and B.J. Jasmin. 1999. An Intronic
Enhancer Containing an N-Box Motif is Required for Synapse- and Tissue-Specific Expression of
the Acetylcholinesterase Gene in Skeletal Muscle Fibers. Neurobiology 96: 4627-4632.

Chausovsky, A., I. Tsarfaty, Z. Kam, Y. Yarden, B. Geiger, and A.D. Bershadsky. 1998. Morphogenetic
Effects of Neuregulin (Neu Differentiation Factor) in Cultured epithelial Cells. Molecular Biology
of the Cell 9: 3195-3209.

Chen, T., M. Bunting, F.D. Karim, and C.S, Thummel. 1992. Isolation and Characterization of Five
Drosophila Genes That Encode an e£s-Related DNA Binding Domain. Developmental Biology 151:
176-191.

Cheng, S.V., J.H. Nadeau, R.E. Tanzi, P.C. Watkins, J. Jagadesh, B.A. Taylor, J.L. Haines, N. Sacchi, and
J.F. Gusella. 1988. Comparative Mapping of DNA Markers from the Familial Alzheimer Disease
and Down Syndrome Regions of Human Chromosome 21 to Mouse Chromosomes 16 and 17.
Proceedings of the National Academy of Sciences USA 85:6032-6036.

Cheng, T.-C, T.A. Hanley, J. Mudd, J.P. Merlic, and E.N, Olson. 1992. Mapping of myogenin Transcription
during Embryogenesis using Transgenes Linked to the myogenin Control Region. The Journal of
Cell Biology 119: 1649-1656.

Chettouh, Z., M.-F. Croquette, B. Delobel, S. Gilgenkrants, C. Leonard, C. Maunoury, M. Prieur, M.-O.
Rethori, P.-M. Sinet, M. Chery, and J.-M. Delabar. 1995. Molecular Mapping of 21 Features
Associated with Partial Monosomy 21: Involvement of the APP-SOD1 Region. Am. J. Hum. Genet.
57:62-71.

Chin, E.R., E.N. Olson, J.A. Richardson, Q. Yang, C. Humphries, J.M. Shclton, H. Wu, W. Zhu, R. Basscl-
Duby, and R.S. Williams. 1998. A Calcineurin-Dependent Transcriptional Pathway Controls
Skeletal Muscle Fiber Type. Genes & Development 12: 2499-2509.

Chinenov, Y., C. Coombs, and M.E. Martin. 2000. Isolation of a Bi-directional Promoter Directing
Expression of the Mouse GABPa and ATP Synthase Coupling Factor 6 Genes. Gene 261: 311-320.

Chinenov, Y., T. Schmidt, X.-Y. Yang, and M.E. Martin. 1998. Identification of Redox-Sensitive Cysteines
in GA-Binding Protein-a that Regulate DNA Binding and Hetercdimerization. The Journal of
Biological Chemistry 273: 6203-6209.

Choi, Y.S., H.K. Lee, and Y.K. Pak. 2002. Characterization of the 5'-Flanking Region of the Rat Gene for
Mitochondrisl Transcription Factor A (Tfam). Biochimica et Biophysica Acta 1574:200-204.

Chomczynski, P. and N. Sacchi. 1987. Single-Step Method of RNA Isolation by Acid Guanidinium
Thiocyanatc-Phenol-Chloroform Extraction. Analytical Biochemistry 162: 156-159.

Chou, L.-F. and W.-G. Chou. 1999. DNA-End Binding Activity of Ku in Synchronized Cells. Cell Biology
International 23: 663-670.

279



Chrast, R., H. Chen, M.A. Monris, and S.E. Antonarakis. 1995. Mapping of the Human Transcription Factor
GABPA (E4TF1-69) Gene to Chromosome 21. Genomics 28: 119-122.

Chrast, R., H.S. Scott, M.R Papasavvas, C. Rossier, E.S. Antonarakis, C. Barras, M.T. Davisson, C. Schmidt,
X. Estivill, M. Dierssen, M. Pritchard, and 3.E. Antonarakis. 2000. The Mouse Brain Transcriptome
by SAGE: Differences in Gene Expression between P30 Brains of the Partial Trisomy 16 Mouse
Model of Down Syndrome (Ts65Dn) and Normals. Genome Research Vd: 2006-2021.

Chretien, S., A. Dubart, D. Beaupain, N. Raich, B. Grandchamp, J. Rosa, M. Goossens, and P.-H. Romeo.
1988. Alternative Transcription and Splicing of the Human Porphobilinogen Deaminase Gene
Result either in Tissue-Specific or in Housekeeping Expression. Proceedings of the National
Academy of Sciences USA 85: 6-10.

Cohen, I., M. Rimer, T. Lamo, and U.J. McMahan. 1997. Agrin-Induced Postsynaptic-Like Apparatus in
Skeletal Muscle Fibers in vivo. Molecular and Cellular Neuroscience 9:237-253.

Cohen, W.I. 1999. Health Care Guidelines for Individuals with Down Syndrome: Down Syndrome
Preventive Medical Checklist. In Down Syndrome: A Promising Future, Together (ed. T.J. Hassold
and D. Patterson), pp. 15-36. Wiley-Liss, New York.

Cole, E.G. and K. Gaston. 1997. A Functional YY1 Binding Site is Necessary and Sufficient to Activate
Surf-1 Promoter Activity in Response to Serum Growth Factors. Nucleic Acids Research 25: 3705-
3711.

Coleman, M. 1971. Infantile Spasms Associated with 5-Hydroxytryptophan Administration in Patients with
Down Syndrome. Neurology 21: 911-919.

Costa, A.C.S., K. Walsh, and M.T. Davisson. 1999. Motor Dysfunction in a Mouse Model for Down
Syndrome. Physiology & Behavior 68:211-220.

Cowley, D.O. and B.J. Graves. 2000. Phosphorylation Represses Ets-1 DNA Binding by Reinforcing
Autoinhibition. Genes & Development 14:366-376.

Coyle, J.T., M.L. Oster-Granite, and J.D. Gearhart. 1986. The Neurobiologic Consequences of Down
Syndrome. Brain Research Bulletin 16: 773-787.

Coyle, J.T., M.L. Oster-Granite, R.H. Reeves, and J.D. Gearhart. 1988. Down Syndrome, Alzheimer's
Disease and the Trisomy 16 Mouse. Trends in Neuroscience 11: 390-394,

Cranston, A., C. Dong, J. Howcroft, and A.i. Ciark. 2001. Chromosomal Sequences Flanking a» Efficiently
Expressed Transgene Dramatically Enhance its Expression, Gene 269:217-225.

Crawley, J.N. 2000. Motor Functions. In What's Wrong With My Mouse? (ed, J.N. Crawley), pp. 47-63.
Wiley-Liss, New York.

Crepieux, P., J. Coll, and D. Stchelin. 1994. The Ets Family of Proteins: Weak Modulators of Gene
Expression in Quest for Transcriptional Partners. Critical Reviews in Oncogenesis 5: 615-638.

Criqui-Filipe, P., C. Ducret, S.-M. Maira, and B. Wasylyk. 1999. Net, a Negative Ras-Switchable TCF,
Contains a Second Inhibition Domain, the CID, that Mediates Repression through Interactions with
CtBP and De-Acetylation. The EMBO Journal 18: 3392-3403.

Cristiano, F., J.B. de Haan, R.C. Iannclio, and I. Kola. 1995. Changes in the Levels of Enzymes which
Modulate the Antioxidant Balance Occur During Aging and Correlate with Cellular Damage.
Mechanisms of Ageing and Development 80: 93-105.

Crome, L., V. Crowie, and E. Slater. 1966. A Statistical Note on Cerebellar and Brain-Stem Weight in
Mongoljsm. JMentDefRes 10: 69-72.

Cronk, C, A.C. Crocker, S.M. Pueschel, A.M. Shea, E. Zackai, G. Pickens, and R.B. Reed. 1988. Growth
Charts for Children with Down Syndrome: 1 Month to 18 Years of Age. Pediatrics 81:102-110.

Curcic, D., M. Glibetic, D.E. Larson, and B.H. Sells. 1997. GA-Binding Protein is Involved in Altered
Expression of Ribosomal Protein L32 Gene. Journal of Cellular Biochemistry 65: 287-307.

Dalgleish, P. and A.D. Sharrocks. 2000. The Mechanism of Complex Formation between Fli-1 and SRF
Transcription Factors. Nucleic Acids Research 28:560-569.

Davidoff, L.M. 1928. The Brain in Mongolian Idiocy: A Report of Ten Cases. Archives of Neurology and
Psychiatry 20:1229-1257.

Davisson, M.T. and A.C.S. Costa. 1999. Mouse Models of Down Syndrome. In Mouse Models in the Study
of Genetic Neurological Disorders (ed. Popko), pp. 297-327. Kluwer Academic/Plenum Publishers,
New York.

Davisson, M.T., K. Gardiner, and A.C.S. Costa. 2001. Report of the Ninth International Workshop on the
Molecular Biology of Human Chromosome 21 and Down Syndrome. Cytogenetics and Cell
Geneiks 92: 1-22.

Davisson, M.T., C. Schmidt, and E.C. Akeson. 1990. Segmental Trisomy of Murine Chromosome 16: A New
Model System for Studying Down Syndrome. Prog. Clin. Biol. Res. 360:263-280.

Davisson, M.T., C. Schmidt, R.H. Reeves, N.G. Irving, E.C. Akeson, B.S. Harris, and R.T. Branson. 1993.
Segmental Trisomy as a Mouse Model for Down Syndrome. Prog. Clin. Biol. Res. 384:117-133.

280



Dawson, T.M. 2000. New Animal Models for Parkinson's Disease. Cell 101: 115-118.
Day, R.N., J. Liu, V. Sundmark, M. Kawecki, D. Berry, and H.P. Elsholtz. 1998. Selective Inhibition of

Prolactin Gene Transcription by the ETS-2 Repressor Factor. The Journal of Biological Chemistry
273:31909-31915.

de Haan, J.B., J.D. Newman, and 1. Kola. 1992. Cu/Zn Superoxidc Dismutase mRNA and Enzyme Activity,
and Susceptibility to Lipid Peroxidation, Increases with Aging in Murine Brains. Molecular Brain
Research 13:179-187.

de Haan, J.B., E.J. Wolvetang, F. Cristiano, R. Iannello, C. Bladier, M.J. Kelner, and I. Kola. 1997. Reactive
Oxygen Species and Their Contribution to Pathology in Down Syndrome. Advances in
Pharmacology 38: 379-402.

de Kerchove d'Exaerde, A., J. Cartaud, A. Ravel-Chapuis, T. Seroz, F. Pasteau, L.M. Angus, B.J. Jasmin, J.-
P. Changeux, and L. Schaeffer. 2002. Expression of Mutant Ets Protein at the Neuromuscular
Synapse Causes Alterations in Morphology and Gene Expression. EMBO Reports 3: 1075-1081.

de la Brousse, F.C., E.H. Birkenmeier, D.S. King, L.B. Rowe, and S.L. McKnight 1994. Molecular and
Genetic Characterization of GABPp. Genes & Development 8: 1853-1S65.

de la Monte, S.M. 1999. Molecular Abnormalities of the Brain in Down Syndrome: Relevance to Alzheimer's
Neurodegeneration. Journal of Neural Transmission 57: 1-19.

de la Monte, S.M., Y.K. Sohn, N. Ganju, and J.R. Wands. 1998. p53- and CD95-Associated Apoptosis in
Neurodegencrative Diseases. Laboratory Investigation 78:401-411.

de Launoit, Y., J.-L Baert, A. Chotteau, D. Monte, P.-A. Defossez, L. Coutte, H. Pclczar, and F. Leenders.
1997. Structure-Function Relationships of the PEA3 Group of Ets-Related Transcription Factors.
Biochemical and Molecular Medicine 61: 127-135.

De Meirsman, C , M. Jaspers, E. Schoilen, and J.-J. Cassiman. 1996. The Genomic Structure of the Murine
cu Integrin Gene. DNA and Cell Biology 15: 595-603.

De Meirsman, C , E. Schoilen, M. Jaspers, K. Ongena, G. Matthijs, P. Marynen, and J.-J. Cassiman. 1994.
Cloning and Characterization of the Promoter Region of the Murine Alpha-4 Integrin Subunit. DNA
and Cell Biology 13: 743-754.

DeChiara, T.M., D.C. Bowen, D.M. Valenzuela, M.V. Simmons, W.T. Poutymirou, S. Thomas, E. Kinetz,
D.L. Compton, E. Rojas, J.S. Park, C.L. Smith, P.S. DiStefano, D.J. Giass, S.J. Burden, and G.D.
Yancopoulos. 1996. The Receptor Tyrosine Kinase MuSK is Required for Neuromuscular Junction
Formation In Vivo. Ce//85: 501-512.

Deconinck, A.E., A.C. Potter, J.M. Tinsley, S.J. Wood, R. Vater, C. Young, L. Metzinger, A. Vincent, C.R.
Slater, and K.E. Davies. 1997a. Postsynaptic Abnormalities at the Neuromuscular Junctions of
Utrophin-deficient Mice. The Journal of Cell Biology 136: 883-894.

Deconinck, A.E., J.A. Rafael, J.A. Skinner, S.C. Brown, A.C. Potter, L. Metzinger, D.J. Watt, J.G. Dickson,
J. Tinsley, M, and K.E. Davies. 1997b. Utrophin-Dystrophin-Deficient Mice as a Model for
Duchenne Muscular Dystrophy. Cell 90: 717-727.

Deconinck, N., J.M. Tinsley, F. De Backer, R. Fisher, D. Kahn, S. Phelps, K.E. Davies, and J.-M. Gillis.
1997c. Expression of Truncated Utrophin leads to Major Functional Improvements in Dystrophin-
Deficient Muscles of Mice. Nature Medicine 3: 1216-1221.

Defossez, P.A., J.L. Baert, M. Monnot, and Y. de Launoit 1997. The ETS Family Member ERM Contains an
Alpha-Helical Acidic Activation Domain that Contacts TAFII60. Nucleic Acids Research 15:4455-
4463.

del Mar Lorente, M., C. Marcos-Gutierrez, C. Perez, J. Schoorlcmmsr, A. Ramirez, T. Magin, and M. Vidal.
2000. Loss- and Gain-of-Function Mutations Show a Polycomb Group Function for Ring 1A in
Mice. Development 127: 5093-5100.

Delattre, O., J. Zucman, B. Plougastel, C. Desmaze, T. Melot, M. Peter, H. Kovar, I. Joubert, P. de Jong, G.
Rouleau, A. Aurias, and G. Thomas. 1992. Gene Fusion with an ETS DNA-binding Domain Caused
by Chromosome Translocation in Human Tumours. Nature 359: 162-165.

Dennis, C.L., J.M. Tinsley, A.E. Deconinck, and K.E. Davies. 1996. Molecular and Functional Analysis of
the Utrophin Promoter. Nucleic Acids Research 24: 1646-1652.

DiMario, J.X., S.E. Fernyak, and F.E. Stockdale. 1993. Myoblasts Transferred to the Limbs of Embryos are
Committed to Specific Fibre Fates. Nature 362: 165-167.

Dittmer, J., C.A. Pise-Masison, K.E. Clemens, K.-S. Choi, and J.N. Brady. 1997. Interaction of Human T-
Cell Lymphotropic Virus Type I Tax, Etsl, and Spl in Transactivation of the PTHrP P2 Promoter.
The Journal of Biological Chemistry 272:4953-4958.

Dong, X., K. Ghoshal, S. Majumder, S.P. Yadav, and S.T. Jacob. 2002. Mitochondria! Transcription Factor
A and Its Downstream Targets are Up-regulated in a Rat Hepatoma. The Journal of Biological
Chemistry 277: 43309-43318.

281



Donoghue, M.J., R. Morris-Valero, Y.R. Johnson, J.P. Merlie, and J.R. Sanes. 1992. Mammalian Muscle
Cells Bear a Cell-Autonomous, Heritable Memory of Their Rostrocaudal Position. Cell 69:67-77.

Du, K., J.I. Leu, Y. Peng, and R. Taub. 1998. Transcriptional Up-Regulation of the Delayed Early Gene
HRS/SRp40 During Liver Regeneration. The Journal of Biological Chemistry 273: 35208-35215.

Dubchak, I., M. Brudno, G.G. Loots, C. Mayor, L. Pachter, E.M. Rubin, and KA. Frazer. 2000a.
Visualisation Tools for Alignments (VISTA), http://www-gsd.lbl.gov/vista (02/12/2002).

Dubchak, I., M. Brudno, G.G. Loots, L. Pachter, C. Mayor, E.M. Rubin, and K.A. Frazer. 2000b. Active
Conservation of Noncoding Sequences Revealed by Three-Way Species Comparisons. Genome
Research 10: 1304-1306.

Duclert, A., N. Savatier, and J.-P. Changeux. 19>i. An £3-Nucleotide Promoter of the Acetylcholine
Receptor s-Subunit Gene Confers Preferential Synaptic Expression in Mouse Muscle. Proceedings
of the National Academy of Sciences USA 90: 3043-3047.

Duclert, A., N. Savatier, L. Schaeffer, and J.-P. Changeux. 1996. Identification of an Element Crucial for the
Sub-synaptic Expression of the Acetylcholine Receptor e-Subunit Gene. The Journal of Biological
Chemistry 271: 17433-17438.

Dupriez, V.J., M.I. Darville, I.V. Antoine, A. Gegonne, J. Ghysdael, and G.G. Rousseau. 1993.
Characterization of a Hepatoma mRNA Transcribed from a Third Promoter of a 6-Phosphofructo-2-
Kinase/Fructose-2,6-Bisphosphatase-Encoding Gene and Controlled by ets Oncogene-Related
Products. Proceedings of the National Academy of Sciences USA 90: 8224-8228.

Eichbaum, Q., D. Heney, D. Raveh, M. Chung, M. Davidson, J. Epstein, and R.A.B. Ezekowitz. 1997.
Murine Macrophage Mannose Receptor Promoter is Regulated by the Transcription Factors PU.l
and SP1. Blood 90: 4135-4143.

Eisenbeis, C.F., H. Singh, and U. Storb. 1995. Pip, a Novel IRF Family Member, is a Lymphoid-Specific,
PU.l-Dependent Transcriptional Activator. Genes & Development 9: 1377-1387.

Ely, K.R. and R. Kodandapani. 1998. Ankyrin(g) ETS Domains to DNA. Nature Structural Biology 5:255-
259.

Engel, A.G.. K. Ohno, C. Bouzat, S.M. Sine, and R.C. Griggs. 1996. End-Plate Acetylcholine Receptor
Deficiency due to Nonsense Mutations in the e Subunit. Ann. Neurol. 40: 810-817.

Engcl, A.G., K. Ohno, M. Milone, and S.M. Sine. 1997, Congenital Myasthenic Syndromes caused by
Mutations in Acetylchoiine Receptor Genes. Neurology 48: S28-S35.

Epstein, C.J. 2001. Down Syndrome (Trisomy 21). In The Metabolic & Molecular Bases of Inherited
Disease (ed. C.R. Scriver, A.L. Beaudet, W.S. Sly, D. Valle, B. Childs, K.W. Kinzler, and B.
Vogelstein), pp. 1223-1256. The McGraw-Hill Companies, Inc., New York.

Epstein, C.J., C.N. Berger, E.J. Carlson, P.H. Chan, and T.-T. Huang. I9J'O. Models for Down Syndrome:
Chromosome 21-Specific Genes in Mice. Prog. Clin. Biol. Res. 360:215-232.

Epstein, C.J., D.R. Cox, and L.B. Epstein. 1985. MCJS? Trisomy 16: An Animal Model of Human Trisomy
21 (Down Syndrome). Annals of the New York Academy ofSciences 450: 157-177.

Erickson, S.L., K.S. O'Shea, N. Ghaboosi, L. Loverro, G. Frantz, M. Bauer, L.H. Lu, and M.W. Moore. 1997.
ErbB3 is Required for Normal Cerebellar and Cardiac Development: A Comparison with ErbB2-
and Hcrcgul in-Deficient Mice. Development 124: 4999-5011.

Escorihuela, R.M., A. Femandez-Teruel, I.F. Vallina, C. Baamonde, M.A. Lumbreras, M. Dierssen, A.
Tobefia, and J. FI6rez. 1995. A Behavioral Assessment of Ts65Dn Mice: A Putative Down
Syndrome Model. Neuroscience Letters 199: 143-146.

Escorihuela, R.M., I.F. Vallina, C. Martinez-Cui, C. Baamonde, M. Dierssen, A. Tobefia, J. F16rez, and A.
Femandez-Teruel. 1998. Impaired Shoit- and Long-Term Memory in Ts65Dn Mice, a Model for
Down Syndrome. Neuroscience Letters 247: 171-174.

Escriva, H., A. Rodrigucz-Pefia, and C.G. Vallejo. 1999. Expression of Mitochondrial Genes and of the
Transcription Factors Involved in the Biogenesis of Mitochondria Tfam, NRF-1 and NRF-2, in Rat
Liver, Testis and Urain. Biochimie 81:965-971.

Esser, K., P. Gunning, and E. Hardenwn. 1993. Nerve-Dependent and -Independent Patterns of mRNA
Expression in Regenerating Skeletal Muscle. Developmental Biology 159: 173-183.

Ezashi, T., A.D. Ealy, M.C. Ostrowski, and R.M. Roberts. 1998. Control of Interferon-y Gene Expression by
Ets-2. Proceedings of the National Academy of Sciences USA 95: 7882-7887.

Feaster, W.W., L.W. Kwok, and C.J. Epstein. 1977. Dosage Effects for Superoxide Dismutase-1 in
Nucleated Cells Aneuploid for Chromosome 2\.Am J Hum Genet 29:563-570.

Felix Karim, D., L.D. Urness, C.S. Thummel, M.J. Klemsz, S.R. McKercher, A. Celada, C. Van Bevcren,
R.A. Maki, C.V. Gunther, J.A. Nye, and B.J. Graves. 1990. The ETS-Domain: A New DNA-
Binding Motif that Recognizes a Purinc-Rich Core DNA Sequence. Genes & Development 4:1451-
1453.

282



Feng, Y.-Q., M.C. Lorincz, S. Fiering, J.M. Greally, and E.E. Bouhassira. 2001. Position Effects are
Influenced by the Orientation of a Transgene with Respect to Flanking Chromatin. Molecular and
Cellular Biology 21: 298-309.

Fisher, R.C. and E.W. Scott. 1998. Role of PU.l in Hematopoiesis. Stem Cells 16: 25-37.
Fitzsimmons, D., W. Hodsdon, W. Wheat, S.M. Maira, B. Wasylyk, and J. Hagman. 1996. Pax-5 (BSAP)

Recruits Ets Proto-Oncogene Family Proteins to form Functional Ternary Complexes on a B-Cell-
Specific Promoter. Genes & Development 10:2198-2211.

Fleischmann, A., F. Hafezi, C. Elliott, C.E. Rem6, U. ROther, and E.F. Wagner. 2000. Fra-1 Replaces c-Fos-
Dependent Functions in Mice. Genes & Development 14: 2695-2700.

Flory, E., A. Hoffineyer, U. Jimola, U.R. Rapp, and J.T. Bruder. 1996. Raf-1 Kinase Targets GA-Binding
Protein in Transcriptional Regulation of the Human Immunodeficiency Virus Type 1 Promoter.
Journal of Virology 70: 2260-2268.

Fonnum, F. and E.A. Lock. 2000. Cerebellum as a Target for Toxic Substances. Toxicology Letters 112-113:
9-16.

Foulkes, N.S., B. Mellstrfim, E. Benusiglio, and P. Sassone-Corsi. 1992. Developmental Switch of CREM
Function during Spermatogenesis from Antagonist to Activator. Nature 355: 80-84.

Fox, E.L., R.W. Bowers, and M.L. Foss. 1989. The Physiological Basis of Physical Education and Athletes.
Wm.C. Brown Publishers, Iowa, USA.

Frank, E. and G.D. Fischbach. 1979. Early Events in Neuromuscular Junction Formation in vitro: Induction
of Acetylcholine Receptor Clusters in the Postsynaptic Membrane and Morphology of Newly
Formed Synapses. The Journal of Cell Biology 83: 143-158.

Frederikse, P.H. and X.-O. Ren. 2002. Lens Defects and Age-Related Cell Degeneration in a Mouse Model
of Increased APPP Gene Dosage in Down Syndrome. American Journal of Pathology 161: 1985-
1990.

Fromm, L. and S.I. Burden. 1998a. Synapse-Specific and Neuregulin-Induced Transcription Require an Ets
Site that Binds GABPot/GABPp. Genes & Development 12: 3074-3083.

-. 1998b. Transcriptional Pathways for Synapse-Specific, Neuregulin-Induced and Electrical Activity-
Dependent Transcription. J Physiology (Paris) 92: 173-176.

-. 2001. Neuregulin-1-Stimulated Phosphorylation of GABP in Skeletal Muscle Cells. Biochemistry 40:
5306-5312.

Frugicr, T., F.D. Tiziano, C. Cifucntes-Diaz, P. Miniou, N. Roblot, A, Dicrich, M. Le Meur, and J. Melki.
2000. Nuclear Targeting Defect of SMN lacking the C-Terminus in a Mouse Model of Spinal
Muscular Atrophy. Human Molecular Genetics 9: 849-858.

Futcher, B. 1999. Cell Cycle Synchronization. Methods in Cell Science 21: 79-86.
Fyodonv, D., T. Nelson, and E. Deneris. 1998. Pet-1, a Novel ETS Domain Factor *hat can Activate

Neuronal nAChR Gene Transcription. Journal ofNeurobiology 34: 151-163.
Gajewski, K.M. and R.A. Schulz. 1995. Requirement of the ETS Domain Transcription Factor D-ELG for

Egg Chamber Patterning and Development During Drosophila Oogenesis. Oncogene 11: 1033-
1040.

Galvagni, F., S. Capo, and S. Oliviero. 2001. Spl and Sp3 Physically Interact and Co-operate with GABP for
the Activation of the Utrophin Promoter. Journal of Molecular Biology 306: 985-996.

Gardiner-Garden, M. and M. Frommer. 1987. CpG Islands in Vertebrate Genomes. Journal of Molecular
Biology 196: 261-282.

Garrett-Sinha, L.A., R. Dahl, S. Rao, K.P. Barton, and M.C. Simon. 2001. PU.l Exhibits Partial Functional
Redundancy with Spi-B, but Not with Ets-1 or Elf-1. Blood 97: 2908-2912.

Gassmann, M., F. Cssagranda, D. Orioli, H. Simon, C. Lai, R. Klein, and G. Lemke. 1995. Aberrant Neural
and Cardiac Development in Mice Lacking the ErbB4 Neuregulin Receptor. Nature 378:390-394.

Gautam, M., P.G. Noakes, L. Moscoso, F. Rupp, R.H. Scheller, J.P. Merlie, and J.R. Sanes. 1996. Defective
Neuromuscular Synaptogenesis in Agrin-Deficient Mutant Mice. Cell 85: 525-535.

Gautam, M., P.G. Noakes, J. Mudd, M. Nichol, G.C. Chu, J.R. Sanes, and J.P. Merlie. 1993. Failure of
Postsynaptic Specialization to Develop at Neuromuscular Junctions of Rapsyn-deficient Mice.
Nature 377: 232-236.

Gearhart, J.D., M.T. Davisson, and M.L. Oster-Granite. 1986. Autosomal AneupJoidy in Mice: Generation
and Developmental Consequences. Brain Research Bulletin 16: 789-801.

Gedye, A. 1990. Dietary Increase in Serotonin Reduces Self-Injurious Behaviour in a Down's Syndrome
Adult. Journal of Mental Deficiency Research 34: 195-203.

Genuario, R.R. and R.P. Perry. 1996. The GA-Binding Protein can Serve as Both an Activator and Repressor
ofRibosomal Protein Gene Transcription. The Journal of Biological Chemistry 271:4388-4395.

283



Giaccone, G., F. Tagliavini, G. Linoli, C. Bouras, L. Frigerio, B. Frangione, and O. Bugiani. 1989. Down
Patients: Extracellular Preamyloid Deposits Precede Neuritic Degeneration and Senile Plaques.
Neuroscience Letters 97: 232-238.

Goetz, T.L., T.-L. Gu, N.A. Speck, and B.J. Graves. 2000. Auto-Inhibition of Ets-1 is Counteracted by DNA
Binding Cooperativity with Core-Binding Factor a2. Molecular and Cellular Biology 20: 81-90.

Goldspink, G. and P.S. Ward. 1979. Changes in Rodent Muscle Fibre Types During Post-Natal Growth,
Undemutrition and Exercise. JPhysiol. 296:453-469.

Golub, T.R., G.F. Barker, S.K. Bohlander, S.W. Hiebert, D.C. Ward, P. Bray-Ward, E. Morgan, S.C.
Raimondi, J.D. Rowley, and D.G. Gilliland. 1995. Fusion of the TEL Gene on 12pl3 to the AML1
Gene on 21q22 in Acute Lymphoblastic Leukemia. Proceedings of the National Academy of
Sciences USA 92:4917-4921.

Gomez, CM., B.B. Bhattacharyya, P. Chamet, J.W. Day, C. Labarca, R.L. Wollmann, and E.H. Lambert.
1996. A Transgenic Mouse Model of the Slow-channel Syndrome. Muscle & Nerve 19: 79-87.

Gong, Q., L.J. Brown, and M.J. MacDonald. 2000. Functional Analysis of Two Promoters for the Human
Mitochondrial Glycerol Phosphate Dehydrogenase Gene. The Journal of Biological Chemistry 275:
38012-38021.

Gonzalez, F.J. and Y.-H. Lee. 1996. Constitutive Expression of Hepatic Cytochrome P450 Genes. The
FASEB Journal 10:1112-1117.

Goodin, J.L. and C.L. Rutherford. 2002. Characterization of Human Ribosomal S3a Gene Expression During
Adenosine 3':5' Cyclic Monophosphate Induced Neuroendocrine Differentiation of LNCaP Cells.
Molecular Biology Reports 29: 301 -316.

Goto, M., T. Shimizu, J.-i. Sawada, C. Sawa, H. Watanabe, H. Ichikawa, M. Ohira, M. Ohki, and H. Handa.
1995. Assignment of the E4TFI-60 Gene to Human Chromosome 21q21.2-q21.3. Gene 166:337-
338.

Grady, R.M., J.P. Merlie, and J.R. Sanes. 1997. Subtle Neuromuscular Defect in Utrophin-deficient Mice.
The Journal of Cell Biology 136: 871-882.

Gramolini, A.O., L.M. Angus, L. Schaeffer, E.A. Burton, J. Tinsley, M., K.E. Davies, J.-P. Changeux, and
B.J. Jasmin. 1999. Induction of Utrophin Gene Expression by Heregulin in Skeletal Muscle Cells:
Role of the N-Box Motif and GA Binding Protein. Proceedings of the National Academy of Sciences
USA 96: 3223-3227.

Gramolini, A.O., G. Belangcr, and B.J. Jasmin. 2001a. Distinct Regions in the 3' Untranslated Region are
Responsible for Targeting and Stabilizing Utrophin Transcripts in Skeletal Muscle Cells. The
Journal of Cell Biology 154: 1173-1183.

Gramolini, A.O., G. B&anger, J.M. Thompson, J.V. Chakkalakal, avid B.J. Jasmin. 2001b. Increased
Expression of Utrophin in a Slow vs. a Fast Muscle Involves Posttranscriptional Events. American
Journal of Physiology - Cell Physiology 28!: C1300-C1309.

Gramolini, A.O., C.L. Dennis, J.M. Tinsley, G.S. Robertson, J. Cartaud, K.E. Davies, and B.J. Jasmin. 1997.
Local Transcriptional Control of Utrophin Expression at the Neuromuscular Synapse. The Journal
of Biological Chemistry 272: 8117-8120.

Gramolini, A.O. and B.J. Jasmin. 1998. Molecular Mechanisms and Putative Signalling Events Controlling
Utrophin Expression in Mammalian Skeletal Muscle Fibres. Neuromuscular Disorders 8: 351-361.

-. 1999. Expression of the Utrophin Gene During Myogenic Differentiation. Nucleic Acids Research 27:
3603-3609.

Granhclm, A.-C.E., L.A. Sanders, and L.S. Crnic. 2000. Loss of Cholinergic Phenotype in Basal Forcbrain
Coincides with Cognitive Decline in a Mouse Model of Down's Syndrome. Experimental Neurology
161:647-663.

Graves, B.J. 1998. Inner Workings of a Transcription Factor Partnership. Science 279: 1000-1002.
Graves, B.J., M.E. Gillespie, and L.P. Mclntosh. 1996. DNA Binding by the ETS Domain. Nature 384:322.
Graves, B.J. and J.M. Petersen. 1998. Specificity within the ets Family of Transcription Factors. Adv. Cancer

Res. 75: 1-55.
Grieshammer, U., M. Lewandoski, D. Prevette, R.W. Oppenheim, and G.R. Martin. 1998. Muscle-Specific

Cell Ablation Conditional upon Cre-Mediatcd DNA Recombination in Transgenic Mice Leads to
Massive Spinal and Cranial Motoneuron Loss. Developmental Biology 197: 234-247.

Gu, T.-L., T.L. Goetz, B.J. Graves, and N.A. Speck. 2000. Auto-Inhibition and Partner Proteins, Core-
Binding Factor P (CBFP) and Ets-1, Modulate DNA Binding by CBFa2 (AML1). Molecular and
Cellular Biology 20: 91-103.

Gu, W., J.W. Schneider, G. Condorelli, S. Kaushal, V. Mahdavi, and B. Nadal-Ginard. 1993. Interaction of
Myogenic Factors and the Retinoblastoma Protein Mediates Muscle Cell Commitment and
Differentiation. Ce//72: 309-324.

284



Gu, Y., P. Carnacho, P. Gardner, and Z.W. Hall. 1991. Identification of Two Amino Acid Residues in the e
Subunit that Promote Mammalian Muscle Acetylcholine Receptor Assembly in COS Cells. Neuron
6: 879-887.

Guan, K.L. and H. Weiner. 1989. Influence of the 5'-end Region of Aldehyde Dehydrogenase mRNA on
Translational Efficiency. Potential Secondary Structure Inhibition of Translation in vitro. The
Journal of Biological Chemistry 264: 17764-17769.

Gugneja, S., J.V. Virbasius, and R.C. Scarpulla. 1995. Four Structurally Distinct, Non-DNA-Binding
Subunits of Human Nuclear Respiratory Factor 2 Share a Conserved Transcriptional Activation
Domain. Molecular and Cellular Biology 15: 102-111.

Gulesserian, T., R. Seidl, R. Hardmeier, N. Cairns, and G. Lubec. 2001. Superoxide Dismutase SOD1,
Encoded on Chromosome 21, but not SOD2 is Overexpresscd in Brains of Patients with Down
Syndrome. Journal of Investigative Medicine 49:41-46.

Gundersen, K., J.R. Sanes. and j.P. Merlie. 1993. Neural Regulation of Muscle Acetylcholine Receptor e-
and a-Subunit Gene Promoters in Transgenic Mice. The Journal of Cell Biology 123: 1535-1544.

Gunning, P., P. Ponte, L. Kedes, R. Eddy, and T. Shows. 1984. Chromosomal Location of the Co-Expressed
Human Skeletal and Cardiac Actin Genes. Proceedings of the National Academy of Sciences USA
81: 1813-1817.

Gunning, P.W., V. Ferguson, K.J, Brennan, and E.C. Hardeman. 2000. a-Ske!etal Actin Induces a Subset of
Muscle Genes Independently of Muscle Differentiation and Withdrawal from the Cell Cycle.
Journal of Cell Sciences 114:513-524.

Guo, W.-X.A., M. Nichol, and J.P. Merlie. 1996. Cloning and Expression of Full Length Mouse Utrophin:
The Differential Association of Utrophin and Dystrophin with AChR Clusters. FEBS Letters 398:
259-264.

Gutman, A. and B. Wasylyk. 1990. The Collagenase Gene Promoter Contains a TPA and Oncogene-
Responsive Unit Encompassing the PEA3 and AP-1 Binding Sites. The EM BO Journal 9:2241-
2246.

Gyrd-Hansen, M., T.O.B. Krag, A.G. Rosmarin, and T.S. Khurana. 2002. Spl and the ete-Related
Transcription Factor Complex GABPct/p Functionally Cooperate to Activate ihe Utrophin
Promoter. Journal of the Neurological Sciences 197: 27-35.

Haas, J., E.C. Park, and B. Seed. 1996. Codon Usage Limitation in the Expression of HIV-1 Envelope
Glycoprotein. Curr Bioi 6: 315-324.

Hadjantonakis, A.-K., M. Gertsensiein, M. Ikawa, M. Okabe, and A. Nagy. 1998. Generating Green
Fluorescent Mice by Germiine Transmission of Green Fluorescent ES Cells. Mechanisms of
Development 76: 79-90.

Hagemeier, C , A.J. Bannister, A. Cook, and T. Kouzarides. 1993. The Activation Domain of Transcription
Factor PU. 1 Binds the Retinoblastoma (RB) Protein and the Transcription Factor TFIID in vitro: RB
Shows Sequence Similarity to TFIID and TFIIB. Proceedings of the National Academy of Sciences
USA 90: 1580-1584.

Hahn, S.L., P. Criqui, and B. Wasylyk. 1997. Modulation of ETS-1 Transcriptional Activity by huUBC9, a
Ubiquitin-Conjugating Enzyme. Oncogene 15:1489-1495.

Hallam, D.M., N.L. Capps, A.L. Travelstead, G.J. Brewer, and L.E. Maroun. 2000. Evidence for an
Intcrferon-Reiated Inflammatory Reaction in the Trisomy 16 Mouse Brain Leading to Caspase-1-
Mediated Neurona! Apoptosis. Journal of Neuroimmunology 110: 66-75.

Hamilton, D.L. and K. Abremski. 1984. Site-Specific Recombination by the Bacteriophage PI lox-Cre
System. Journal of Molecular Biology 178:481-486.

Han, H., P.G. Noakes, and W.D. Phillips. 1999. Overexpression of Rapsyn Inhibits Agrin-Induced
Acetylcholine Receptor Clustering in Muscle Cells. Journal ofNeurocytology 28: 763-775.

Hart, A., F. Melet, P. Grossfeld, K. Chien, C. Jones, A. Tunnacliffe, R. Favier, and A. Bernstein. 2000a. Fli-I
is Required for Murine Vascular and Megakaryocytic Development and is Hemizygously Deleted in
Patients with Thrombocytopenia. Immunity 13: 167-177.

Hart, A.H., R. Reventar, and A. Bernstein. 2000b. Genetic Analysis of ETS Genes in C.elegans. Oncogene
19: 6400-6408.

Hasan, N.M. and MJ. MacDonald. 2002. Sp/KrQppel-like Transcription Factors are Essential for the
Expression of Mitochondrial Glycerol Phosphate Dehydrogenase Promoter B. Gene 296:221-234.

Hashimoto, S.-i., H. Nishizumi, R. Hayashi, A. Tsuboi, F. Nagawa, T. Takemori, and H. Sakano. 1999. Prf, a
Novel Ets Family Protein that Binds to the PU.l Binding Motif, is Specifically Expressed in
Restricted Stages of B Cell Development. International Immunology 11:1423-1429.

Hassler, M. and T.J. Richmond. 2001. The B-Box Dominates SAP-1-SRF Interactions in the Structure of the
Ternary Complex. The EMBO Journal 20: 3018-1028.

Hassold, T.J. and P.A. Jacobs. 1984. Trisomy in Man. Ann. Rev. Gena 18:69-97.

285



Hauck, L., R.G. Kaba, M. Lipp, R. Dietz, and R. von Harsdorf. 2002. Regulation of E2F1 -Dependent Gene
Transcription and Apoptosis by the ETS-Related Transcription Factor GABPyl. Molecular and
Cellular Biology 22: 2147-2158.

Hernandez, J.M., P. Giner, and J. Hernandez-Yago. 1999. Gene Structure of the Human Mitochondrial Outer
Membrane Receptor Tom20 and Evolutionary Study of its Family of Processed Pseudogenes. Gene
239:283-291.

Hestnes, A., T. Sand, and K. Fostad. 1991. Ocular Findings in Down's Syndrome. Journal of Mental
Deficiency Research 35: 194-203.

Hirawake, H., M. Taniwaki, A. Tamura, H. Amino, E. Tomitsuka, and K. Kita. 1999. Characterization of the
Human SDHD Gene Encoding the Small Subunit of Cytochronie b (cybS) in Mitochondria)
Succinate-Ubiquinone Oxidoreductase. Biochimica et Biophyiica Acta 1412: 295-300.

Hoare, S., J.A. Copland, T.G. Wood, Y.-J. Jeng, M.G. Izban, m4 M.S. Soloff. 3999. Identification of a
GABPoc/p Binding Site Involved in the Induction of Oxytocin Receptor Gene Expression in Human
Breast Cells. Potentiation by c-Fos/c-Jun. Endocrinology 140: 2268-2279.

Hobbs, C.A., S.L. Sherman, P. Yi, S.E. Hopkins, C.P. Torfs, R.J. Hine, M. Pogribna, R. Rozen, and S.J.
James. 2000. Polymorphisms in Genes Involved in Folate Metabolism as Maternal Risk Factors for
Down Syndrome. Am. J. Hum. Genet, 67: 623-630.

Hochheimer, A. and R. Tjian. 2003. Diversified Transcription Initiation Complexes Expand Promoter
Selectivity and Tissue-Specific Gene Expression. Genes & Development .17: 1309-1320.

Hoffman, J.I.E. 19S7. Incidence, Mortality and Natural History. In Paediatric Cardiology (ed. R.H.e.a.
Anderson), pp. 3-14. Churchill Livingstone, London.

Hoffmeyer, A., A. Avots, E. Flory, C.K. Weber, E. Serfling, and U.R. Rapp. 1998. The GABP-Responsive
Element of the Interieukin-2 Enhancer is Regulated by JNK/SAPK -Activating Pathways in T
Lymphocytes. The Journal of Biological Chemistry 273: 10112-10119.

Hofhaus, G., R.M. Shakeley, and G. Attardi. 1996. Use of Polarography to Detect Respiration Defects :.t Cell
Cultures. Methods in Enzymology 264:476-483.

Hohaus, S., M.S. Petrovick, M.T. Voso, Z. Sun, D.-E. Zhang, and D.G. Tenen. 1995. PU1 (Spi-1) and
C/EBPot Regulate Expression of the Granulocyte-Macrophage Colony-Stimulaiirs Factor Receptor
a Gene. Molecular and Cellular Biology 15: 5830-5845.

H0jager, B., H. Peters, A.G. Byskov, and M. Faber. 1978. Follicular Development in Ovaries of Children
with Down's Syndrome. Acta Paediatr Scand 67: 637-643.

Holtzman, D.M., D. Santucci, J. Kilbridge, J. Chua-Couzens, D.J. Fontana, S.E. Daniels, R.M. Johnson, K.
Chen, Y. Sun, E.J. Carlson, E. Alleva, C.J. Epstein, and W.C. Mobley. 1996. Developmental
Abnormalities and Age-Related Neurodegeneration in a Mouse Model of Down Syndrome.
Proceedings of the National Academy of Sciences USA 93:13333-13338.

Howald, H. 1982. Training-Induced Morphological and Functional Changes in Skeletal Muscle.
International Journal of Sports Medicine 3:1-12.

Hromas, R. and M. Klemsz. 1994. The ETS Oncogene Family in Development, Proliferation and Neoplasia.
International Journal ofHematology 59: 257-265.

Hsu, T. and R.A. Schulz. 2000. Sequence and Functional Properties of Ets Genes in the Model Orgcnism
Drosophila. Oncogene 19: 6409-6416.

Huang, T.-T., E.J. Carlson, A.M. Gillcspic, Y. Shi, and C.J. Epstein. 2000. Ubiquitous Ovcrexpression of
CuZn Superoxide Dismutase Docs Not Extend Life Span in Mice. Journal of Gerontology 55A: B5-
B9.

Hughes, S.M., J.M. Taylor, S.J. Tapscott, CM. Gurley, W.J. Carter, and C.A. Peterson. 1993. Selective
Accumulation of MyoD and Myogenin mRNAs in Fast and Slow Adult Skeletal Muscle is
Controlled by Innervation and Hormones. Development 118: 1137-1147.

Huo, L. and R.C. Scarpulla. 2001. Mitochondrial DNA Instability and Peri-implantation Lethality Associated
with Targeted Disruption of Nuclear Respiratory Factor 1 in Mice. Molecular and Cellular Biology
21:644-654.

HQttemann, M., N. MUhlenbein, T.R. Schmidt, L.I. Grossman, and B. Kadenbach. 2000. Isolation and
Sequence of the Human Cytochrome c Oxidase Subunit VHaL Gene. Biochimica et Biophysica Acta
1492- 252-258.

Hyde, L.A., L.S. Crnic, A. Pollock, and P.C. Bickford. 2001a. Motor Learning in Ts65Dn Mice, a Model for
Down Syndrome. Developmental Psychobiology 38: 33-45.

Hyde, L.A., D.F. Frisone, and L.S. Cmic. 2001b. Ts65Dn Mice, a Model for Down Syndrome, have Deficits
in Context Discrimination Learning Suggesting Impaired Hippocampal Function. Behavioural Brain
Research 118:53-60.

286



Inoue, T., T. Shinohara, S. Takehara, J. Inoue, H. Kamino, H. Kugoh, and M. Oshimura. 2000. Specific
Impairment of Cardiogenesis in Mouse ES Cells Containing a Human Chromosome 21.
Biochemical and Biophysical Research Communications 273: 219-224.

Iwama, A., P. Zhang, G.J. Darlington, S.R. McKercher, R. Maki, and D.G. Tenen. 1998. Use of RDA
Analysis of Knockout Mice to Identify Myeloid Genes Regulated in vivo by PU.l and C/EBPcc.
Nucleic Acids Research 26: 3034-3043.

Izumi, M., M. Yokoi, N.S. Nishikawa, H. Miyazawa, A. Sugino, M. Yamagishi, M. Yamaguchi, A.
Matsukage, F. Yatagai, and F. Hanaoka. 2000. Transcription of the Catalytic 180-kDa Subunit Gene
of Mouse DNA Polymerase a is Controlled by E2F, an Ets-Related Transcription Factor, and Spl.
Biochimica et Biophysica Ada 1492: 341-352.

Izumo, S. and V. Mahdavi. 1988. Thyroid Hormone Receptor a Isoforms Generated by Alternative Myosin
HC Gene Transcription. Nature 334: 539-542.

Jackson, J.F., E.R. North, III, and J.G. Thomas. 1976. Clinical Diagnosis of Down's Syndrome. Clinical
Genetics 9: 483-487.

Janknecht, R. and A. Nordheim. 1992. Elk-1 Protein Domains Required for Direct and SRF-Assisted DNA-
Binding. Nucleic Acids Research 20:3317-3324.

-. 1993. Gene Regulation by Ets Proteins. Biochimica et Biophysica Acta 1155: 346-356.
Jasmin, B.J., H. AlamedJine, J.A. Lunde, F. Stetzkowski-Marden, H. Coilin, J.M. Tinsley, K.E. Davies,

F.M.S. Tom6, D.J. Parry, and J. Cartaud. 1995. Expression of Utrophin and its mRNA in
Denervated mdx Mouse Muscle. FEBS Letters 374:393-398.

Jasmin, B.J., L.M. Angus, G. B&anger, J.V. Chakkalakal, A.O. Gramolini, J.A. Lunde, M.A. Stocksley, and
J. Thompson. 2002. Multiple Regulatory Events Controlling the Expression and Localization of
Utrophin in Skeletal Muscle Fibers: Insights into a Therapeutic Strategy for Duchenne Muscular
Dystrophy. Journal of Physiology - Paris 96:31-42.

Jayaraman, G., R. Srinivas, C. Duggan, E. Ferreira, S. Swaminathan, K. Somasundaram, J. Williams, C.
Hauser, M. Kurkinen, R. Dhar, S. Weitzman, G. Buttice, and B. Thimmapaya. 1999. p300/cAMP-
Responsive Element-Binding Protein Interactions with Ets-1 and Ets-2 in the Transcriptional
Activation of the Human Slromelysin Promoter. The Journal of Biological Chemistr}> 274: 17342-
17352.

Jeon, I.S., J.N. Davis, B.S. Braun, J.E. Sublett, M.F. Roussel, C.T. Denny, and D.N. Shapiro. 1995. A
Variant Ewing's Sarcoma Translocation (7;22) Fuses the EWS Gene to the ETS Gene ETV1.
Oncogene 10: 1229-1234.

Jiang, P., A. Kumar, J.E. Parrillo, L.A. Dempsey, J.L. Platt, R.A. Prinz, and X. Xu. 2002. Cloning and
Characterization of the Human Heparanase-1 (JHPRl) Gene Promoter. The Journal of Biological
Chemistry 277: 8989-8998.

John, S., R.B. Reeves, J.-X. Lin, R. Child, J.M. Leiden, C.B. Thompson, and WJ. Leonard. 1995. Regulation
of Cell-Type-Specific Interleukin-2 Receptor a-Chain Gene Expression: Potential Role of Physical
Interactions between Elf-1, HMG-I(Y), and NF-KB Family Proteins. Molecular and Cellular
Biology 15: 1786-1796.

Johnson, D.F., M. Hamon, and N. Fischel-Ghodsian. 1998. Characterization of the Human Mitochondria!
Ribosomal S12 Gene. Genomics 52: 363-368.

Jones, G., C. Moore, S. Hashcmolhosseini, and H. Rudolf Brenner. 1999. Constitutively Active MuSK is
Clustered in the Absence of Agrin and Induces Ectopic Postsynaptic-Like Membranes in Skeletal
Muscle Fibers. The Journal of Neuroscience 19: 3376-3383.

Jorcyk, C.L., D.K. Watson, G.J. Mavrothalassitis, and T.S. Papas. 1991. The Human ETSI Gene: Genomic
Structure, Promoter Characterization and Alternative Splicing. Oncogene 6:523-532.

Kamura, T., H. Handa, N. Hamasaki, and S, Kitajima. 1997. Characterization of the Human Thromopoietin
Gene Promoter. The Journal of Biological Chemistry 272:11361-11368.

Karim, F.D. and C.S. Thummel. 1991. Ecdysone Coordinates the Timing and Amounts of E74A and E74B
Transcription in Drosophila. Genes & Development 5: 1067-1079.

Kas, K., E. Finger, F. Grail, X. Cu, Y. Akbarali, i. Boltax, A. Weiss, P. Oettgen, R. Kapeller, and T.A.
Libermann. 2000. ESE-3, a Novel Member of an Epithelium-Specific Ets Transcription Factor
Subfamily, Demonstrates Different Target Gene Specificity from ESE-1. The Journal of Biological
Chemistry 275: 2986-2998.

Kasten, M. and A. Giordano. 2001. CdklO, a Cdc2-Rclated Kinasc, Associates with the Ets2 Transcription
Factor and Modulates its Transactivation Activity. Oncogene 20: 1832-1838.

Kaya, A.H., M. Plewinska, D.M. Wong, R.J. Desnick, and J.G. Wetmur. 1994. Human 8-Aminolevulinate
Dehydratase (ALAD) Gene: Structure and Alternative Splicing of the Erythroid and Housekeeping
mRNAs. Genomics 19: 242-248.

287



Kazuki, Y., T. Shinohara, K. Tomizuka, M. Katoh, A. Ohguma, I. Ishida, and M. Oshimura. 2001. Gcrmline
Transmission of a Transferred Human Chromosome 21 Fragment in Transchromosomal Mice. J
Hum Genet 46:600-603.

Khan, M.A. 1993. Corticosteroid Therapy in Duchenne Muscular Dystrophy. Journal of the Neurological
Sciences 120: 8-14.

Khurana, T.S., A.G. Rosmarin, J. Shang, T.O.B. Krag, S. Das, and S. Gammeltoft. 1999. Activation of
Utrophin Promoter by Heregulin via the eto-Related Transcription Factor Complex GA-Binding
Protein ot/p. Molecular Biology of the Cell 10: 2075-2086.

Kihara-Negishi, F., H. Yamamoto, M. Suzuki, T. Yamada, T. Sakurai, T. Tamura, and T. Oikawa. 2001. In
vivo Complex Formation of PU.l with HDAC1 Associated with PU.l-Mediated Transcriptional
Repression. Oncogene 20:6039-6047.

Kisling, E. 1966. Cranial Morphology in Down's Syndrome; A Comparative Roentgencephalometric Study in
Adult Males. Vald. Pedersens Bogtrykkeri, Munksgaard, Copenhagen.

KlSmbt, C. 1993. The Drosophila Gene Pointed Encodes Two ETS-Like Proteins which are Involved in the
Development of the Midline Glial Cells. Development Ml: 163-176.

Klarsfeld, A., J.-L. Bessereau, A.-M. Salmon, A. Triller, C. Babinet, and J.-P. Changeux. 1991. An
Acetylcholine Receptor ct-Subunit Promoter Conferring Preferential Synaptic Expression in Muscle
of Transgenic Mice. The EMBO Journal 10: 625-632.

Klemsz, M.J., R.A. Maki, T. Papayannopoulou, J. Moore, and R. Hromas. 1993. Characterization of the ets
Oncogene Family Member, Fli-1. The Journal of Biological Chemistry 268: 5769-5773.

Koike, S., L. Schaeffer, and J.-P. Changeux. 1995. identification of a DNA Element Determining Synaptic
Expression of the Mouse Acetylcholine Receptor 6-Subunit Gene. Proceedings of the National
Academy of Sciences USA 92: 10624-10628.

Kola, I., S. Brookes, A.R. Green, R. Garber, M. Tymms, T.S. Papas, and A. Seth. 1993. The Etsl
Transcription Factor is Widely Expressed during Murine Embryo Development and is Associated
with Mesodermal Cells Involved in Morphogenetic Processes such as Organ Formation.
Proceedings of the National Academy of Sciences USA 90: 7588-7592.

Kola, 1. and M. Pritchard. 1999. Animal Models of Down Syndrome. Molecular Medicine Today 5: 276-277.
Konishi, Y., M. Tominaga, Y. Watanabe, F. Imamura, A. Goldfarb, R. Maki, M. Blum, E.M. De Robertis,

and A. Tominaga. 1999. GOOSECOID Inhibits Erythrocyte Differentiation by Competing with Rb
for PU. 1 Binding in Murine Cells. Oncogene 18: 6795-6805.

Korenberg, J.R., X.-N. Chen, R. Schipper, Z. Sun, R. Gonsky, S. Gerwehr, N. Carpenter, C. Daumer, P.
Dignan, C. Distechc, J.M. Graham, Jr., L. Hugdins, B. McGillivray, K. Miyazaki, N. Ogasawara,
J.P. Park, R. Pagon, S. Pucschel, G. Sack, B. Say, S. Schuffenhauer, S. Soukup, and T. Yamanaka.
1994. Down Syndrome Phenotypes: The Consequences of Chromosomal Imbalance. Proceedings of
the National Academy of Sciences USA 91: 4997-5001.

Kozak, M. 1987. An Analysis of 5'-noncoding Sequence from 699 Vertebrate Messenger RNAs. Nucleic
Acids Research 15: 8125-8148.

-. 1991. An Analysis of Vertebrate mRNA Sequences: Intimations of Translational Control. The Journal qf
Cell Biology 115: 887-903.

-. 1996. Interpreting cDNA Sequences: Some insights from Studies on Translation. Mammalian Genome 7:
563-574.

Krapfenbauer, K., B. Chul Yoo, N. Cairns, and G. Lubcc. 1999. Differential Display Reveals Deteriorated
mRNA Levels of NADH3 (Complex I) in Cerebellum of Patients with Down Syndrome, J Neural
Transm 57: 211-220.

Krehan, A., H. Ansuini, O. Bdcher, S. Grein, U. Wirkner, and W. Pyerin. 2000. Transcription Factors Etsl,
NF-tcB, and Spl are Major Determinants of the Promoter Activity of the Human Protein Kinase
CK2aGene. The Journal of Biological Chemistry 275: 18327-18336.

Kumar, P., B.K. Ward, R.F. Minchin, andT. Ratajczak. 2001. Regulation of the Hsp90-binding
Immunophilin, Cyclophilin 40, is Mediated by Multiple Sites for GA-binding Protein (GABP). Cell
Stress & Chaperones 6: 78-91.

Kurt, M.A., D.C. Davies, M. Kidd, M. Dierssen, and J. FI6rez. 2000. Synaptic Deficit in the Temporal Cortex
of Partial Trisomy 16 (Ts65Dn) Mice. Brain Research 858: 191-197.

Kwiatkowski, B.A., L.S. Bastian, T.R. Bauer, Jr., S. Tsai, A.G. Zielinska-Kwiatkowska, and D.D. Hickstein.
1998. The ets Family Member Tel Binds to the Fli-1 Oncoprotein and Inhibits its Transcriptional
Activity. The Journal of Biological Chemistry 213: 17525-17530.

LaFerla, F.M., B.T. Tinkle, C.J. Bieberich, C.C. Haudenschild, and G. Jay. 1995. The Alzheimer's Ap
Pcptide Induces Neurodegeneration and Apoptotic Cell Death in Transgenic Mice. Nature Genetics
9: 21-30.

288



Lai, Z.C. and G.M. Rubin. 1992. Negative Control of Photoreceptor Development in Drosophila by the
Product of the Yan Gene, an ETS Domain Protein. Cell 70: 609-620.

LaMarco, K., C.C. Thompson, B.P. Byers, E.M. Walton, and S.L. McKnight 1991. Identification of Ets- and
Notch-Related Subunits in GA Binding Protein. Science 253: 789-792.

Lareson, N.-G., J.D. Garman, A. Oldfors, G.S. Barsh, and D.A. Clayton. 1996. A Single Mouse Gene
Encodes the Mitochondria! Transcription Factor A and a Testis-Specific Nuclear HMG-E'^x Protein.
Nature Genetics 13:296-302.

Larsson, N.-G., A. Oldfors, E. Holme, and D.A. Clayton. 1994. Low Levels of Mitochondrial Transcription
Factor A in B iitochondrial DNA Depletion. Biochemical and Biophysical Research
Communications 200: 1374-1381.

Larsson, N.-G., J. Wang, H. Wilhelmsson, A. Oldfors, P. Rustin, M. Lewandoski, G.S. Barsb, and D.A.
Clayton. 1998. Mitochondrial Transcription Factor A is Necessary for mtDNA Maintenance and
Embryogenesis in Mice. Nature Genetics 18: 231-236.

Laudet, V., C. H2nni, D. St6helin, and M. Duterque-Coquillaud. 1999. Molecular Phytogeny of the ETS
Gene Family. Oncogene 18: 1351-1359.

Le Mouellic, H., Y. Lallcmand, and P. Brulet. 1992. Homeosis in the Mouse Induced by a Null Mutation in
the Hox-3.1 Gene. Cell 69: 251-264.

Le Trcut, T., J.L. Boudier, E. Jover, and P. Cau. 1990. Localization of Voltage-sensitive Sodium Channels on
the Extrasynaptic Membrane Surface of Mouse Skeletal Muscle by Autoradiography of Scorpion
Toxin Binding Sites. Journal of Neurocytology 19:408-420.

Lee, K.-F., H. Simon, H. Chen, B. Bates, M.-C. Hung, and C. Hauser. 1995. Requirement for Neuregulin
Receptor erbB2 in Neural and Cardiac Development. Nature 378: 394-398.

Lee, Y. and L.F. Johnson. 2000. Transcriptional Control Elements of the Rat Thymidylate Synthase
Promoter: Evolutionary Conservation of Regulatory Features. Experimental Cell Research 258:53-
64.

Lejeune, J., M. Gauthier, and R. Turpin. 1959. Etude des Chromosome Somatiques de Neufs Enfants
Mongoliens. CRAcad. Sci. 248: 1721-1722.

Lemon, B. and R. Tjian. 2000. Orchestrated Response: A Symphony of Transcription Factors for Gene
Control. Genes & Development 14: 2551-2569.

Lenka, N., C. Vijayasarathy, J. Mullick, and N.G. Avadhani. 1998. Structural Organization and Transcription
Regulation of Nuclear Genes Encoding the Mammalian Cytochromc c Oxidase Complex. Progress
in Nucleic Acid Research and Molecular Biology 61: 309-344.

Li, R., H. Pei, and T. Papas. 1999a. The p42 Variant of ETS 1 Protein Rescues Defective Fas-Induced
Apoptosis in Colon Carcinoma Cells. Proceedings of the National Academy of Sciences USA 96:
3876-3881.

Li, R., H. Pei, and D.K. Watson. 2000a. Regulation of Ets Function by Protein-Protein Interactions.
Oncogene 19: 6514-6523.

Li, R., H. Pei, D.K. Watson, and T.S. Papas. 2000b. EAPl/Daxx Interacts with ETS1 and Represses
Transcriptional Activation of ETS 1 Target Genes. Oncogene 19: 745-753.

Li, X.R., A.S.-F. Chong, J. Wu, K.A. Roebuck, A. Kumar, J.E. Parrillo, U.R. Rapp, R.P. Kimberly, J.W.
Williams, and X. Xu. 1999b. Transcriptional Regulation of Fas Gene Expression by GA-Binding
Protein and AP-1 in T Cell Antigen Receptor CD3 Complex-Stimulated T Cells. The Journal of
Biological Chemistry 274: 35203-35210.

Liley, A.W. 1956. An Investigation of Spontaneous Activity at ihe Neuromuscular Junction of the Rat. J.
Physiol. 132: 650-666.

Lincke, C.R., C. van den Bogert, L.G.J. Nijtmans, R.J.A. Wanders, P. Tamminga, and P.G. Barth. 1996.
Cerebellar Hypoplasia in Respiratory Chain Dysfunction. Neuropediatrics 27:216-218.

Lipshitz, H.D. and C.A. Smibert. 2000. Mechanisms of RNA Localization and Translationai Regulation.
Current Opinion in Genetics <& Development 10:476-488.

Liu, D., E. Pavlopoulos, W. Modi, N. Moschonas, and G. Mavrothalassitis. 1997. ERF: Genomic
Organization, Chromosomal Localization and Promoter Analysis of the Human and Mouse Genes.
Oncogene 14: 1445-1451.

Liyanage, Y., W. Hoch, D. Beeson, and A. Vincent. 2002. The Agrin/Muscle-Specific Kinase Pathway: New
Targets for Autoimmune and Genetic Disorders at the Neuromuscular Junction. Muscle & Nerve 25:
4-16.

Loots, G.G., I. Ovcharenko, L. Pachter, I. Dubchak, and E.M. Rubin. 2002. rVista for Comparative
Sequence-Based Discovery of Functional Transcription Factor Binding Sites. Genome Research 12:
832-839.

Lopez, R.G., C. Carron, C. Oury, P. Gardellin, O. Bernard, and J. Ghysdael. 1999. TEL is a Sequence-
specific Transcriptional Repressor. The Journal of Biological Chemistry 274: 30132-30138.

i

289



i

Love, D.R., D.F. Hill, G. Dickson, N.K. Spurr, B.C. Byth, R.F. Marsden, F.S. Walsh, Y.H. Edwards, and
K.E. Davies. 1989. An Autosomal Transcript in Skeletal Muscle with Homology to Dystrophin.
Nature 339: 55-58.

Lukas, J., J. Bartkova, M. Rohdc, M. Strauss, and J. Bartek. 1995. Cyclin Dl is Dispensable for G, Control in
Retinoblastoma Gene-Deficient Cells Independently of cdk4 Activity. Molecular and Cellular
Biology 15:2600-2611.

Luo, M., J. Shang, Z. Yang, C.P. Simkevich, C.L. Jackson, T.C. King, and A.G. Rosmarin. 1999.
Characterization and Localization to Chromosome 7 of ythGABPa, a Human Processed Pseudogene
Related to the ets Transcription Factor, hGABPcc. Gene 234:119-126.

Ma, J., B.P. Smith, T.L. Smith, F.O. Walker, E.V. Rosenerance, and L.A. Koman. 2002. Juvenile and Adult
Rat Neuromuscular Junctions: Density, Distribution, and Morphology. Muscle & Nerve 26: 804-
809.

Mackereth, CD., M. SchSrpf, L.N. Gentile, and L.P. Mclntosh. 2002. Letter to the Editor: Chemical Shift
and Secondary Structure Conservation of the PNT/SAM Domains from the Ets Family of
Transcription Factors. Journal of Biomolecular NMR 24: 71-72.

Madeod, K., D. Leprince, and D. Stehelin. 1992. The ets Gene Family. TIBS 17:251-256.
Maj^-us, M.-A., F. Bibollet-Ruchc, J.-B. Telliez, B. Wasylyk, and B. Bailleui. 1992. Serum, AP-1 and Ets-1

Stimulate the Human ets-1 Promoter. Nucleic Acids Research 20: 2699-2703.
Mann, D.M.A. 1988. The Pathological Association between Down Syndrome and Alzheimer Disease.

Mechanisms of Ageing and Development 43: 99-136.
Mann, D.M.A., P.O. Yates, and B. Marcyniuk. 1985. Pathological Evidence for Neurotransmitter Deficits in

Down's Syndrome of Middle Age.JMent DefRes 29: 125-135.
Mao, S., R.C. Frank, J. Zhang, Y. Miyazaki, and S.D. Nimer. 1999a. Functional and Physical Interactions

between AML1 Proteins and an ETS Protein, MEF: Implications for the Pathogenesis oft(8;2I>
Positive Leukemias. Molecular and Cellular Biology 19: 3635-3644.

Mao, S. and D.M. Medeiros. 2001. Nuclear Respiratory Factors 1 and 2 are Uprcgulated in Hearts from
Copper-Deficient Rats. Biological Trace Elements 83: 57-68.

Mao, X., Y. Fujiwara, and S.H. Orkin. 1999b. Improved Reporter Strain for Monitoring Crc Rccombinase-
Mediated DNA Excisions in Mice. Proceedings of the National Academy of Sciences USA 96:5037-
5042.

Marchioni, M., S. Morabito, A.L. Salvati, E. Beccari, and F. Carnevali. 1993. XrpFI, an Amphibian
Transcription Factor Composed of Multiple Polypeptides Immunologically Related to the GA-
Binding Protein a and P Subunits, is Differentially Expressed during Xenopus laevis Development.
Molecular and Cellular Biology 13: 6479-6489.

Marecki, S. and M.J. Fenton. 2000. PU.l/Interferon Regulatory Factor Interactions: Mechanisms of
Transcriptional Regulation. Cell Biochem Biophys 33: 127-148.

Marie, S., V. Race, M.-C. Nassogne, M.-F. Vincent, and G. Van den Berghe. 2002. Mutation of a Nuclear
Respiratory Factor 2 Binding Site in the 5' Untranslated Region of the ADSL Gene in Three Patients
with Adenyiosuccinate Lyase Deficiency. American Journal of Human Genetics 71: 14-21.

Markiewicz, S., R. Bosselut, F. Le Deist, and G. de Saint Basilc. 1996. Tissue-Specific Activity of the yc

Chain Gene Promoter Depends Upon an Ets Binding Site and is Regulated by GA-Binding Protein.
The Journal of Biological Chemistry 271: 14849-14855.

Maroulakou, I.G. and D.B. Bowe. 2000. Expression and Function of Ets Transcription Factors in Mammalian
Development: A Regulatory Network. Oncogene 19: 6432-6442.

Maroulakou, I.G., T.S. Papas, and J.E. Green. 1994. Differential Expression of ets-l and ets-2 Proto-
oncogenes during Murine Embryogenesis. Oncogene 9:1551-1565.

Martin, M.E., Y. Chinenov, M. Yu, T.K. Schmidt, and X.-Y. Yang. 1996. Redox Regulation of GA-Binding
Protein-a DNA Binding Activity. The Journal of Biological Chemistry 271:25617-25623.

Martinez, J.L., Jr. and S.B. Weinberger. 1987-1988. Memory Traces: How to Increase and Decrease their
Strength. International Journal of Neurology 21-22:33-50.

Martinez-Cud, C, C. Baamondc, M.A. Lurnbreras, I.F. Vallina, M. Dierssen, and J. FI6rez. 1999. A Murine
Model for Down Syndrome shows Reduced Responsiveness to Pain. NeuroReport 10: 1119-1122.

Masutani, H., L. Magnaghi-Jauiin, S. Ait Si Ali, R. Groisman, P. Robin, and A. Harel-Belian. 1997.
Activation of the c-fos SRE through SAP-la. Oncogene 15: 1661-1669.

Matin, A. and M.C. Hung. 1994. The Retinoblastoma Gene Product, Rb, Represses Neu Expression Through
Two Regions Within the Neu Regulatory Sequence. Oncogene 9: 1333-1339.

Matsumura, K. and K.P. Campbell. 1994. Dystrophin-Glycoprotein Complex: Its Role in the Molecular
Pathogenesis of Muscular Dystrophies. Muscle & Nerve 17: 2-15.

290



McCulloch, V., 8.L. Seidel-Rogol, and G.S. Shade]. 2002. A Human Mitochondrial Transcription Factor is
Related to RNA Adenine Methyltransferases and Binds S-Adenosylmethionine. Molecular and
Cellular Biology 22: 1116-1125.

McDonough, J., N. Francis, T. Miller, and E.S. Deneris. 2000. Regulation of Transcription in the Neuronal
Nicotinic Receptor Subunit Gene Cluster by a Neuron-Selective Enhancer and ETS Domain Factors.
The Journal of Biological Chemistry 275: 28962-28970.

McHugh, K.M., K. Crawford, and J.L. Lessard. 1991. A Comprehensive Analysis of the Developmental and
Tissue-Specific Expression of the Isoactin Multigene Family in the Rat. Developmental biology
148: 442-458.

Meier, T., D.M. Hauser, M. Chiquet, L. Landmann, M.A. Ruegg, and H.R. Brenner. 1997. Neural Agrin
Induces Ectopic Postsynaptic Specializations in Innervated Muscle Fibers. The Journal of
Neuroscience 17: 6534-6544.

Meier, T., F. Masciulli, C. Moore, F. Schoumacher, U. Eppenberger, A.J. Denzer, G. Jones, and H. Rudolf
Brenner. 1998. Agrin Can Mediate Acetylcholine Receptor Gene Expression in Muscle by
Aggregation of Muscle-Derived Neuregulins. The Journal of Cell Biology 141: 715-726.

Messina, A., F. Guarino, M. Oliva, L.P. van den Heuvel, J. Smeitink, and V. De Pinto. 2000.
Characterization of the Human Porin Isoform 1 (HVDAC1) Gene by Amplification on the Whole
Human Genome: A Tool for Porin Deficiency Analysis. Biochemical and Biophysical Research
Communications 270: 787-792.

Meyer, D. and C. Birchmeier. 1995. Multiple Essential Functions of Neuregulin in Development. Nature
378: 386-390.

Miniou, P., D. Tiziano, T. Frugier, N. Roblot, M. Le Meur, and J. Melki. 1999. Gene Targeting Restricted to
Mouse Striated Muscle Lineage. Nucleic Acids Research 27: i-iv.

Missias, A.C., G.C. Chu, B.J. Klocke, J.R. Sanes, and J.P. Merlie. 1996. Maturation of the Acetylcholine
Receptor in Skeletal Muscle: Regulation of the AChR y-to-e Switch. Developmental Biology 179:
223-238.

Mizushima, S. and S. Nagata. 1990. pEF-BOS, a Powerful Mammalian Expression Vector. Nucleic Acids
Research 18: 5322.

Modrek, B. and C.J. Lee. 2003. Alternative Splicing in the Human, Mouse and Rat Genomes is Associated
with an Increased Frequency of Exon Creation and/or Loss. Nature Genetics 34: 177-180

Mogensen, J., T.A. Kruse, and A.D. Borglum. 1998. Assignment of the Human Skeletal Muscle [FC12]a-
Actin Gene (ACTAl) to Chromosome Iq42.13-q42.2 by Radiation Hybrid Mapping. Cytogenet Cell
Genet 83: 224-225.

Moinova, H.R. and R.T. Mulcahy. 1999. Up-Regulation of the Human y-Glutamylcysteine Synthetase
Regulatory Subunit Gene Involves Binding of Mrf-2 to an Electrophile Responsive Element.
Biochemical and Biophysical Research Communications 261: 661-668.

Mailer, J.C., H.M. Hamer, W.H. Oertel, and F. Rosenow. 2001. Late-Onset Myoclonic Epilepsy in Down's
syndrome (LOMEDS). Seizure 10: 303-305.

Moreau-Gachclin, F. 1994. Spi-1/PU.l: An Oncogene of the Ets Family. Biochimica et Biophysica Acta
1198: 149-163.

Morii, E., H. Ogihara, K. Oboki, C. Sawa, T. Sakuma, S. Nomura, J.D. Esko, H. Handa, and Y. Kitamura.
2001. Inhibitory Effect of the mi Transcription Factor Encoded by the Mutant mi Allele on GA
Binding Protein-Mediated Transcript Expression in Mouse Mast Ceils. Blood 97:3032-3039.

Morris, A.F., S.E. Vaughan, and P. Vaccaro. 1982. Measurements of Neuromuscular Tone and Strength in
Down's Syndrome Children. JMent DefRes 26:41-46.

Muller-Felber, W., K. Kullmer, P. Fischer, CD. Reimers, S. Wagner, U. Harland, M. Schmidt-Achert, and
D. Pongratz. 1993. Fibre Type Specific Expression of Leul9-Antigen and N-CAM in Skeletal
Muscle in Various Stages After Experimental Denervation. Virchows Arch A PatholAnat
Histopathol. 422: 277-283.

Muller-Hdcker, J., D. Aust, H. Rohrbach, J. Napiwotzky, A. Reith, T.A. Link, P. Seibel, D. H6lzel, and B.
Kadenbach. 1997. Defects of the Respiratory Chain in the Normal Human Liver and in Cirrhosis
During Aging. Hepatology 26: 709-719.

Murakami, K,, G. Mavrothalassitis, N X Bhat, R.J. Fisher, and T.S. Papas. 1993. Human ERG-2 Protein is a
Phosphorylated DNA-binding Protein - a Distinct Member of the ets Family. Oncogene 8: 1559-
1566.

Musar6, A., M.G. Cusella De Angeles, A. Germani, C. Ciccarelli, M. Molinaro, and B.M. Zani. 1995.
Enhanced Expression of Myogenic Regulatory Genes in Aging Skeletal Muscle. Experimental Cell
Research 221: 241-248.

291



Muscat, G.E. and L. Kedes. 1987. Multiple 5 -Flanking Regions of the Human Alpha-Skeletal Actin Gene
Synergistically Modulate Muscle-Specific Expression. Molecular and Cellular Biology 7:4089-
4099.

Muscat, G.E.O., S. Perry, H. Prentice, and L. Kedes. 1992. The Human Skeletal ct-Actin Gene is Regulated
by a Muscle-Specific Enhancer that Binds Three Nuclear Factors. Gene Expression 2:111-126.

Mutskov, V.J., CM. Farrell, P. A. Wade, A.P. Wolffe, and G. Felsenfeld. 2002. The Barrier Function of an
Insulator Couples High Histone Acetylation Levels with Specific Protection of Promoter DNA from
Methylation. Genes & Development 16: 1540-1554.

Nadel, L., A. Samsonovich, L. Ryan, and M. Moscovitch. 2000. Multiple Trace Theory of Human Memory:
Computational, Neuroimaging, and Neuropsychologicai Results. Hippocampus 10:352-368.

Nagulapalli, S., J.M. Pongubala, and M.L. Atchison. 1995. Multiple Proteins Physically Interact with PU.l.
Transcriptional Synergy with NF-1L6 Beta (C/EBP Delta, CRP3). Journal of Immunology 155:
4330-4338.

Nakabeppu, Y. and D. Nathans. 1991. A Naturally Occurring Truncated Form of FosB that Inhibits Fos/Jun
Transcriptional Activity. Cell 64: 751-759.

Nerlov, C , E. Querfurth, H. Kulcssa, and T. Graf. 2000. GATA-1 Interacts with the Myeloid PU.l
Transcription Factor and Represses PU.l-Dependent Trarivription. Blood9S: 2543-2551.

Netticadan, T., A. Xu, and N. Narayanan. 1996. Divergent Effects of Ruthenium Red and Ryanodine on
Ca2+/Calmodulin-Dependent Phosphorylation of the Ca2+ Release Channel (Ryanodine Receptor) in
Cardiac Sarcoplasmic Reticulum. Archives of Biochemistry and Biophysics 333:368-376.

Network, N.B.D.P. 2000. Birth Defect Surveillance Data from Selected States, 1989-1996. Teratology 61:
86-158.

Nguyen, Q.T., A.S. Parsadanian, W.D. Snider, and J.W. Lichtman. 1998. Hyperinnervation of
Neuromuscular Junctions Caused by GDNF Ovcrexpression in Muscle. Science 279:1725-1729.

Nguyen, V.T. and E.N. Bcnveniste. 2000. Involvement of STA7-1 and Ets Family Members in Interferon-y
Induction of CD40 Transcription in Microglia/Macrophages. The Journal of Biological Chemistry
275: 23674-23684.

Nichols, P., R. Croxen, A. Vincent, R. Rutter, M. Hutchinson, J. Newsom-Davis, and D. Beeson. 1999.
Mutation of the Acetylcholine Receptor e-Subunit Promoter in Congenital Myas'hcnic Syndrome.
Annals of Neurology 45:439-443.

Nickel, J., M.L. Short, A. Schmitz, M. Eggert, and R. Renkawitz. 1995. Methylation of the Mouse M-
Lysozyme Downstream Enhancer Inhibits Heteromeric GABP Binding. Nucleic Acids Research 23:
4785-4792.

Nie, F. and M. Wong-Riley. 1999. Nuclear Respiratory Factor-2 Subunit Protein: Correlation with
Cytochrome Oxydase and Regulation by Functional Activity in the Monkey Primary Visual Cortex.
The Journal of Comparative Neurology 404: 310-320.

Nielsen, F. and L. Tranebjaerg. 1984. A Case of Partial Monosomy 21q22.2 Associated with Rieger*s
Syndrome. Journal of Medical Genetics 21: 218-221.

Noguchi, N., A. Watanabe, and H. Shi. 2000. Diverse Functions of Antioxidants. Free RadRes 33:809-817.
Nordeen, S.K. 1988. Luciferase Reporter Gene Vectors for Analysis of Promoters and Enhancers.

BioTechniques 6;. 454-457.
Nowak, K.J., D. Wattanasirichaigoon, H.H. Goebel, M. Wilce, K. Pelin, K. Donner, R.L. Jacob, C. HQbner,

K. Oexle, J.R. Anderson, CM. Verity, K.N. North, S.T. Iannaccone, CR. MQller, P. NQmbcrg, F.
Muntoni, C. Sewry, I. Hughes, R. Sutphen, A.G. Lacson, K.J. Swobod?- 1. Vigneron, C. Wallgren-
Pettersson, A.H. Beggs, and N.G. Laing. 1999. Mutations in the Skeletal Muscle a-Actin Gene in
Patients with Actin Myopathy and Nemaline Myopathy. Nature 23: 208-212.

Nuchprayoon, I., J. Shang, C.P. Simkevich, M. Luo, A.G. Rosmarin, and A.D. Friedman. 1999. An Enhancer
Located between the Neutrophil Elastase and Proteinase 3 Promoters is Activated by Spl and an Ets
Factor. The Journal of Biological Chemistry 274: 1085-1091.

Nunn, M., H. Weiher, P. Bullock, and P. Duesberg. 1984. Avian Erythroblastosis Virus E26: Nucleotide
Sequence of the Tripartite one Gene and of the LTR, and Analysis of the Cellular Prototype of the
Viral ets Sequence. Virology 139:330-339.

Nunn, M.F., P.H. Seeburg, C. Moscovici, and P.H. Duesberg. 1983. Tripartite Structure of the Avian
Erythroblastosis Virus E26 Transforming Gene. Nature 306:391-395.

Nye, J.A., J.M. Petersen, C.V. Gunther, M.D. Jonscn, and B.J. Graves. 1992. Interaction of Murine Ets-1
with GGA-binding Sites Establishes the ETS Domain as a New DNA-binding Motif. Genes &
Development 6:975-990.

G'H'agan, R., C. acid J.A. Hassell. 1998. The PEA3 Ets Transcription Factor is a Downstream Target of the
HER2/Neu Receptor Tyrosinc Kinase. Oncogene 16:301-310.

292



Ohno, K., B. Anlar, and A.G. Engel. 1999. Congenital Myasthenic Syndrome caused by a Mutation in the
Ets-Dinding Site of the Promoter Region of the Acetylcholine Receptor E Subunit Gene.
Neuromuscular Disorders 9: 131 -135.

Ohno, K., P.A. Qiuram, M. Milone, H.-L. Wang, M.C. Harper, J.N. Pruitt, II, J.M. Brengman, L. Pao, K.H.
Fischbeck, T.O. Crawford, S.M. Sine, and A.G. Engel. 1997. Congenital Myasthenic Syndromes
due to Heteroallelic Nonsense/Missense Mutations in the Acetylcholine Receptor e Subunit Gene:
Identification and Functional Characterization of Six New Mutations. Human Molecular Genetics 6:
753-766.

Okuyama, Y., Y. Sovva, T. Fujita, T. Mizuno, H. Nomura, T. Nikaido, T. Endo, and T. Sakai. 1996. ATF Site
of Human RB Gene Promoter is a Responsive Element of Myogenic Differentiation. FEBSLcUers
397: 219-224.

Ouyang, L., K.K. Jacob, and F.M. Stanley. 1996. GABP Mediates Insulin-Increased Prolactin Gene
Transcription. The Journal of Biological Chemistry 271: 10425-10428.

Panegyres, P.K. 1997. The Amyloid Precursor Protein Gene: A Neuropeptide Gene with Diverse Functions
in the Central Nervous System. Neuropeptides 31:523-535.

Parkinson, D.B., K. Langner, S. Sharghi Namini, K,R. Jessen, and R. Mirsky. 2002. P-Neuregulin and
Autocrine Mediated Survival of Schwann Cells Requires Activity of Ets Family Transcription
Factors. Molecular and Cellular Neuroscience 20: 154-167.

PassenguS, E., W. Jochum, A. Behrens, R. Ricci, and E.F. Wagner. 2002. JunB Can Substitute for Jun in
Mouse Development and Cell Proliferation. Nature Genetics 30: 158-166.

Peled-Kamar, M., J. Lotem, E. Okon, L. Sachs, and Y. Groner. 1995. Thymic Abnormalities and Enhanced
Apoptosis of Thymocytes and Bone Marrow Cells in Transgenic Mice Overexpressing Cu/Zn-
Superoxide Dismutase: Implications for Down Syndrome. The EMBO Journal 14:4985-4993.

Petermann, R., B.M. Mossier, D.N.T. Aryee, V. Khazak, E.A. Golemis, and H. Kovar. 1998. Oncogenic
EWS-Flil Interacts with hsRPB7, a Subunit of Human RNA Polymerase II. Oncogene 17:603-610.

Pctersen, M.B. and M. Mikkelsen. 2000. Nondisjunction in Trisomy 21: Origin and Mechanisms.
Cytogenetics and Cell Genetics 91: 199-203.

Petrovick, M.S., S.W. Hiebert, A.D. Friedman, C.J. Hetherington, D.G, Tenen, and D.E. Zhang. 1998.
Multiple Functional Domains of AML1: PU.l and C/EBPalpha Synergize with Different Regions of
AMU. Molecular and Cellular Biology 18: 3915-3925.

Pham, C.T.N., D.M. Maclvor, B.A. Hug, J.W. Heusel, and TJ. Ley. 1996. Long-range Disruption of Gene
Expression by a Selectable Marker Cassette. Proceedings of the National Academy of Sciences USA
93: 13090-13095.

Piko, L. and K.D. Taylor. 1987. Amounts of Mitochondria! DNA and Abundance of Some Mitochondria!
Gene Transcripts in Early Mouse Embryos. Developmental Biology 123: 364-374.

Pletcher, M.T., T. Wiltshire, D.E. Cabin, M. Villanueva, and R.H. Reeves. 2001. Use of Comparative
Physical and Sequence Mapping to Annotate Mouse Chromosome 16 and Human Chromosome 21.
Genomics 74:45-54.

Pogribna, M., S. Melnyk, I. Pogribny, A. Chango, P. Yi, and S.J. James. 2001. Homocysteins Metabolism in
Children with Down Syndrome: In Vitro Modulation. Am. J. Hum. Genet. 69: 88-95.

Pollock, R.A., G. Jay, and C.J. Bteberich. 1992. Altering the Boundaries of Hox3.1 Expression: Evidence for
Antipodal Gene Regulation. Cell 71:911-923.

Pongubala, J.M., S. Nagulapalli, M.J. Klemsz, S.R. McKercher, R.A. Maki, and M.L. Atchison. 1992. PU.l
Recruits a Second Nuclear Factor to a Site Important for Immunoglobulin Kappa 3' Enhancer
Activity. Molecular and Cellular Biology 12:368-378.

Pongubala, J.M., C. Van Beveren, S. Nagulapalli, M.J. Klemsz, S.R. McKeivher, R.A. Maki, and M.L.
Atchison. 1993. Effect cf PU.l Phosphorylation on Interaction with NF-EM5 and Transcriptional
Activation. Science 259:1622-1625.

Ponte, P., P. Gunning, H. Blau, and L. Kcdes. 1983. Human Actin Genes are Single Copy for Alpha-Skeletal
and Alpha-Cardiac Actin but Multicopy for Beta- and Gamma-Cytoskeletal Genes: 3' Untranslated
Regions are Isotype Specific but are Conserved in Evolution. Molecular and Cellular Biology 3:
1783-1791.

Potter, M.D., A. Buijs, B. Kreider, L. van Rompaey, and G.C. Grosveld. 2000. Identification and
Characterization of a New Human ETS-Family Transcription Factor, TEL2, that is Expressed in
Hematopoietic Tissues and can Associate with TEL 1IETV6. Blood 95:3341 -3348.

Prasad,, D.D.K., L. Lee, V.N. Rao, and E.S.P. Reddy. 1998. Fli-lb is Generated by Usage of Differential
Splicing and Alternative Promoter. Oncogene 17: 1149-1157.

Prasad, D.D.K., V.N. Rao, and E.S.P. Reddy. 1992. Structure and Expression of Human Fli-I Gene. Cancer
Research 52: 5833-5837.

293

'•''I



Prasher, V.P., M.J. Farrer, A.M. Kessling, E.M.C. Fisher, R.J. West, P.C. Barber, and A.C. Butler. 1998.
Molecular Mapping of AIzeimer-Type Dementia in Down's Syndrome. Annals of Neurology 43:
380-383.

Pribyl, L.J, D.K. Watson, R, A. Schulz, and T.S. Papas. 1991. D-elg, a Member of the Drosophila ets Gene
Family: Sequence, Expression and Evolutionary Comparison. Oncogene 6:1175-1183.

Pnce, M.D. and Z.-C. Lai. 1999. Theyan Gene is Highly Conserved in Drosophila and its Expression
Suggests a Complex Role Throughout Development. Dev Genes Evol 209:207-217.

Princ;, J., S. Jia, U. BSve, G. Anneren, and L. Oreland. 1994. Mitochondrial Enzyme Deficiencies in Down's
Syndrome. J Neural Transm 8: 171 -181.

Pritchaid, M.A. and !. Kola. 1999. The "Gene Dosage Effect" Hypothesis versus the "Amplified
Developmental Instability" Hypothesis in Down Syndrome. J Neural Transm Suppi 57:293-303.

Pun, S., M. Sigrist, A.F. Santos, M.A. Ruegg, J.R. Sanes, T.M. Jessell, S. Arber, and P. Caroni. 2002. An
Imrinsic Distinction in Neuromuscular Junction Assembly and Maintenance in Different Skeletal
Muscles. Neuron 34: 357-370.

Quandt, K., K Freeh, H. Karas, E. Wingender, and T. Werner. 1995a. Genomatix Matlnspector-
Transcription Factor Binding Site Prediction Software, http://ftenomatix.de/cgi-
bin/maiinspector/matinspector.pi (06/07/2002).

-. 1995b. Matind and Matlnspector: New Fast and Versatile Tools for Detection of Consensus Matches in
Nucleotidv^ Sequence Daw. Nucleic Acids Research 23: 4878-4884.

Queva, C , D. Leprince, D. Ste"helin, and B. Vandenbunder. 1993. p54c"**"' and peg*""*"1, the Two
Transcription Factors Encoded by the c-e/s-1 Locus, are Differentially Expressed during the
Development of the Chick Embryo. Oncogene 8:2511-2520.

Ramaekers, V.T., G. Heimann, J. Reul, A. Thron, and J. Jaeksn. 1997. Genetic Disorders and Cerebellar
Structural Abnormalities in Childhood. Brain 120: 1739-1751.

Rameil, P., P. Lecine, J. Ghysdael, F. Gouilleux, B. Kah;i-Perles, and I JVnbtrt. 2000. IL-2 fcfjd Long-Term T
Cell Activation int'uee Physical and Functional interaction between STAT5 and ETS Transcription
Factors in Human T Cells. Oncogene 19:2086-2097.

Rao, M.K., S. Maiti, H.N. Amnthaswamy, and M.F. Wilkinson. 2002. A Highly Active Homeobox Gene
Promoter Regulated by Ets &nd Spl Family Members in Normal Granulosa Cells and Diverse
Tumor Ceil Types. The Journal of Biological Chemistry 277: 26036-26045.

Rao, M.V., M.J. Donoghue, J.P. Mcrlie, and J.R. Sanes. 1996. Distinct Regulatory Elements Control Muscle-
Specific, Fiber-Type-Selective, and Axially Graded Expression of a Myosin Light-Chain Gene in
Transgenic Mice. Molecular and Cellular Biology 16: 3909-3922.

Rao, S., A. Matsumura, J. Yoon, and M.C. Simon. 1999. Spi-B Activates Transcription via a Unique Proline,
Serine, and Threonine Domain and Exhibits DNA Binding Affinity Differences from PU.l. The
Journal of Biological Chemistry 274: 11115-11124.

Ray, D., S. Culine, A. Tavitian, and F. Morcau-Gachelin. 1990. The Human Homologue of the Putative
Proto-oncogene Spi-1: Characterisation and Expression in Tumors. Oncogene 5: 663-668.

Reddy, E.S.P., V.N. Rao, and T.S. Papas. 1987. The erg Gene: A Human Gene Related to the ets Oncogene.
Proceedings of the National Academy of Sciences USA 84: 6131 -6135.

Reeves, R.H., L.L. Baxter, and J.T. Richtsmeior. 2001. Too Much of a Good Thing: Mechanisms of Gene
Action in Down Syndrome. Trends in Genetics 17: 83-88.

Reeves, R.H. and D.E. Cabin. 1999. Mouse Chromosome 16. Mammalian Genome 10: 957.
Reeves, R.H., N.G. Irving, T.H. Moran, A. Wohn, C. Kitt, S.S. Sisodia, C. Schmidt. R.T. Bronson, and M.T.

Davisson. 1995. A Mouse Model for Down Syndrome exhibits Learning and Behaviour Deficits.
Nature Genetics 11: 177-184.

Reeves, R.H., E.E. Rue, J. Yu, and F.-T. Kao. 1998. Stch Maps to Mouse Chromosome i6, Extending the
Conserved SySenj with Human Chromosome ,21. Genomics 49: 156-157.

Render, H. 1981. Pathology of Trisomy 21 - With Particular Reference to Persistent Common
Atrioventricular Canal of the Heart. Human Genetics 2: 57-73.

Rekhtman, N., F. Radparvar, T. Evans, and A.I. Skoultchi. 1999. Direct Interaction of Hematopoietic
Transcription Factors PU.l and GATA-1: Functional Antagonism in Erythroid Cells. Genes &
Development 13:1398-1411.

Reynolds, E.S. 1963. The Use of Lead Citrate at High pH as KS Electron Opaque Stain in Electron
Microscopy. J Cell Biol 17:208-212.

Rice, D. and S. Barone, Jr. 2000. Critical Periods of Vulnerability for the Developing Nervous System:
Evidence from Humans and Animal Models. Environmental Health Perspectives 108:511-533.

Richtsmeier, J.T., L.L. Baxter, and R.H. Reeves. 2000. Parallels of Cranicfacial Maldevelopment in Down
Syndrome and Ts65Dn Mice. Developmental Dynamics 217: 137-145.

294



Rimer, M , I. Cohen, T. Lemo, S.J. Burden, and U.J. McMahan. 1998. Neuregulins and erbB Receptors at
Neuromuscular Junctions and at Agrin-Induced Postsynaptic-like Apparatus in Skeletal Muscle.
Molecular and Cellular Neuroscience 12: 1-15.

Rimer, M., I. Mathiesen, T. L0mo, and U.J. McMahan. 1997. y-AChR/e-AChR Switch at Agrin-Induced
Postsynaptic-Like Apparatus in Skeletal Muscle. Molecular and Cellular Neurosciences 9: 254-263.

Rodriguez-Pefia, A., H. Escriva, A.C. Handler, and C.G. ValJejo. 2002. Thyroid Hormone Increases
Transcription of GA-Binding Protein/Nuclear Respiratory Faetor-2 a-Subunit in Rat Liver. FEBS
Letters 514:309-314.

Rogers, D.C., E.M.C. Fisher, S.D.M. Brown, J. Peters, A.J. Hunter, and J.E. Martin. 1997. Behavioral and
Functional Analysis of Mouse Phenotype: SHIRPA, a Proposed Protocol for Comprehensive
Phenotype Assessment. Mammalian Genome 8: 711-713.

Rosen, G.D., J.L. Barks, M.F. Iademarco, RJ. Fisher, and D.C. Dean. 1994. An Intricate Arrangement of
Binding Sites for the Ets Family of Transcription Factors Regulates Activity of the a4 Integrin Gene
Promoter. The Journal of Biological Chemistry 269: 15652-15660.

Rosenberg, C.K., M.A. Pericak-Vance, A.M. Saunders, J.R. Gilbert, P.C. Gaskell, *nd CM. Hulette. 2000.
Lewy Body and Alzheimer Pathology in a Family with the Amyloid-}} Precursor Protein APP717
Gene Mutation. Ada Neuropathol 100: 145-152.

Rosmarin, A.G., D.G. Caprio, D.G. Kirsch, H. Handa, and C.P. SimVevich. 1995. GAD? and PU.l Compete
for Binding, yet Cooperate to Increase CD 18 (P2 Leukocyte Integrin) Transcription. The Journal of
Biological Chemistry 270: 23627-23633.

Rosmarin, A.G., M. Luo, D.G. Caprio, J. Shang, and C.P. Simkevich. 1998. Spl Cooperates with the ets
Transcription Factor, GABP, to Activate the CD IS (P2 Leukocyte Integrin) Promoter. The Journal
of Biological Chemistry 273: 13097-13103.

Roth, G.M., B. Sun, F.S. Greensite, I X Lott, and R.B. Dietrich. 1996. Premature Aging in Persons with
Down Syndrome: MR Findings. Am JNeuroradiol 17: 1283-1289.

Rudge, T.L. and L.F. Johnson. 2002. Synergistic Activation of the TATA-Iess Mouse Thymidylate Synthase
Promoter by the Ets Transcription Factor GABP and Spl. Experimental Cell Research 274:45-55.

Ruegg, M.A. and J.L. Bixby. 1998. Agrin Orchestrates Synoptic Differentiation at the Vertebrate
Neuromuscular Junction. Trends in Neuroscience 21: 22-27.

Sacchi, N., D.K. Watson, A.H,M.G. van Kessel, A. Hagemcijer, J. Kersey, H.D. Drabkin, D. Patterson, and
T.S. Papes. 1986. Hu-ets-] and Hu-e/s-2 Genes are Transposed in Acute Leukemias with (4;11) and
(8;21) Translocations. Science 231: 379-382.

Sacks, B. and S. Smith. 5989. People with Down's Syndrome can be Distinguished on the Basis of
Cholinergic Dysfunction. Journal of Neurology, Neurosurgery, and Psychiatry 52:1294-1295.

Sadasiivan, E., M.M. Cedano, and S.P. Rothenberg. 1994. Characterization of the Gene Encoding a Foiate-
Binding Protein Expressed in Human Placenta. The Journal of Biological Chemistry 269:4725-
sT35.

Sago, H., E.I. Carlson, D.J. Smith, J. Kilbridge, E.M. Rubin, W.C. Mobley, C.J. Epstein, and T.-T. Huang.
1993. TslCje, a Partial Trisomy 16 Mouse Model for Down Syndrome, Exhibits Learning and
Behavioral Abnormalities. Proceedings of the National Academy of Sciences USA 95:6256-6261.

Sandrock, A.W., Jr., S.E. Dryer, K.M. Rosen, S.N. Gozani, R. Kramer, L.E. Theill, and G.D. Fischbach.
1997. Maintenance of Acetylcholine Receptor Number by Neuregulins at the Neuromuscular
Junction in Vivo. Science 276: 599-603.

Saucs, J.R., E.D. Apel, R.W. Burgess, R.B. Emerson, G. Feng, M. Gautam, D. Glass, R.M. Grady, E. Krejci,
J.W. Lichtman, J.T. Lu, J. Massoulie1, J.H. Miner, L.M. Moscoso, Q. Nguyen, M. Nichol, P.G.
Ncskes, B.L. Patton, Y.-J. Son, G.D. Yancopoulos, ?xA H. Zhou. 1998. Development of the
Neuromuscular Junction: Genetic Analysis in Msec. Journal of Physiology - Paris 92: 167-172.

Sanes, J.R., Y.R, Johnson, P.T. Kotzbauer, J. Miwid, T. Hanley, J.-C. Martinou, and J.P. Merlie. 1991.
Selective Expression of an Acetylcholine Rcceptor-lacZ Transgene in Synaptic Nuclei of Adult
Muscle Fibers. Development 113:1181-1191.

Sanes, J.R. and J.W. Lichtman. 1999. Development of the Vertebrate Neuromuscular Junction. Annu. Rev.
Neurosci. 22: 389-442.

Sango. K., M.P. McDonald, J.N. Crawley, M.L. Mack, CJ. Tiffi, E. Skop, CM. Starr, A. Hoffmann, K.
Sandhoff, K. Suzuki, and R.L. Praia. 1996. Mice Lacking Both Subunits of Lysosoiml p-
Hexcsaminidase display Gangliosidosis and Mucopolysatxharidosis. Nature Genetics 14: 348-352.

Sango, K., S. Ysmaoaka, A. Hoffmann, Y. Okuda, A. Grinberg-, H. Westphal, M.P. McDonald, J.N. Crawley,
K. Sandhoff, X Suzuki, and R.L. Praia. 1995. Mouse Models of Tay-Sachs and Sandhoff Diseases
Differ in Neurologic P;«enotypc and Ganglioside Metabolism. Nature Gunetics 11: 170-176.

295



Sanij, E., T. Hatzistavrou, P. Hertzog, !. Kola, and E.J. Wolvetang. 2001. Ets-2 is Induced by Oxidative
Stress and Sensitizes Cells to H2O2-Induced Apoptosis: Implications for Down's Syndrome.
Biochemical and Biophysical Research Communications 287: 1003-1008.

Sapru, M.K., S.K. Florance, C. Kirk, and D. Goldman. 1998. Identification of a Neuregulin and Protein-
Tyrosine Phosphatase Response Element in the Nicotinic Acetylcholine Receptor e Subunit Gene:
Regulatory Role of an Ets Transcription Factor. Proceedings of the National Academy of Sciences
USA 95: 1289-1294.

Sassoon, D., G. Lyons, W.E. Wright, V. Lin, A. Lassar, H. Weintraub, and M.E. Buckingham. 1989.
Expression of Two Myogenic Regulatory Factors Myogenin and MyoDl during Mouse
Embryogenesis. Nature 341:303-307.

Sato, M., E. Morii, T. Komori, H. Kawahata, M. Sugimoto, K. Terai, H. Shinr *.u, T. Yasui, H. Ogihara, N.
Yasui, T. Ochi, Y. Kitamura, Y. Ito, and S. Nomura. 1998. Transcr? * <ional Regulation of
Osteopontin Gene in vivo by PEEP2aA/CBFAl and ETS1 in the Skeletal Tissues. Oxcogene 17:
1517-1525.

Sato, M., E. Morii, K. Takebayashi-Suzuki, N. Yasui, T. Ochi, Y. Kitamura, and S. Nomura. 1999.
Microphthalmia-Associated Transcription Factor Interacts with PU.l and c-Fos: Determination of
their Subcellular Localization. Biochemical and Biophysical Research Communications 254: 384-
387.

Savasari. S. and J.W. Taub. 2000. Down Syndrome and Leukemia: What have we Learned? Pediatric
Pathology and Molecular Medicine 19: 269-281.

Savoysky, E., T. Mizuno, Y. Sowa, H. Watanabe, J.-i. Sawada, H. Nomura, Y. Ohsugi, H. Handa, and T.
Sakaii. 1994. The Retinoblastoma Binding Factor 1 (RBF-1) Site in RB Gene Promoter Binds
Preferentially E4TF1, a Member of the Ets Transcription Factors Family. Oncogene9:1839-1846.

Sawa, A. 2001. Alteration of Gene Expression in Down's Syndrome (DS) Brains: its Significance in
Neurodegeneration. Journal of Neural Transmission 61: 361-371.

Sawa, A., F. Oyama, N.J. Cairns, N. Amano, and M. Matsushita. 1997. Aberrant Expression of bel*2 Gene
Family in Down's Syndrome Brains. Molecular Brain Research 48: 53-59.

Sawa, C , M. Goto, F. Suzuki, H. Watanabe, and J.-i. Sawada. 1996. Functional Domains of Transcription
Factor hGABP01/E4TF 1-53 Required for Nuclear Localization and Transcription Activation.
Nucleic Acids Research 24:4954-4961.

iawa. C , T. Yochikawa, F. Matsuda-Suzuki, S. Detehouzie, M. Goto, H. Watanabe, J.-i. Sawada, K.
Kataoka, and H. Handa. 2002. YEAFi/RYBP and YAF-2 are Functionally Distinct Members of a
Cofactor Family for the YY1 and E4TFl/hGABP Transcription Factors. The Journal of Biological
Chemistry 277: 22484-22490.

Sawada, J.-i., N. Simizu, F. Suzuki, C. Sawa, M. Goto, M. Hasegawa, T. Imai, H. Watanabe, and H. Handa.
1999. Synergistic Transcriptional Activation by hGABP and Select Members of the Activation
Transcription Factor/cAMP Response Element-Binding Protein Family. The Journal of Biological
Chemistry 274:35475-35482.

Scarpulla, R.C. 1996. Nuclear Respiratory Factors and the Pathways of Nuclear-Mitochondrial Interaction.
Trends Cardiovasc Med 6: 39-45.

-. 1997. Nuclear Control of Respiratory Chain Expression in Mammalian Cells. Journal of Bioenergetics and
Biomembranes 29: 109-119.

-, 2002a. Nuclear Activators and Coactivators in Mammalian Mitochondrial Biogenesis. Biochimica et
Biophysica Acta 1576: 1-14.

-. 2002b. Transcriptional Activators and Coactivators in the Nuclear Control of Mitochondrial Function in
Mammalian Cells. Gene 286: 81-89.

Schaeffer, L., A. <Je Kerchove d'Exaerde, and J.-P. Changeux. 2001. Targeting Transcription to the
Neuromuscular Synapse. Neuron 31: 15-22.

Schaeffer, L., N. Duclert, M. Huchet-Dymanus, and J.-P. Changeux. 1998. Implication of a Multisubunit Ets-
Related Transcription Factor in Synaptic Expression of the Nicotinic Acetyicholinc Receptor. The
EMBO Journal 17:3078-3090.

Schapiro, M.B., H. Creasey, M. Schwartz, J.V. Haxby, B. White, A. Moore, and S.I. Rapoport. 1987.
Quantitative CT Analysis of Brain Morphometry in Adult Down's Syndrome at Different Ages.
Neurology 37: 1424-1427.

Scheikert, J., Y. Lute, and B. Wasylyk. 1992. Two Independent Activation Domains in c-Ets-1 and c-Ets-2
located in Non-Conserved Sequences of the ets Gem Family. Oncogene 7:249-256.

Schell, R.R. 1984. Psychomotor Development. In The Young Child with Down Syndrome (ed. S.M.
Pueschel), pp. 207-226. Human Sciences, New York.

296

V. ..•:']&



Schiaffino, S., L. Gorza, S. Sartore, L. Saggin, S. Ausoni, M. Vianello, K. Gundersen, and T. Lomo. 1989.
Three Myosin Heavy Chain Isoforms in Type 2 Skeletal Muscle Fibres. J Muscle Res CellMotil 10:
197-205.

Scbiaffino, S. and C. Reggiani. 1994. Myosin Isoforms in Mammalian Skeletal Muscle. Journal of Applied
Physiology 77.493-501.

Schloo, B.L., G.F. Vawter, and L.M. Reid. 1991. Down Syndrome: Patterns of Disturbed Lung Growth.
Human Pathology 22: 919-923.

Schmidt-Sidor, B., K.E. Wisniewski, T.H. Shepard, and E.A. Sersen. 1990. Brain Growth in Down
Syndrome Subjects IS to 22 Weeks of Gestational Age and Birth to 60 Months. Clinical
Neuropathology9: 181-190.

Schuchmann, S. and U. Heinemann. 2000. Increased Mitochondria! Supcroxide Generation in Neurons from
Trisomy 16 Mice: A Model of Down's Syndrome. Free Radical Biology & Medicine 28:235-250.

Schug, J. and G.C. Overton. 1997. TESS: Transcription Element Search Software on the WWW.
http://www.cbil.upenn.edu/tess (30/11/2002).

Schulz, R.A., D.A. Hogue, and S.M. The. 1993a. Characterization of Lethal AHeles of D-e/g, an ets Proto-
oncogene Related Gene with Multiple Functions in Drosophila Development. Oncogene 8: 3369-
3374.

Schulz, R.A., S.M. The, D.A. Hogue, S. Galewsky, and Q. Guo. 1993b. Ets Oncogene-Related Gene Elg
Functions in Drosophila Oogenesis. Proceedings of the National Academy of Sciences USA 90:
10076-10080.

Schweppe, R.E. and A. Gutierrez-Hartmann. 2001. Pituitary Ets-1 and GABP Bind to the Growth Factor
Regulatory Sites of the Rat Prolactin Promoter. Nucleic Acids Research 29: 1251-1260.

Scott, G.K., J.C. Daniel, X. Xiong, R.A. Maki, D. Kabat, and C.C. Benz. 1994. Binding of an ETS-Related
Protein within the DNase I Hypersensitive Site of the HER2/neu Promoter in Human Breast Cancer
Cells. The Journal of Biological Chemistry 269: 19848-19858.

Seelan, R.S., L. Gopalakrishnan, R.C. Scarpulla, and L.I. Grossman. 1996. Cytochrome c Oxidase Subunit
Vila Liver Isoform. The Journal of Biological Chemistry 271: 2112-2120.

Seelan, R.S. and Li. Grossman. 1993. Structural Organization and Evolution of the Liver Isoform Gene for
Bovine Cytochrome c Oxidase Subunit Vila. Genomics 18: 527-536.

-. 1997. Structural Organization and Promoter Analysis of the Bovine Cytochrome c Oxidase Subunit VIIc
Gene. The Journal of Biological Chemistry 212: 10175-10181.

Seidel, J..I. and B.J. Graves. 2002. An ERK2 Docking Site in the Pointed Dr nain Distinguishes a Subset of
ETS Transcription Factors. Genes & Development 16: 127-137.

Seidl, R., N. Cairns, sind G. Lubec. 2001. The Brain in Down Syndrome. Journal of Neural Transmission 61:
247-261.

Seidl, R., S. Fang-Kirchcr, B. Bidmon, N. Cairns, and G. Lubec. 1999. Apoptosis-Associated Proteins p53
and APO-1/Fas (CD95) in Brains of Adult Patients with Down Syndrome. Neuroscience Letters
260: 9-12.

Sellar, R.E., P.L. Taylor, R.F. Lamb, J. Zabavnik, L. Anderson, and K.A. Eidne. 1993. Functional Expression
and Molecular Characterization of the Thyrotrophin-Releasing Hormone Receptor from the Rat
Anterior Pituitary Gland. Journal of Molecular Endocrinology 10:199-206.

Sementchenko, V.L and D.K. Watson. 2000. Ets Target Genes: Past, Present and Future. Oncogene 19:6533-
6548.

Seth, A., R. Ascione, R.J. Fisher, G.J. Mavrothalassitis, N.K. Bhat, and T.S. Papas. 1992. The ets Gene
Family, Cell Growth & Differentiation 3: 327-334.

Sgouras, D.N., M.A. Athanasiou, GJ. Beal, Jr., R.J. Fisher, D.G. Blair, and GJ. Mavrothjkiassitis. 1995. Erf:
an ETS Domain Protein with Strong Transcriptional Repressor Activity, can Suppress ets-
Associated Tumorigenesis and is Regulated by Phosphorylation during Cell Cycle and Mitogenic
Stimulation. The EMBO Journal 14: 4781-4793.

Shapiro, B.L. 2001. Developmental Instability of the Cerebellum and its Relevance lo Down Syndrome.
Journal of Neural Transmission 61: 11-34.

Shapiro, M. and P. Scnapathy. 1987. RNA Splice Junctions of Different Classes of Eukaryotes: Sequence
Statistics and Functional Implications in Gene Expression. Nucleic Acids Research 15: 7155-7174.

Sharma, C, T. Smith, S. Li, G.J. Schroepfer, Jr., and D.H. Needleman. 2000. Inhibition of Ca2+ Release
Channel (Ryanodine Receptor) Activity by Sphingolipid Bases: Mechanism of Action. Chemistry
and Physics ofLipids 104: 1-11.

Sharrocks, A.D., A.L. Brown, Y. Ling, and P.R. Yates. 1997. The ETS-Domain Transcription Factor Family.
Int. J. Biochsm. Cell Biol. 29:1371 -1387.

Shiio, Y., J.-i. Sawadjt, H. Handa, T, Yamamoto, and J.-i. Inoue. 1996. Activation of the Retinoblastoma
Gene Expression by Bcl-3: Implication for Muscle Cell Differentiation. Oncogene 12: 1837-1845.

,

297



Shimizu, K., H. Ichikawa, A. Tojo, Y. Kaneko, N. Maseki, Y Hayashi, M. Ohira, S. Asano, and M. Ohki.
1993. An eto-related Gene, ERG, is Rearranged in Huron Myeloid Leukemia with t(16;21)
Chromosomal Translocalion. Proceedings of the National Academy of Sciences USA 90:10280-
10284.

Shinohara, T., K. Tomizuka, S. Miyabara, S. Takehara, Y. fcazuki, J. Inoue, M. Katoh, H. Nakane, A. lino,
A. Ohguma, S. Ikegami, K. Inokuchi, I. Ishida, R.H. Reeves, and M. Oshimura. 2001. Mice
Containing a Human Chromosome 21 Model Behavioral Impairment and Cardiac Anomalies of
Down's Syndrome. Human Molecular Genetics 10: 1163-1175.

Shinomiya, N., Y. Kuno, F. Yamamoto, M. Fukasawa, A. Okumura, M. Uefuji, and M. Rokutanda. 2000.
Different Mechanisms between Premitotic Apoptosis and Postmitotic Apoptosis in X-Irradiated
U937 Cells. Int. J. Radiation Oncology Biol. Phys. 47: 767-777.

Shirasaki, F., H.A. Makhluf, C. LeRoy, D.K. Watson, and M. Trojanowska. 1999. Ets Transcription Factors
Cooperate with Spl to Activate the Human Tenascin-C Promoter. Oncogene 18: 7755-7764.

Shore, P. and A.D. Sharrocks. 1994. The Transcription Factors Elk-1 and Serum Response Factor Interact by
Direct Protein-Protein Contacts Mediated by a Short Region of Elk-1. Molecular and Cellular
Biology 14: 3283-3291.

Short, M.L., J. Nickel, A. Schmitz, and R. Renkawitz. 1996. In Vivo Protein Interaction with the Mouse M-
Lysozyme Gene Downstream Enhancer Correlates with Demethylation and Gene Expression. Cell
Growth & Differentiation 7: 1545-1550.

Si, J., D.S. Miller, and L. Mei. 1997. Identification of an Element Required for Acetylcholine Receptor-
Inducing Activity (ARIA)-Induced Expression of the Acetylchoiine Receptor e Subunit Gene. The
Journal of Biological Chemistry 272: 10367-10371.

Si, J., Q. Wang, and L. Mei. 1999. Essential Roles of c-JUN and c-JUN N-Tcrminal Kinase (JNK) in
Neuregu I in-Increased Expression of the Acetylcholine Receptor e-Subunit. The Journal of
Neuroscience 19: 8498-8508.

Siarey, R.J., J. Stoll, S.I. Rapoport, and Z. Galdzicki. 1997. Altered Long-Term Potcntiation in the Young
and Old Ts65Dn Mouse, a Model for Down Syndrome. Neuropharmacology 36: 1549-1554.

Sieweke, M.H., H. Tekotte, J. Frampton, and T. Graf. 1996. MafB is an Interaction Partner and Repressor of
Ets-2 that Inhibits Erythroid Differentiation. CellSS: 49-60.

Siklos, L., J. Engelhardt, and S.H. Appel. 1995. Neuromuscular Junction Pathology in ALS and in Passive
Transfer Animal Models of ALS. http://www.bcm.tmc.edu.neurol/research/als/als2.html
(05/07/2003).

Simon, A.M., P. Hoppe, and S.J. Burden. 1992. Spatial Restriction of AChR Gene Expression to Subsynaptic
Nuclei. Development \ 14: 545-553.

Simpson, S., CD. Woodworth, and J. DiPaolo. 1997. Altered Expression of Erg and Ets-2 Transcription
Factors is Associated with Genetic Changes at 21q22.2-22.3 in Immortal and Cervical Carcinoma
Cell Lines. Oncogene 14: 2149-2157.

Sinet, P.M. 1982. Metabolism of Oxygen Derivatives in Down's Syndrome. Ann N YAcad Sci 396:83-94.
Slater, C.R., E.G. Allen, and C. Young. 1985. Acetyicholine Receptor Distribution on Regenerating

Mammalian Muscle Fibers at Sites of Mature and Developing Nerve-Muscle Junctions. J. PhysioL
Paris 80: 238-246.

Slater, C.R., P.R. Lyons, T.J. Walls, P.R.W. Fawcett, and C. Young. 1992. Structure and Function of
Neuromuscular Junctions in the Vasttis Lateralis of Man. Brain 115:451-478.

Slater, C.R., C. Young, S.J. Wood, G.S. Bewick, L.V.B. Anderson, P. Baxter, P.R.W. Fawcett, M. Roberts,
L. Jacobson, J. Kuks, A. Vincent, and J. Newsom-Davis. 1997. Utrophin Abundance is Reduced at
Neuromuscular Junctions of Patients with both Inherited and Acquired Acetylcholine Receptor
Deficiencies. Brain 120: 1513-1531.

Slupsky, CM., L.N. Gentile, and L.P. Mclntosh. 1998. Assigning the NMR Spectra of Aromatic Amino
Acids in Proteins: Analysis of Two Ets Pointed Domains. Biochem. Ceil Biol. 76:379-390.

Smale, S.T. 2001. Core Promoters: Active Contributors to Combinatorial Gene Regulation. Genes &
Development 15:2503-2508.

Smith, G.F., D. Spiker, C.P. Peterson, D. Cicchetti, and P. Justine. 1984. Use of Megadoses of Vitamins with
Minerals in Down Syndrome. The Journal of Pediatrics 105: 228-234.

Smith, R.F., B.A. Wiese, M.K. Wojzynski, D.B. Davison, and K.C. Worley. 1996a. BCM Search Launcher.
http://scarchlauncher.bcm.tmc.edu (06/07/2002).

-. 1996b. BCM Search Launcher- An Integrated Interface to Molecular Biology Data Base Search and
Analysis Services on the World Wide Web. Genome Research 6:454-462.

Soncnberg, N. 1994, mRNA Translation: Influence of the 5' and 3' Untranslated Regions. Current Opinion in
Genetics & Development 4: 310-315.

298

M



Sowa, Y., Y. Shiio, T. Fujita, T. Matsumoto, Y. Okuyama, D. Kato, J.-i. Inoue, J.-i. Sawada, M. Goto, H.
Watanabe, H. Handa, and T. Sakai. 1997. Retinoblastoma Binding Factor 1 Site in the Core
Promoter Region of the Human RB Gene is Activated by hGABP/E4TFl. Cancer Research 57:
3145-3148.

Spandidos, D.A., H. Karaiossifidi, A. Malliri, S. Linardopoulos, S. Vassilaros, A. Tsikkinis, and J.K. Field.
1992. Expression of Ras, Rbl and p53 Proteins in Human Breast Cancer. Anticancer Research 12:
81-89.

StClair, D. and D. Black wood. 1985. Premature Senility in Down's Syndrome. The Lancet 2: 34.
Stemberg, N. and D. Hamilton. 1981. Bacteriophage PI Site-Specific Recombination - Recombination

Between lox? Sites. Journal of Molecular Biology 150:467-486.
Straub, V., R.E. Bittner, J.J. Leger, and T. Voit. 1992. Direct Visualization of the Dystrophin Network on

Skeletal Muscle Fiber Membrane. The Journal of Cell Biology 119: 1183-1191.
Sucharov, C , A. Basu, R.S. Carter, and N.G. Avadhani. 1995. A Novel Transcriptional Initiator Activity of

the GABP Factor Binding ets Sequence Repeat from the Murine Cytochrcmc c Oxidase Vb Gene.
Gene Expression 5: 93-111.

Sumarsono, S.H., T.J. Wilson, M.J. Tymms, D.J. Venter, CM. Corrick, R. Kola, M.H. Lahoud, T.S. Papas,
A. Seth, and I. Kola. 1996. Down's Syndrome-Like Skeletal Abnormalities in Ets2 Transgenic Mice.
Nature 379: 534-537.

Sumegi, B., B. Melegh, K. Adamovich, and K. Trombitas. 1990. Cytochrome Oxidase Deficiency Affecting
the Structure of the Myofibre and the Shape of Mitochondria! Cristae Membrane. Clin Chim Ada
192:9-18.

Suzuki, F., M. Goto, C. Sawa, S. Ito, H. Watanabe, J.-i. Sawada, and H. Handa. 1998. Functional Interactions
of Transcription Factor Human GA-binding Protein Subunits. The Journal of Biological Chemistry
273: 29302-29308.

Taanman, J.-W., A.G. Bodnar, J.M. Cooper, A.A.M. Morris, P.T. Clayton, J.V. Leonard, and A.H.V.
Schapira. 1997. Molecular Mechanisms in Mitochondrial DNA Depletion Syndrome. Human
Molecular Genetics 6: 935-942.

Taanman, J.-W., M.D, Burton, M.F. Marusich, N.G. Kennaway, and R.A. Capaldi. 1996. Subunit Specific
Monoclonal Antibodies Show Different Steady-State Levels of Various Cytochrome-c Oxidase
Subunits in Chronic Progressive External Ophthalmoplegia. Biochimica et Biophysica Acta 1315:
199-207.

Taanman, J.-W., R.E, Hall, C Tang, M.F. Marusich, N.G. Kennaway, and R.A. Capaldi. 1993. Tissue
Distribution of Cytochrome c Oxidase Isoforms in Mammals. Characterization with Monoclonal
and Polyclonal Antibodies. Biochimica et Biophysica Acta 1225:95-100.

Takahashi, Y., K. Kako, H. Arai, T. Ohishi, Y. Inada, A. Takehara, A. Fukamizu, and E. Munckata. 2002.
Characterization and Identification of Promoter Elements in the Mouse COX.17 Gene. Biochimica et
Biophysica Acta 1574: 359-364.

Takeda, K., T. Kaisho, N. Yoshida, J. Takeda, T. Kishimoto, and S. Akira. 1998. Stat3 Activation is
Responsible for IL-6-Dependent T Cell Proliferation through Preventing Apoptosis: Generation and
Characterization of T Celf-Speciflc Stat3-Deficient Mice. The Journal of immunology 161: 4652-
4660.

Takhar, J., A.K. Malla, V. Siu, C. MacPherson, Y.S, Fan, and L. Townsend. 2002. An Interstitial Deletion of
the Long Arm of Chromosome 21 in a Case of a First Episode of Psychosis. Acta Psychiatrica
Scandinavica 106: 71 -75.

Tal, M., C.R. King, M.H. Kraus, A. Ullrich, J. Schlessinger, and D. Givol. 1987. Human HER2 (neu)
Promoter: Evidence for Multiple Mechanisms for Transcriptional Initiation. Molecul&t md Cellular
Biology 7; 2597-2601.

Tang, J., S.A. Jo, and S.J. Burden. 1994. Separate Pathways for Synapse-Specific and Electrical Activity-
Dependent Gene Expression in Skeletal Muscle. Development 120: 1799-1804.

Tassone, F., L. Villard, K. Clancy, and K. Gardiner. 1999. Structures, Sequence Characteristics, and Synteny
Relationships of the Transcription Factor E4TF1, the Splicing Factor U2AF35 and the Cystathionine
Beta Synthetase Genes from Fugu rubripes. Gene 226: 211-223.

Taub, J.W., X. Huang, L.H. Matherly, M.L. Stout, S.A. Buck, G.V. Masr,ey, DA. Becton, M.N. Chang, H.J.
Weinstein, and Y. Ravindranath. 1999. Expression of Chromosome 21-Localized Genes in Acute
Myeloid Leukemia: Differences Between Down Syndrome and Non-Down Syndrome Blast Cells
and Relationship to In Vitro Sensitivity to Cytosine Arabinoside and Daunorubicin. Blood 94: 1393-
1400.

Taylor, A.I. 1968. Auiosoma! Trisomy Syndromes: A Detailed Study of 27 Cases of Edwards' Syndrome and
27 Cases of Patau's Syndrome. J hied Genet 5: 227-252.

i

299 .!
i

. ' ( I •.••m



Thach, W.T. 1998. A Role for the Cerebellum in Learning Movement Coordination. Neurobiohfjy of
Learning and Memory 70: 177-188.

Thompson, C.C., T.A. Brown, and S.L. McKnight. 1991. Convergence of Ets- and Notch-Related Structural
Motifs in a Heteromeric DNA Binding Complex. Science 253: 762-168.

Tian, G., B. Erman, H. Jshii, S.S. Gangopadhyay, and R. Sen. 1999. Transcriptional Activation by ETS and
Leucine Zipper-Containing Basic Heiix-Loop-Helix Proteins. Molecular and Cellular Biology 19:
2946-2957.

Till, J.H., M. Becerra, A. Watty, Y. Lu, Y. Ma, T.A. Neubert, SJ. Burden, and S.R. Hubbard. 2002. Crystal
Structure of the MuSK Tyrosine Kinase: Insights into Receptor Autoregulation. Structure 10: 1187-
1196.

Tinsley, J.M., N. DeconincJc, R. Fisher, D. Kahn, S. Phelps, J.-M. Gillis, and K.E. Davies. 1998. Expression
of Full-Length Utrophin Prevents Muscular Dystrophy in mdx Mice. Nature Medicine A: 1441-1444.

Tinsley, J.M., A.C. Potter, S.R. Phelps, R. Fisher, J.I. Trickett, and K.E. Davies. 1996. Amelioration of the
Dystrophic Ptenotyp^ of mdx Mice using a Truncated Utrophin Transgene. Nature 384: 349-353.

Tomaras, G.D., D.A. Foster, CM. Burrer, and S.M. Taffet. 1999. ETS Transcription Factors Regulate an
Enhancer Activity in the Third Intron of TNF-a. Journal of Leukocyte Biology 66: 183-193.

Tominaga, K., S. Akiyama, Y. Kagawa, and S. Ohta. 1992. Upstream Region of a Genomic Gene for Human
Mitochondrial Transcription Factor 1. Biochimica et Biophysica Acta 1131: 217-219.

Torrado, C , W. Bastian, K.E. Wisniewski, and S. Castells. 1991. Treatment of Children with Down
Syndrome and Growth Retardation with Recombinant Human Growth Hormone. The Journal of
Pediatrics 119: 478-483.

Torres, R.M. and R. KQhn. 1997. Laboratory Protocols for Conditional Gene Targeting. Oxford University
Press, Oxford.

Trachtenberg, J.T. 1998. Fiber Apoptosis in Developing Rat Muscles is Regulated by Activity, Neuregulin.
Developmental Biology 196: 193-203.

Trask, R.V. and J.J. Billadello. 1990. Tissue-Specific Distribution and Developmental Regulation of M and B
Creatine Kinase mRNAs. Biochimica et Biophysica Acta 1049: 182-188.

Trieu, M., A. Ma, S.R. Eng, N. Fedtsova, and E.E. Turner. 2003. Direct Autoregulation and Gene Dosage
Compensation by POU-Domain Transcription Factor Brn3a. Development 130: 111-121.

Trojanowska, M. 2000. Ets Factors and Regulation of the Extracellular Matrix. Oncogene !9: 646-4-6471.
Truong, A.H. and Y. Ben-David. 2000. The Role of Fli-1 in Normal Cell Function and Malignant

Transformation. Oncogene 19:6482-6489.
Tsien, J.Z., D.F. Chen, D. Gerber, C. Tom, E.H. Mercer, D.J. Anderson, M. Mayford, E.R. Kandel, and S.

Tonegawa. 1996. Subregion- and Cell Type-Restricted Gene Knockout in Mouse Brain, Cell 87:
1317-1326.

Tuggle, C.K., C. Genet, X.-W. Shi, P. Chardon, I. Sanchez-Serrano, G. Cravens, D. Milan, and M. Yerle.
2001. Cytogcnctic and Radiation Hybrid Mapping Reveals Conserved Synteny and Gene Order
between Human Chromosome 21 and Pig Chromosome 13. Mammalian Genome 12:397-399,

Turrens, J.F. 2001. Increased Supcroxide Dismutase and Down's Syndrome. Medical Hypotheses 56: 617-
619.

Tymms, M.J. and I. Kola. 1994. Regulation of Gene Expression by Transcription Factors Ets-1 and Ets-2.
Molecular Reproduction and Development 39: 208-314.

Unden, A.-L., S. Elofsson, M. Viigimaa, J. Johansson, and S. Knox. 2001. A Psychosocial Comparison of
35- and 55-Year Old Men and Women in Sweden and Estonia: The Swestonia Cardiovascular Risk
Factor Study. Internationa! Journal of Behavioral Medicine 8: 149-162.

Vallejo, C.G., H. Escriva, and A. Rodriguez-Pefla. 2000, Evidence of Tissue-Specific, Post-Transcriptional
Regulation of NRF-2 Expression. Biochimie 82: 1129-1133.

van der Velden, A.W. and A.A.M. Thomas. 1999. The Role of the 5' Untranslated Region of an mRNA in
Translation Regulation During Development. The International Journal of Biochemistry & Cell
Biology 31: 87-106.

Van Keuren, M.L., D. Goldman, and C.R. Merril. 1982. Protein Variations Associated with Down's
Syndrome, Chromosome 21, and Alzheimer's Disease. Ann. NY Acad Sci 396:55-67.

Vandenbunder, B., N. Wemert, C. Queva, X. Desbiens, and D. Stehelin. 1994. Does the Transcription Factor
c-Etsl Take Part in the Regulation of Angiogcnesis and Tumor Invasion? Folia Biologica (Praha)
40:301-313.

Vassias, I., U. Hazan, Y. Michel, C. Sawa, H. Handa, L. Gouya, and F. Morinet. 1998. Regulation of Human
B19 Parvovirus Promoter Expression by hGABP (E4TF1) Transcription Factor. The Journal of
Biological Chemistry 273: 8287-8293.

i
i

300



Venuti, J.M., J.H. Morris, J.L. Vivian, E.N. Olson, and W.H. Klein. 1995. Myogenin is Required for Late but
not Early Aspects of Myogenesis during Mouse Development. The Journal of Cell Biology 128:
563-576.

Verger, A., E. Buisine, S. Carrero, R. Wintjens, A. Flourens, J. Coll, D. Stehelin, and M. Duterque-
Coquillaud. 2001. Identification of Amino Acid Residues in the ETS Transcription Factor Erg that
Mediate Erg-Jun/Fos-DNA Ternary Complex Formation. The Journal ofBiziogical Chemistry 276:
17181-17189.

Verger, A. and M. Duterque-Coquillaud. 2002. When Ets Transcription Factors Meet Their Partners.
BioEssays 24: 362-370.

Verhoef, K., R.W. Sanders, V. Fontaine, S. Kitajima, and B. Berkhout. 1999. Evolution of the Human
Immunodeficiency Virus Type 1 Long Terminal Repeat Promoter by Conversion of an NF-KB

Enhancer Element into a GABP Binding Site. Journal of Virology 73: 1331-1340.
Vijayasarathy, C , I. Biunno, N. Lenka, M. Yang, A. Basu, I.P. Hall, and N.G. Avadhani. 1998. Variations in

the Subunit Content and Catalytic Activity of the Cytochrome c Oxidase Complex from Different
Tissues and Different Cardiac Compartments. Biochimica et Biophysica Ada 1371: 71-82.

Villena, J.A., I. Martin, O. Viflas, B. Cormand, R. Iglesias, T. Mampel, M. Giralt, and F. Villarroya. 1994.
ETS Transcription Factors Regulate the Expression of the Gene for the Human Mitochondrial ATP
sJythase p-Subunit. The Journal of Biological Chemistry 269: 32649-32654.

Villena, J.A., O. Vinas, T. Mampel, R. Iglesias, M. Giralt, and F. Villarroya. 1998. Regulation of
Mitochondrial Biogenesis in Brown Adipose Tissue: Nuclear Respiratory Factor-2/GA-Binding
Protein is Responsible for the Transcriptional Regulation of the Gene for the Mitochondrial ATP
Synthase p Subunit. Biochem. J. 331: 121-127.

Vincent, A., C. Newland, R. Croxen, and D. Beeson. 1997. Genes at the Junction • Candidates for Congenital
Myasthenic Syndromes. Trends in Neuroscience 20: 15-22.

Virbasius, J.V. and R.C. Scarpulla. 1994. Activation of the Human Mitochondrial Transcription Factor A
Gene by Nuclear Respiratory Factors: A Potential Regulatory Link between Nuclear and
Mitochondrial Gene Expression in Organelle Biogenesis. Proceedings of the National Academy of
Sciences USA 91: 1309-1313.

Virbasius, J.V., C.-m.A. Virbasius, and R.C. Scarpulla. 1993. Identity of GABP with NRF-2, a Multisubunit
Activator of Cytochrome Oxidase Expression, Reveals a Cellular Role for an ETS Domain
Activator of Viral Promoter. Genes & Development 7: 380-392.

Vlaeminck-Guillem> V., S. Carrere, F. Dcwitte, D. Stehelin, X. Desbiens, and M. Duterque-Coquillaud.
2000. The Ets Family Member Erg Gene is Expressed in Mesodermal Tissues and Neural Crests at
Fundamental Steps during Mouse Embryogenesis. Mechanisms of Development 91: 331-335.

Vogel, J.L. and T.M. Kristie. 2000. The Nove! Coactivator Cl (HCF) Coordinates Multiprotein Enhancer
Formation and Mediates Transcription Activation by GABP. The EMBO Journal 19: 683-690.

Wallace, D.C. 1999. Mitochondrial Diseases in Man and Mouse. Science 283: 1482-1488.
Wan, T.S.K., W.Y. Au, J.C.W. Chan, L.C. Chan, and S.K. Ma. 1999. Trisomy 21 as the Sole Acquired

Karyotypic Abnormality in Acute Myeloid Leukemia and Myelodysplastic Syndrome. Leukemia
Research 23: 1079-1083.

Wang, C.-Y., B. Petryniak, I.-C. Ho< C.B. Thompson, and J.M. Leiden. 1992. Evolutionarily Conserved Ets
Family Members Display Distinct DNA Binding Specificities. J. Exp. Med. 175: 1391-1399.

Wang, K., K.M. Bohrcn, and K.H. Gabbay. 1993. Characterization of the Human Aldose Reductase Gene
Promoter. The Journal of Biological Chemistry 268: 16052-16058.

Wang, L. and S.W. Hiebcrt. 2001. TEL Contacts Multiple Co-Repressors and Specifically Associates with
Histone Deacetylase-3. Oncogene 20: 3716-3725.

Wang, L.C, F. Kuo, Y. Fujiwara, D.G. Gilliland, T.R. Golub, and S.H. Orkin. 1997. Yolk Sac Angiogenic
Defect and Intra-Embryonic Apoptosis in Mice Lacking the Ets-Rclated Factor TEL. The EMBO
Journal 16: 4374-4383.

Wang, X.-Q. and J.A. Rothnagel. 2001. Post-transcriptional Regulation of the Gill Oncogene by the
Expression of Alternative 5' Untranslated Regions. The Journal of Biological Chemistry 276: 1311-
1316.

Wasylyk, B., J, Hagman, and A. Gutierrez-Hartmann. 1998. Ets Transcription Factors: Nuclear Effectors of
the Ras-MAP-Kinase Signaling Pathway. TIBS 23: 213-216.

Wasylyk* B., S.L. Hahn, and A. Giovanc. 1993. The Ets Family of Transcription Factors. Eur. J. Biochem.
211:7-18.

Wasylyk, B., C. Wasylyk, P. Flores, A. Begue, D. Leprince, and D. Stehelin. 1990. The c-ets Proto-
oncogenes Encode Transcription Factors that Cooperate with c-Fos and c-Jun for Transcriptional
Activation. Nature 346: 191-193.

301



Wasylyk, C , S.E. Schlumberger, P. Criqui-Filipe, and B. Wasylyk. 2002. SplOO Interacts with ETS-1 and
Stimulates its Transcriptional Activity. Molecular and Cellular Biology 22: 2687-2702.

Watanabe, H., J.-i. Sawada, K.-i. Yano, K. Yamaguchi, M. Goto, and H. Handa. 1953. cDNA Cloning of
Transcription Factor E4TF1 Subunits with Ets and Notch Motifs. Molecular and Cellular Biology
13: 1385-1391.

Watson, D.K., G.J. Mavrothalassitis, C.L. Jorcyk, F.E. Smyth, and T.S. Papas. 1990. Molecular Organization
and Differential Polyadenylation Sites of the Human ETS2 Gene. Oncogene 5: 1521-1527.

Watson, D.K., M.J. McWilliams-Smith, C. Kozak, R. Reeves, J. Gearhart, M.F. Nunn, W. Nash, J.R. Fowle,
III, P. Duesberg, T.S. Papas, and S.J. O'Brien. 1986. Conserved Chromosomal Positions of Dual
Domains of the ets Protooncogene in Cats, Mice, and Humans. Proceedings of the National
Academy of Sciences USA 83: 1792-1796.

Watson, D.K., M.J. McWilliams-Smith, M.F. Nunn, P.H. Duesberg, SJ. O'Etaen, and T.S. Papas. 1985. The
ets Sequence from the Transforming Gene of Avian Erythroblastosis Virus, E26, has Unique
Domains on Human Chromosomes 11 and 21: Both Loci are Transcriptionally Active. Proceedings
of the National Academy of Sciences USA 82: 7294-7298.

Watson, D.K., L. Robinson, D.R. Hodge, I. Kola, T.S. Papas, and A. Seth. 1997. FLU and EWS-FL11
Function as Ternary Complex Factors and ELKl and SAP la Function as Ternary and Quaternary
Complex Factors on the Egrl Promoter Serum Response Elements. Oncogene 14:213-221.

Watson, D.K., F.E. Smyth, D.M. Thompson, J. Quan Cheng, J.R. Testa, T.S. Papas, and A. Seth. 1992. The
ERGB/Fli-l Gene: Isolation and Characterization of a New Member of the Family of Human ETS
Transcription Factors. Cell Growth & Differentiation 3: 705-713.

Webb, S., N.A. Brown, and R.H. Anderson. 1997. Cardiac Morphology at Late Fetal Stages in the Mouse
with Trisomy 16: Consequences for Different Formation of the Atrioventricular Junction when
Compared to Humans with Trisomy 21. Cardiovascular Research 34: 515-524.

Weise, P., R. Koch, K.N.F. Shaw, and M.J. Rosenfeld. 1974. The Use of 5-HTP in the Treatment of Down's
Syndrome. Pediatrics 54: 165-168.

Wickcns, M. and P. Stephenson. 1984. Role of the Conserved AAUAAA Sequence: Four AAUAAA Point
Mutants Prevent Messenger RNA 3' End Formation. Science 226: 1045-1051.

Williams, G.W., P.M. Woollard, and P. Hingamp. 1998. NIX: A Nuclcotide Identification System.
http://menu.hgmp.rurc.ac.Mk/Registered/webapp/nix (30/08/2001).

Willis, A.E. 1999. Transtational Control of Growth Factor and Proto-oncogene Expression. The International
Journal of Biochemistry & Cell Biology31: 73-86.

Winter, T.C., A.A. Ostrovsky, C.A. Komarniski, and S.B. Uhrich. 2000. Cerebellar and Frontal Lobe
Hypoplasia in Fetuses with Trisomy 21: Usefulness as Combined US Markers. Radiology 214:533-
538.

Wisniewski, K.E., H.M. WIsniewski, and G.Y. Wen. 1985. Occurrence of Neuropathological Changes and
Dementia of Alzheimer's Disease in Down's Syndrome. Ann Neural 17: 278-282.

Witzemann, V., H. Schwarz, M. Koenen, C. Berberich, A. Villarroel, A. Wernig, H.R. Brenner, and B.
Sakmann. 1996. Acetylcholine Receptor e-Subunit Deletion Causes Muscle Weakness and Atrophy
in Juvenile and Adult Mice. Proceedings of the National Academy of Sciences USA 93: 13286-
13291.

Witzemann, V., E. Stein, B. Barg, T. Konno, M. Koenen, W. Kues, M. Criado, M. Hofmann, and B.
Sakmann. 1990. Primary Structure and Functional Expression of the a-, P-, y-, 5- and e-Subunits of
the Acetylcholine Receptor from Rat Muscle. Eur. J. Biochem. 194:437-448.

Wolberger, C. 1998. Combinatorial Transcription Factors. Current Opinion in Genetics & Development 8:
552-559,

Wolvetang, E.J., TJ. Wilson, E. Sanij, J. BuscigJio, T. Hatzistavrou, A. Seth, P.J. Hertzog, and I. Kola. 2003.
ETS2 Overexpression in Transgenic Models and in Down Syndrome Predisposes to Apoptosis via
thep53 Pathway. Human Molecular Genetics 12: 1-9.

Wong-Riley, M., A. Guo, N.J. Bachman, a»id M.I. Lornax. 2000. Human COX6A1 Gene: Promoter Analysis,
cDNA Isolation and Expression in the Monkey Brain. Gene 247:63-75.

Wredenberg, A., R. Wibom, H. WiJhelmsson, C. Graff, H.H. Wiener, S.J. Burden, A. OSdfors, H.
Westerblad, and N.-G. Larsson. 2002. Increased Mitochondria! Mass in Mitochondria! Myopathy
Mice. Proceedings of the National Academy of Sciences USA 99:15066-15071.

Wright, W.E., D.A. Sassoon, and V.K. Lin. 1989. Myogenin, a Factor Regulating Myogenesis, Has a
Domain Homologous to MyoD. Cell 56:607-617.

Xu, Q., B. Modrek, and C. Lee. 2002. Genome-wide Detection of Tissue-specific Alternative Splicing in the
Human Transcriptome. Nucleic Acids Research 30: 3754-3766.

Yamada, M., N. Amuro, Y. Goto, and T. Okazaki. 1990. Structural Organization of the Rat Cytochrome c
Oxidase Subunit IV Gene. The Journal of Biological Chemistry 265: 7687-7692.

302



Yamaji, S., S. Demura, Y. Nagasawa, M. Nakada, and T. Kitabayashi. 2002. The Effect of Measurement
Time When Evaluating Static Muscle Endurance During Sustained Static Maximal Gripping. J
Physiol Anthropol Appl Human 5fci. 21: 151-154.

Yamamoto, H., M.L. Flannery, S. Kupriyanov, J. Pearce, S.R. McKercher, G.W. Henkel, R.A. Makf, Z.
Werb, and R.G. Oshima. 1998. Defective Trophoblast Function in Mice with a Targeted Mutation of
Ets2. Genes & Development 12: 1315-1326.

Yamamoto, H., F. Kihara-Negishi, T. Yamada, Y. Hashimoto, and T. Oikawa. 1999. Physical and Functional
Interactions between the Transcription Factor PU.l and the Coactivator CBP. Oncogene 18: 1495-
1501.

Yamamoto, H., F. Kihara-Negishi, T. Yamada, M. Suzuki, T. Nakano, and T. Oikawa. 2002. Interaction
between the Hematopoietic Ets Transcription Factor Spi-B and the Coactivator CREB-Binding
Protein Associated with Negative Cross-Talk with c-Myb. Cell Growth & Differentiation 13:69-75.

Yamamoto, H. and T. Oikawa. 1999. Interaction of Transcription Factor PU.l with Coactivator CBP.
Tanpakushitsu Kahusan Koso 44: 1389-1395.

Yang, B.-S., C.A. Hauser, G. Henkel, M.S. Colman, C. Van Beveren, K.J. Stacey, D.A. Hume. R.A. Maki,
and M.C. Ostrowski. 1996. Ras-Mediated Phosphorylaiion of a Conserved Threonine Residue
Enhances the Transactivation Activities of c-Elsi and c-Ets2. Molecular and Cellular Biology 16:
538-547.

Yang, L., H.A. Chansky, and D.D. Hickstein. 2000. EWS.Fli-1 Fusion Protein Interacts with
Hyperphosphorylated RNA Polymerase II and Interferes with Serine-Arginine Protein-Mediated
RNA Splicing. The Journal of Biological Chemistry 215: 37612-37618.

Yang, L., L. X;a, D.Y. Wu, H. Wang, ILA. Chansky, W.H. Schubach, D.D. Hickstein, and Y. Zhang. 2002a.
Molecular Cloning of ESET, a Novel Histone H3-Specific Methyltransferase that Interacts with
ERG Transcription Factor. Oncogene 21: 148-152.

Yang, Q., S.A. Rasmussen, and J.M. Friedman. 2002b. Mortality Associated with Down's Syndrome in the
USA from 1983 to 1997: A Population-Based Study. The Lancet 359: 1019-1025.

Yang, S.-H., P.R. Yates, A.J. Whitmarsh, R.J. Davis, and A.D. Sharrocks. 1998. The Elk-1 ETS-Domain
Transcription Factor contains a Mitogen-Activatcd Protein Kinase Targeting Motif. Molecular and
Cellular Biology 18: 710-720.

Yang, X., S. Arber, C. William, L. Li, Y. Tanabe, T.M. Jesscll, C. Birchmeier, and S.J. Burden. 2001.
Patterning of Muscle Acetylcholine Receptor Gene Expression in the Absence of Motor Innervation.
Neuron 30: 399-410.

Yang, Y., E. Spitzer, D. Meyer, M. Sachs, C. Niemann, G. Hartmann, K.M. Weidner, C. Birchmeier, and W.
Birchmeier. 1995. Sequential Requirement of Hepatocyte Growth Factor and Ncuregulin in the
Morphogenesis and Differentiation of the Mammary Gland. The Journal of Cell Biology 131:215-
226.

Yarom, R., U. Sagher, Y. Havivi, I.J. Peled, and M.R. Wexler. 1986. Myofibers in Tongues of Down's
Syndrome. Journal of the Neurological Science? 73: 279-287.

Yarom, R., D. Sapoznikov, Y. Havivi, K.B. Avraham, M. Schickler, and Y. Groner. 1988. Premature Aging
Changes in Neuromuscular Junctions of Transgcnic Mice with an Extra Human CuZnSOD Gene: A
Model for Tongue Pathology in Down's Syndrome. Journal of the Neurological Sciences 88:41-53.

Yates, CM., J. Simpson, A.F.J. Maloney, A. Gordon, and A.H. Reid. 1980. Alzheimer-Like Cholinergic
Deficiency in Down Syndrome. The Lancet 2:979.

Yates, P.R., G.T. Atherton, R.W. Deed, J.D. Norton, and A.D. Sharrocks. 1999. Id Helix-Loop-Helix
Proteins Inhibit Nucleoprotein Complex Formation by the TCF ETS-domain Transcription Factors.
The EMBO Journal 18: 968-976.

Yee, A.A., P. Yin, D.P. Siderovski, T.W. Mak, D.W. Litchfield, and C.H, Arrowsmith. 1998. Cooperative
Interaction between the DNA-Binding Domains of PU. 1 and IRF4. Journal of Molecular Biology
279: 1075-1083.

Yee, S.-P. and P.W.J. Rigby. 1993. The Regulation of Myogenin Gene Expression during the Embryonic
Development of the Mouse. Genes & Development 7: 1277-1289.

Yeh, W.-C, J. Hou, and S.L. McKnight. 1996. Purification and Characterization of Gene-Specific
Transcript-^ Factors: C/EBP, GABP, and IL-4 Stat. Methods in Enzymology 274: 101-112.

Yokomori, N\, P '^teyashi, R. Moore, T. Sueyoshi, and M. Negishi. 1995. A DNA Methylation Site in the
Male-Specific P450 (Cyp 2d-9) Promoter and Binding of the Heteromeric Transcription Factor
GABP. Molecular and Cellular Biology S5: 5355-5362.

Yokomori, N., M. Tawata, T. Saito, H. Shimura, and T. Onaya. 1998. Regulation of the Rat Thyrotrophin
Receptor Gene by the Methylation-Sensitive Transcription Factor GA-Binding Protein. Molecular
Endocrinology 12: 1241 -1249.

303



Yordy, J.S. and R.C. Muise-Helmericks. 2000. Signal Transduction and the Ets Family of Transcription
Factors. Oncogene 19: 6503-6513.

Young, C , S. Lindsay, R. Vater, and C.R. Slater. 1998. An Improved Method for the Simultaneous
Demonstration of mRNA and Esterase Activity at the Neuromuscular Junction. Histochemical
Journal 30:7-11.

Yu, F., H. Degens, X. Li, and L. Larsson. 1998. Gender- and Age-Related Differences in the Regulatory
Influence of Thyroid Hormone on the Contractility and Myosin Composition of Single Rat Soleus
Muscle Fibres. Pflugers Arch. 437: 21-30.

Yu, G., R. Zucchi, S. Ronca-Testoni, and G. Ronca. 2000. Protection of Ischemic Rat Heart by Dantrolene,
an Antagonist of the Sarcoplasmic Reljculum Calcium Release Channel. Basic Res Cardiol 95: 137-
143.

Zhang, L., V. Lemarchandel, P.-H. Romeo, Y. Ben-David, P. Greer, and A. Bernstein. 1993. The Fli~ 1 Proto-
oncogene, Involved in Erythroleukemia and Ewing's Sarcoma, Encodes a Transcriptional Activator
with DNA-Binding Specificities Distinct from other Ets Family Members. Oncogene 8: 1621-1630.

Zhang, P., G. Behre, J. Pan, A. Iwama, N. Wara-Asvapati, H.S. Radomska, P.E. Auron, D.3. Tenen, and Z.
Sun. 1999. Negative Cross-Talk between Hematopoietic Regulators: GATA Proteins Repress PU.l.
Proceedings of the National Academy of Sciences USA 96: 8705-8710.

Zhao, B. and C.E. Sample. 2000. Epstein-Barr Virus Nuclear Antigen 3C Activates the Latent Membrane
Protein 1 Promoter in the Presence of Epstein-Barr Virus Nuclear Antigen 2 through Sequences
Encompassing an Spi-1/Spi-B Binding Site. Journal of Virology 74: 5151-5160.

Zheng, B., M. Sage, E.A. Sheppeard, V. Jurecic, and A. Bradley. 2000. Engineering Mouse Chromosomes
with Cre-loxP: Range, Efficiency, and Somatic Applications. Molecular and Cellular Biology 20:
648-655.

Zhou, J., A.Y.N. Ng, M.J. Tymms, L.S. Jermiin, A.K. Seth, R.S. Thomas, and I. Kola. 1S98. A Novel
Transcription Factor, ELF5, Belongs to the ELF Subfamily of ETS Genes and Maps to Human
Chromosome 1 lp 13-15, a Region Subject to LOH and Rearrangement in Human Carcinoma Cell
Lines. Oncogene 17: 2719-2732.

Zuker, M. 1999. mfold (version 3.1) mRNA Secondary Structure Prediction Programme.
http://dioinfo.rpi.edu/appiications/mfold (11/02/2003).

-. 2003. Mfold Web Server for Nucleic Acid Folding and Hybridisation Prediction. Nucleic Acids Research
31: 1-10.

304




