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I. INTRODUCTION

1.1 M am m alian genome organisation

The eukaiyotic genome is a dynam ic structure composed of unique and repetitive  

DNA sequences. It  is im portant to investigate the organisation of these components o f 

the genome in  order to understand the contem porary structure of eukaryotic  

chromosomes, the processes by w hich th is structure has evolved, and the genom ic 

aberrations associated w ith  the m any genetic disorders of m an.

DNA reassociation studies have shown th a t the repetitive fraction of the genome is  

represented in  highly and m oderately repeated com ponents, the form er frequently  

associated w ith  heterochrom atin (satellite DNA), and the la tte r often interspersed w ith  

single copy sequences in  the genome. Subsequent m olecular studies have uncovered a  

com plex spectrum  of repeated DNA sequences, such th a t some o f the dispersed 

sequences are as highly repeated as the heterochrom atic sequences. This study w ill 

review the complex organisation of both satellite and dispersed repeated sequences 

(principally in  m am m als), and then concentrate on a com ponent o f the m oderately 

repetitive dispersed com plem ent, tandem ly repeated m in isatellite  sequences, exam ining  

the genomic organisation, hypervariability, and applications o f m in isatellite loci in  m an  

and mouse.

1.1.1 H ighly repeated satellite DNA

Extraord inary variation  in  the chrom osom al DNA content o f related organism s 

(the C-paradox) has been observed for m any years (M irs ly  and Ris, 1951); th is  suggests 

th a t there is an  additional, variable, com ponent o f the genome beyond th a t w hich is  

necessary to encode the functions required for the developm ent and structure of a n  

organism . H ighly repeated satellite DNA m ay constitute such a  com ponent, and  

com prises an  extrem ely heterogeneous class of DNA sequences (see Singer, 1982a).

M any satellite DNA sequences have a d ifferent guanine and cytosine content to  

the rem ainder of the genome and were in itia lly  observed as a  d istinct ’satellite’ peak on  

isopycnic centrifugation of genomic DNA (Sueoka, 1961, K it, 1961). O ther (cryptic) 

satellite sequences are masked in  the m ain genomic band. S atellite DNA is organised  

into long tandem ly repeated arrays of a u n it sequence, and comprises from  5% (hum an) 

to over 50%  (kangaroo rat, Dipodomys ordii) o f genomic DNA. The repeat u n its  vary from



sim ple sequence to complex un its A îth in tern al and higher-order repeat structures- 

Cytological studies have shown that satellite DNA sequences are predom inantly 

associated w ith  centrom eric heterochrom atin (Pardue and G all, 1970).

The organisation of the m ajor satellite in  the mouse (constituting approxim ately 

10% o f the genome) was elucidated by Southern (1975a) using restriction endonuclease^ 

w hich cleave most repeat u n its  (such as EcoRII). The m onom er has been shown by  

sequencing to be 234bp (Horz and Altenburger, 1981). The observation of fractional 

m ultip les of 234bp w ith  EcoRII suggests th a t the satellite has evolved by am pUficatiori 

and divergence from  sm aller ancestral repeat un its, perhaps through processes o f 

unequal exchange (Sm ith, 1976) and slippage (Levinson and G utm an, 1987, see sectiofi 

1.3). The mouse m ajor satellite is found in  un in terrupted  arrays from  240kb to ovef 

2000kb  in  length (Vissel and Choo, 1989) w ith in  the centrom eric heterochrom atin o f a ll 

chromosomes except the Y  (Pardue and G all, 1970). The sequence related minor sate llite  

of the mouse is also centrom erically located (Pietras et al., 1983).

The m ain  prim ate satellite DNA, or a-sate llite , is located a t the centromeres of a ll 

hum an chromosomes (Rosenberg et al., 1978), where it  is organised as distinctt 

chromosome-sp>ecific subsets of diverse arrays of a  171bp m onom er (see W illard an d  

W aye, 1987). Ind ividual subsets are characterised by long range periodicities defin ing  

u n its  o f am plification which have been anailysed from  several d ifferent chromosomes.- 

The length of these centrom eric arrays is h ighly variable (Waye et a l., 1987, Tyier-Sm ithi 

and Brown, 1987), and fu rth er pxjlymorphism w ith in  arrays provides evidence foif 

unequsd recom bination events between higher-order repeats (W aye and W illard, 1986) - 

This variation  suggests th at satellite DNA is a  rap id ly evolving com ponent o f the genome,, 

consistent w ith  the divergent organisation o f satellite DNA sequences w ith in  the genu^  

Mus (see H astie, 1989).

The diversity of eukaryotic satellite DNAs obscures any functional role suchi 

sequences m ay have. Conceivably centrom eric repeated DNA m ay be involved in  eitheif 

homologue interactions or interactions between chromosomes and nuclear structures.- 

The heterogeneity and rapid evolution of centrom eric satellite arrays argues against a n y  

sequence-sp)ccific role. It  has been propxosed th at m uch of the repetitive compxonent off 

the genome m ay be ’ju n k ’ DNA, diverging and am plifying under little  or no selection: 

through processes o f unequal exchange and slippage (Ohno, 1970). W hile th is m a y  

explain the redundancy and divergence of satellite DNA it is not tru e  in  eveiy case : at 

centrom eric satellite repeat o f Drosophila melanogaster appears to  be functional as the: 

responder elem ent o f segregation distorter, causing dysfunction o f the satellite b earin g  

sperm , although no m echanism  for this association has yet been elucidated (Wu et al.,,



1988). Thus, w hile the im portance of centrom eric arrays rem ains functionally  

unassessed, a role for these sequences cannot be ru led out.

1.1.2 Telom eric repeats

Tandem  arrays of heterogeneous length sire found a t the telom eres o f eukaryotic 

chromosomes (Szostak and B lackburn, 1982), and m ay be structurally  com pared to the 

satellite component of the genome. In  contrast to centrom eric arrays, telom eric tandem  

repeat units are short (generally <10bp), and are of a  s im ilar sequence in  m any 

eukaryotes (AUshire et al., 1988). In  m an and mouse the p rincipal repeat u n it sequence 

is TTAGGG (Moyzis et al., 1988, see Hastie and A llshire, 1989) w hich diverges among 

proxim al repeats (A llshire et al., 1989); this sequence constitutes the m ajor satellite of 

the guinea pig [Cavia porcella) (Southern, 1970) and the kangaroo ra t (Fry and Salser,

1977). In  addition, in ters titia l blocks of TTAGGG constitute a  h ighly variable fraction of 

dispersed repetitive DNA sequences in  m an. The most d istal telom eric sequences vary in  

length from  10-15kb in  m an (see Hastie and AUshire, 1989), and are of unknow n size in  

mice. The evolution and detaUed com parative organisation o f telom eric repeat arrays  

rem ains to be elucidated.

In  contrast to centrom eric sateUite DNA, telom eric repeats are critical 

determ inants o f chromosomal integrity (see Hastie and AUshire, 1989). In  association  

w ith  a ribonucleoprotein telom erase activity (Greider and B lackburn, 1989, M orin , 1989, 

Shippen-Lentz and B lackburn, 1990), telom eric repeats are responsible for m aintain ing  

chromosome length a t repUcation and preventing inter-chrom osom al fusions. 

Furtherm ore, hum an telom eres have been shown to be functional in  yeast ceUs (Cross et 

al., 1989, Brown, 1989).

1.1.3 Dispersed repeated DNA

Studies of genomic organisation using DNA renaturation  techniques, 

h yd ro ^ lap atite  binding m ethods, and DNA hyperchrom icity led to the observation th a t 

m uch of the hum an genome consists of single copy DNA interspersed w ith  repetitive  

sequences, m any o f which are present as inverted repeats (Schm id and Deininger, 1975). 

Isolation of to tal hum an repetitive DNA, after reanneaUng and S I nuclease treatm ent, 

revealed th at m ost of the interspersed repetitive sequences in  m an belonged to a  single 

famUy (see Schm id and JeUnek, 1982). Subsequent m olecular approaches have 

discovered most of the highly repeated sequence famiUes in  the hum an and mouse 

genomes (Sun et al., 1984, Bennet et al., 1984). These include short and long 

interspersed repetitive elem ents (SINES and LINES, Singer, 1982b), w hich m ay be either



mobile in  the genome (retroposons, see Rogers, 1985), or independently amplified tandem  

repeats o f common u n it sequences (Tautz and Renz, 1984). In  addition 1o :he most 

repeated fam ilies of m am m alian genomes there are m any less abundant interspersed 

repeated sequences, including a large num ber o f retroposon and processed pseudogene 

fam ilies (see Rogers, 1985), clustered and dispersed m ulti-gene fam ilies (D’Eustachio and  

Ruddle, 1983), endogenous retroviral and retro vira l-like  elem ents (see Finnegan, 1989) 

and cryptic and low copy num ber tandem ly repeated sequences (Tautz et al. 1986) - 

illu stratin g  the complex and dynam ic organisation o f m am m alian euchrom atin.

1 .1 .3 .a  Short interspersed retroposons

The archetypal short interspersed retroposon is the A lu  sequence (see Schmid and  

JeUnek, 1982). The hum an genome contains up to 900 ,000  m em bers of th is fanUy, Alu 

sequences are 300bp long, and composed o f two im perfectly repeated un its separated by 

an (A )-rich sequence. A lu sequences are the predom inant SINE in  aU prim ate genomes, 

and are related to SINE famiUes of m any m am m aUan species (see Rogers, 1985).

The structure of A lu elem ents suggests th a t they are dispersed in  the genome by 

repUcation through an  RNA interm ediate (see Sharp, 1983). M ost A lu members w hich  

have been isolated are flanked by direct repeats of 7 -20  nucleotides. These are hallm arks 

o f integrated sequences, resulting from  staggered nicks a t the site o f insertion. A ru n  of 

deoxyadenosine residues typically precedes the 3' d irect repeat, in  an  equivalent position  

to the poly(A) ta il o f an RNA transcipt. The retroposition interm ediate is likd y  to be an  

RNA polym erase III transcript, as A lu elem ents contain an  in ternal R P III promoter. There 

is no evidence for specific in vivo transcrip tion  of A lu sequences by R P III, although m any 

are co-transcribed by flanking prom oters. It  is thought instead th at almost a ll A lu  

sequences m ay be pseudogenes generated as by-products of R P III transcription of one or 

a  sm all num ber of source genes (see D eininger and Daniels, 1986, B ritten  e ta l,  1988). 

Source gene transcription m ust occur in  the germ line or early em bryo tc allow the  

inheritance of newly integrated elements. Changes in  the source gene over evolution are 

reflected in  the discontinuous sequence classes of A lu sequences in  the contemporary 

genome (see B ritten  et al., 1989).

A lu  un its are very sim ilar in  sequence to the 7SL RNA com ponent ol the signal 

recognition particle (U llu  and Tschudi, 1984). It  is possible th a t the source gene encodes 

an  as yet unidentified 7SL-relatcd RNA com ponent of a ribonucleoprotein partide. The 

conservation of such a progenitor source gene in  different species would explain the 

presence of A lu-related SINE fam ilies in  a wide range of species.



In  the mouse there are two principal S IN E fam ilies, B1 (Krayev et al., 1980) and  

B2 (Krayev e ta l.,  1982). B1 elem ents are homologous to a  single A lu u n it, and are about 

ISObp in  length. B1 sequences are the m ost abundant mouse SINE (130 ,000 -180 ,000  

copies) constituting about 1% of the genome. B2 elem ents are approxim ately 190bp long 

and are repeated 8 0 ,0 00 -1 00 ,000  tim es in  the mouse genome. B2 elem ents share the 

R P III prom oter boxes and other retroposon features w ith  A lu-type sequences, b u t are  

otherwise unrelated. B2 sequences are rodent-specific, and ind iv idual elem ents are 8%  

divergent from  the consensus sequence (whereas A lu-type retroposons are 13% divergent, 

Rogers, 1985), Rogers (1985) suggested th a t B2 transcripts m ight form  a tRN A -like  

secondary structure; Sakam oto and Okada (1985) proposed th a t the B2 source gene m ay 

have in  p art evolved from  a lysine tRNA gene. It  is likely th a t a ll S IN E fam ilies have sm all 

RNA gene progenitors w hich have by chance evolved into prolific source genes.

O ther less abundant SINE fam ilies exist in  the hum an and mouse genomes. M T  

(Mouse Transcript) elem ents are a rodent-specific SINE fam ily w hich were firs t detected 

in  mouse DNA, and are highly represented in  cerebellar mRNA (H einlein  et al., 1986, 

Bastien and Bourgaux, 1987). A lthough M T elem ents are poorly characterised, H einlein  

et al. (1986) estim ate th a t there are 4 0 -90 ,00 0  M T sequences (each of 400bp) in  the  

mouse genome. O ther interspersed repeated fam ilies m ay also be selectively associated 

w ith  b rain  transcripts (e.g., Anzai et al., 1986); however, the discovery th a t the ’identifier’ 

sequence, in itia lly  found in  ra t b rain  transcripts (Sutcliffe et al., 1982), is in  fact found  

w ith  s im ilar abundance in  the RNA of other tissues (Owens et a l., 1985), advises caution  

in  assigning significance to such observations. It  is likely th a t m any more low  copy 

num ber retroposon fam ilies rem ain undiscovered (Sun et al., 1984).

1 .1 .3.b Long interspersed retroposons

The predominaint LINEs of m am m alian genomes are aU related to the L I fam ily  

(see Singer and Skowronski, 1985, and Rogers, 1986). The Kpnl elem ents o f prim ates  

(Shafit-Zagardo et al., 1982) and Bam HI elem ents of m ice (L lM d , Voliva et al., 1984) are  

6-7kb  long, although most copies are random ly truncated 3 ’ fragm ents. Thus the 5 ’ 

sequences are repeated less frequently in  the genome (about 10,000 copies in  the mouse) 

than  the 3 ’ sequences (100 ,000  eopies). As retroposons, L I elem ents are flanked by 

direct repeats and have a poly (A) ta il a t the 3 ’ end. L I elem ents m ay be dispersed in  the 

genome via  an RPII transcript; a central region has 60%  homology between mouse and  

hum an LINES. Loeb et al. (1986) isolated a fu ll length (6.85kb) L lM d  elem ent and found  

th a t this central region contained two overlapping open reading fram es, one o f w hich  

showed sim ilarity  to v ira l reverse transcriptase dom ains. This has im portant



im plications for the am plification of LINES, as fu ll length elem ents m ay eneode a ll the 

funetions neecessary for their own transposition. These w orkers also noted an array of 

tandem  repeats a t the 5 ’ end which may carry in tern al prom oters and be im portant in  

the m aintainance o f 5 ’ sequences.

1.1.3.C Significance of retroposons

M any roles have been proposed for m iddle repetitive DNA, including involvem ent 

in  gene expression (B ritten  and Davidson, 1969), transcrip t processing (Tchurikov et al., 

1982), and replication (Krayev et at., 1982). It  m ay ra th er be th a t m any retroposon 

fam ilies are non-functional, and are dispersed as ’selfish’ (i.e ., sequence dependent, Orgel 

and C rick, 1980, Doolittle and Sapienza, 1980), or ’ignorant’ (i.e ., sequence independent, 

Dover, 1980), components o f the genome. It  is hard  to reconcile the variety o f retroposon 

fam ilies in  different species w ith  conserved function. There is no evidence for activity of 

ind ividual A lu or L I elements; A lu elements are eroded by m utation  a t an  equal rate to 

non-coding flanking sequences (see Deininger and D aniels, 1986, B ritten  et al., 1988), 

and the m ajority of L I elem ents are defective through truncation . In  some cases (e.g., 

A lu) it is likely th a t most or a ll o f the repeats are ignorant by-products o f a  functionally  

im portant gene (B ritten  et al., 1989); alternatively (e.g., LINES) interspersed repeat 

sequences m ay be the successful and partial am plification products of a selfish gene (see 

Rogers, 1986).

A part from  any direct functional significance, retroposons are undoubtedly very 

im portant in  shaping the contemporary structure and continual rearrangem ent of the  

m am m alian genome. In  m an AIu-Alu recom bination events are associated w ith  both  

deletions and duplications w ith in  the LDL receptor gene causing fam ilia l 

hypercholesterolaem ia (Lehrm an et al., 1986, 1987), and w ith  deletions w ith in  the a - 

globin cluster causing haemoglobinopathies (Nichols et al., 1987). The hum an growth 

horm one and chorionic somatommamotropin gene cluster m ay have evolved from  a  single 

ancestral gene by recom bination between flanking A lu elem ents (Barsh et al., 1983). 

S im ilarly , recom bination between flanking L I elem ents m ay be responsible for 

duplication of the Y-globin gene cluster in  old world m onkeys (M aeda and Sm ithies,

1986). These examples illu stra te  the extent o f such duplication and deletion events in  

the genome, and the im portance of this variation  as both a  positive and negative 

influence in  genome evolution.

C ontinuing integration is a  further source of retroposon-derived variation  in  

contem porary genomes. Independent de novo L 1 insertions are responsible for two cases 

of haem ophilia A in  m an (Antonarakis et al., 1988). In  mice, both B1 (King et al., 1986)



and B2 (Kom inam i et al., 1983a, Kress et al., 1984) elem ents have been shown to be 

polym orphic among contem porary alleles, in one case possibly influencing the expression 

of an MHC gene at the site of integration (Kress et al., 1984). Rogers (1985) has noted 

th at the insertion sites of retroposons are often (A)-rich, and that retroposons frequently 

insert into pre-existing retroposon tails. Thus clusters of retroposons arise in  the  

genome (see Rogers, 1985), w ith  implications for the evolution of such sequaices (for 

example, novel com binations o f retroposons m ay be generated). Furtherm ore, retroposon 

clusters are often associated w ith simple tandem  repeat sequences (Gebhard and 

Zachau, 1983, Kom inam i et al., 1983b), suggesting th at particu lar regions o f the genome 

m ay be prone to the accum ulation of dispersed repetitive elem ents. Retroposon 

integration events m ust occur either in  the germ line or during early development to be 

heritable. Interestingly the expression of both B2 elem ents (M urphy et al., 1983, Bennet 

et al., 1984, Vasseur et al., 1985), and L I repeats (Skowronski and Singer, 1985), has 

been observed in  cells o f the early embiyo (see 1 .1 .3.e).

As the long range organisation of the m am m alian genome emerges, it is becoming 

apparent th a t different classes of retroposons m ay be dispersed differently in  the genome 

(see Bickm ore and Sum ner, 1989). Korenberg and Rykowski (1988) used high resolution 

in situ hybridisation and solid state quantitative im aging to show th a t A lu and L I 

elements tend to be inversely distributed in  the hum an genome. W hereas A lu sequences 

appear to predom inate w ith in  reverse geimsa staining chromosom al bands, L I sequences 

tend to predom inate in  geimsa positive bands. Reverse bands are where CpG islands are 

found (see B ird, 1987), and contain most, if  not all, genes (see B ickm ore et a l ,  1989). 

The significance of such sequence partitioning for the process o f retroposition and for the 

organisation and evolution of mam malian chromosomes rem ains unclear.

1 .1 .3.d R etroviral-like elements

The m ost complex class of mobile repeated sequences in  the m am m alian genome 

are the retroviral-like elements. These elements are bounded by long term inal d irect 

repeats (LTRs) and contain open reading frames encoding functions required for their 

transposition, including reverse transcriptase. R etroviral-Iike elem ents are thought to  

transpose via an  RNA interm ediate (see Finnegan, 1985); on integration these dem ents 

are flanked by short d irect repeats (4-6bp) of target-site sequence. In  addition to the  

endogenous retroviral elements found in  the mouse genome (e.g., Jenkins et al., 1981), 

several m urine retrovirus-like elements have been described. These are found as 

proviral-Iike genomes (which m ay in  some cases have in tern a l deletions) or as sob LTRs, 

resulting from  precise excision of the internal sequences by recom bination between



flanking LTRs. The m ajor m urine retroviral-like elem ents are M uRRS (7.5kb, 100 copies 

(LTR, 1000 copies), Schm idt et a i ,  1985), V L30 (5.5kb , Hodgson et al., 1990, > 1 0 0  

copies, Rotm an e ta l., 1984), ETn-like (>6kb, 1000-3000 copies, B ru let et al., 1983), a n d  

lAP (3 .5 -7kb , 1000 copies. Lenders and Kuff, 1977). In  m an a transposon-Iike elerment 

has been identified (THE fam ily, Paulson et al., 1985); the associated 350bp LTR (O-L'TR) 

is also found as a  solitary repeat (Sun et al., 1984).

There is good evidence for the m obility of these elem ents. An increasingly lairge 

num ber o f m utations in  the mouse are known to be due to retroviral and retroviral-llike  

elem ents. For example, an  endogenous provirus a t the dilute locus on chromosome 9  is 

responsible for the light h a ir pigmentation characteristic o f dd  m ice (Jenkins e ta l.,  19(81, 

Copeland et al., 1983). Experim ental infection o f the germ line and early em bryo wflth  

m urine leukaem ia viruses generates insertional m utations of value in  developmeratal 

studies (e.g., Jaenisch et al., 1983). The arrangem ent o f LTR -IS  sequences in  the genome 

is polym orphic (W irth  et al., 1984), implying past activity of M uRRs elem ents. In  several 

cases the integration o f an LAP element has been associated w ith  altered gene expressiion 

(K uff et al., 1982, Rechavi et al., 1982, B urt et al., 1984). As w ith  retroposons it is mot 

known w hen these elem ents transpose, however lAP and E Tn-like  transcripts are foumd 

in  early embryos, where the former are associated w ith  non-infectious v iru s-like  particJes 

(Piko et al., 1984, B ru let et al., 1983). The early developm ental expression of LAP 

elem ents is regulated autonomously, rather th an  by flanking sequences (Howe auid 

Overton, 1986).

1 .1 .3.e Processed pseudogene families

M am m alian genomes contain many famiUes of non-functional gene sequences. 

Such pseudogenes m ay be found w ithin gene clusters, presum ably arising throujgh  

duplication and divergence associated with loss o f function (Proudfoot et al., 1982), or 

dispersed in  the genome as ’processed’ pseudogenes (see V anin , 1984). Processed 

pseudogenes lack introns and generaUy possess the s tru ctu ra l features of in tegrated  

retroposons, including 9-14bp direct repeats (Vanin, 1984). The most abundant fam iliies 

are those of sm all nuclear RNA pseudogenes (100 -1000  copies/fam ily, see Rogers, 1985). 

O ther fam ilies include ribosom al protein pseudogenes (W agner and Perry, 1985), amd 

pseudogenes from  a variety of structural genes (generally ’housekeeping’ genes) w ithi a 

typical copy num ber of 1-5 (see Rogers, 1985). M ost processed pseudogenes are nom- 

functional as the prom oter is lost during transposition (in  the case of R PII transcrip ts), 

however occasionally flanking sequences may give rise to novel patterns o f expression  

(M cCarrey and Thomas, 1987). Thus while the m ajority o f processed pseudogences



appear to be ’ignorant’ by-products of transcription, they m ay still contribute to evolution  

w ith in  the genome.

Processed pseudogenes, and both short and long interspersed retroposons 

therefore appear to be dispersed by sim ilar m echanism s (see Rogers, 1985). It  is 

in teresting th a t only in  m am m als have retroposons become the predom inant dispersed 

repetitive sequences (other species tend to have low copy num ber SIN E fam ilies); 

sim ilarly processed pseudogenes are rarely found outside the class. The expression of L 1 

and B2 sequences in  the early embryo, and the observation th a t only in  m am m als does 

the em bryonic genome become transcriptionally active a t the two cell stage (see 

Davidson, 1969), suggests th at the cleavage stage em bryo could be where new  

retroposons are made (Rogers, 1986). Furtherm ore, the p aralle l phylogenetic d istribution  

o f endogenous retroviruses (see W agner, 1986), and the expression of retrovirus-like  

elem ents in  the early embryo, suggests th a t these elem ents (which are also thought to be 

dispersed through a  RNA interm ediate) m ight m ediate retroposition in  the m am m alian  

genome, perhaps providing a source o f reverse transcriptase activity.

l . l .S . f  Dispersed tandem  repeats

Not a ll interspersed repeats in  the genome are m obile. Dispersed tandem  repeats 

of sim ple sequences, which have presum ably arisen independently a t d ifferent loci, are 

ubiquitious components o f eukaiyotic genomes (Tautz and Renz, 1984). These 

’m icrosatellite’ sequences are commonly d i- or tri-nucleotide repeats (e.g., (CA)n (Ham ada 

et al., 1984) and (AT)„ (Greaves and Patient, 1985)). In  the m am m alian genome there 

m ay be as m any as 500 ,000  (CA)n arrays each of 20-60b p  (H am ada et al., 1984).

The in itia l isolation o f (CA)n and other simple sequence repeats adjacent to genes 

and retroposons, and th e ir frequent co-transcription by flanking prom oters, invoked 

m any theories as to the functional im portance of such sequences (see Rogers, 1983). 

There are precedents for an  involvem ent of sim ple repeats in  illegitim ate recom bination  

(Stringer, 1982, Hasson et al., 1984), gene conversion (Slightom  et al., 1980), and  

deletion and duplication events (Heilm an et al., 1988). Such sequences can assum e 

unusual DNA conform ations in vitro (Ncidle, 1983, W ells, 1986), and G ilm our et al. 

(1989) found th a t S I sensitive sites upstream  of several Drosophila genes identify regions 

o f alternating  C and T residues which bind nuclear proteins and m ay m ediate an effect 

on transcription. More generally such sequences are likely to be functionless, as 

illustrated  by Tautz and Renz (1984) who showed th a t sim ple repeats were lost from  the 

nucleus of the protozoan Stylonchia during chromosome dim inution.
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Sim ple quadruplet repeats, including (GATA)^ and (GACA)n sequences have been 

described in  vertebrates and invertebrates (see Epplen, 1988). GATA repeats were 

originally isolated as a  satellite DM. fraction in  DNA from  the banded k ra it [Bunganis 

fasciatus, Singh et al., 1980). The chromosomal d is tribu tion  of GATA repeats in  a  range 

o f eukaiyotic species prom pted clams that these sequences were conserved due to their 

role in  sex-determ ination (Singh et d., 1984). In  the m ouse large GATA and GACA arrays  

are present on the Y chromosome, and shorter arrays are dispersed over other mouse 

chromosomes (Schafer et al., 1980. More detailed investigation of the organisation of 

(GATA)n repeats and flanking DNA lequences in  d ifferent species led to the more prosaic 

conclusion th a t such arrays ha/e arisen independently (Levinson et al., 1985). 

Furtherm ore, other species apparently lack large GAYA repeat arrays (see John and  

M iklos, 1988).

Short simple sequence arrays are thought to  have expanded through shppage 

m echanisms (Levinson and G utm ai, 1987, see section 1.3.3). As such they have been 

shown to be hypervariable; several studies have used the polymerase chailn reaction to 

reveal sometimes extensive repeal copy num ber polym orphism  w ith in  these arrays  

(W eber amd M ay, 1989, L itt and Luy, 1989, Tautz, 1989). This variab ility , coupled w ith  

the abundance of simple repeat loci in  the genome,, makes them  extrem ely prom ising  

genetic m arkers.

1.2 Hvpervariable m inisacllites

E ukaiyotic  genomes appear to harbour a continuum  of dispersed tandem  repeat 

types w ith  respect to u n it length aid  sequence. A rrays based on a  spectrum  of m ore 

complex repeat units m ay continualy be expanding an d  contracting a t m any loci through  

processes of slippage and unequal exchange. Sucfii loci com prise the hypervariable 

m inisatellite component of the genone.

1.2.1 H istorical

The firs t m ultia lle lic  locus identified in  h um an  DNA was discovered on screening 

a random  DNA lib ra iy  for long singe copy sequences (W ym an and W hite, 1980). More 

than 80 alleles have since been reiolved at th is locius (D 14S1) in  the range 3 .7 -26kb  

(Balazs et al., 1986), and the polynorpliism arises due to a variable num ber j f  T^GG 

repeats (W yman e ta l., 1986).

O ther hypervariable regions HVRs) in m an have been discovered by chance near 

cloned genes, including HVRs upstream of the in su lin  gene (Bell et a i ,  1982), w ith in  the  

a-globin gene cluster (Proudfoot et d., 1932, Jarm an <et al., 1986), downstream  of the c-
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H a -ras oncogene (Capon et al., 1983, 5 ’ to in  the hum an im m unoglobulin heavy 

chain gene (Silva et al., 1987), and w itiin  the hum an factor V II gene (O’H ara and G rant, 

1988). W hile these loci a ll contain G rich repeat un its, other m inisatellites have been 

discovered w hich have A -rich  repeat un its , including HVRs 3 ’ to the hum an Type II  

collagen and apolipoprotein B genes (Stoker et al., 1985, Knott et al., 1986), and w ith in  

the pseudoautosom al region o f the hunan sex chromosomes (Sim m ler et al., 1987). An  

H VR has also been reported w ith in  a coding sequence, responsible for a  correspondingly 

polym orphic epithelial m ucin-type glyxDprotein (Swallow et al., 1987). In  addition to 

short tandem  arrays, considerably lager loci have been described; for exam ple, a  250- 

500kb  ’m idisateUite’ array has been chscribed on chromosome 1, apparently consisting 

entirely of 40bp repeat un its (Nakam ira et al., 1987a). M any HVRs have also been 

cloned by screening genomic libraries for single-copy sequences (Knowlton et al., 1986), 

and by hybridisation w ith  oligomeric pobes (N akam ura et al., 1987b).

It  is apparent from  these studies th a t are a  large num ber o f m inisatellites in  the 

hum an genome. The m olecular basis for variation  a t each locus is aUelic polym orphism  

in  the num ber o f oligonucleotide rejeat un its . Thus HVRs (or VNTR loci, variable  

num ber of tandem  repeats (N a k a m u ra al., 1987)) define m any highly polym orphic DNA  

m arkers throughout the genome whichare o f value for the genetic analysis of m an.

1.2.2 The im portance of infom ative genetic meirkers in  m an

Investigation of the linear anc functional organisation of the hum an genome 

through linkage analysis is dependent *n the availab ility  of polym orphic m arkers. These 

are used to distinguish and follow tie segregation of specific regions o f homologous 

chromosomes. Classical genetic m akers in  m an include the ABO blood groups 

(Landsteiner, 1900), and other cell m aker systems (e.g., h istocom patibility antigens); 

fu rth er genetic polym orphism  has been detected a t the protein level, through the 

electrophoretic separation o f variant aleles of enzym es and stru ctu ra l proteins (H arris  

and Hopkinson, 1972). In  the last tn  years, however, analysis of varia tio n  in  the 

prim ary structure of DNA has revoluiioiised hum an genetic analysis.

Jeffreys (1979) demonstrated tia t nucleotide sequence variations occurred on 

average once in  every hundred base pars. Nucleotide changes w hich destroy or create 

endonuclease target sites can be detecfed as restriction fragm ent length polym orphism s 

(RFLPs) using unique sequence probes. Kan and Dozy (1978) showed th at a polym orphic 

H pal site linked to the p-globin locus could be used to in d irectly  diagnose sickle cell 

anaem ia. B otstein et al. (1980) arguée th at it would be possible not only to use such 

polym orphic sites as diagnostic m aikes for inherited  disorders, b u t also to construct
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linkage maps of entire hum an chromosomes w hich would enable the localisation of a ll 

disease loci associated w ith  segregating genetic disorders (M cKusick, 1986).

Since then RFLPs have contributed enorm ously to hum an m olecular genetics, and  

enabled the characterisation of m any otherwise in tractab le inherited  disorders of m an, 

including Duchenne m uscular dystrophy (Davies et al., 1983, Monaco et al., 1986), 

retinoblastom a (Cavenee et al., 1983, Friend et al., 1986), cystic fibrosis (Tsui et al., 

1985, Rommens et al., 1989), and autosom al re tin itis  pigm entosa (M cW üliam  et al., 

1989, D iy ja  et al., 1990). Linkage has been found between RFLPs and m any other 

monogenetic disorders (such as H untington’s Chorea (G usella et al., 1983)), and possibly 

to m ajor genes associated w ith  complex polygenic disorders, such as schizophrenia 

(Sherrington et al., 1988), In  these cases m ore tigh tly  linked  m arkers can be developed 

as an approach towards the isolation and characterisation o f the disease locus. RFLPs 

have enabled the establishm ent o f detailed linkage m aps of hum an chromosomes using  

large pedigrees (Donis-Keller et al., 1987); such m aps w ill be invaluable aids in  the  

elucidation of the structure and organisation o f the hum an genome. Furtherm ore, 

studies of the genetic d istribution of RFLPs in  d ifferent populations can reveal how  

contem porary genome organisation has evolved (Higgs et al., 1986).

Despite their continuing success m ogt RFLPs are not ideal linkage m arkers. The 

usefulness of a genetic m arker depends on th e  likelihood th a t a  particu lar fam ily w ill be 

inform ative for a locus w ith  a  given heterozygosity, and is related to the frequency of 

alleles a t th a t locus (Botstein et al., 1980). For a diaUelic RFLP heterozygosity cannot 

exceed 0 .5 . Furtherm ore, the overall nucleotide variation  in  the hum an genome is low  

(Jeffreys, 1979), and extensive screening m ay be required to find an  RFLP for a  given 

probe. This can be overcome to some exten t by using enzymes w hich recognise the  

m utable CpG doublet in  their target site (L itt and W hite, 1985), and by detecting  

nucleotide variation using other techniques, such as denaturing gradient gels (M yers et 

al., 1985), and m ism atch sensitive endonucUeases (Gibbs and Caskey, 1987). However 

the ideal highly inform ative m arker m ust have m any alleles and be heterozygous in  a  

large proportion of individuals. Hypervariablo tandem  repeat loci, including dinucleotide  

arrays and m inisatellites, constitute such a  (Class of DNA m arker, and have contributed  

significantly to both the development of h u m an  genetic linkage maps (D onis-K eller et al., 

1987) and the localisation of genetic disorcdcrs in  m an (e.g., adu lt polycystic kidney 

disease, Reeders et al., 1986).
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1.2.3 Hum an DNA fingerprints

There are m any related subsets of loci w ith in  the spectrum  of m in isatellite  

sequences in  m an. Under low stringency hybridisation conditions it  is possible to detect 

distinct ’fam ilies’ o f sequence-related loci in  genomic DNA. Hypervariable DNA  

fingerprints were first detected in  hum an DNA by Jeffreys et al. ( 1985a).

1 .2 .3 .a  M ultilocus probes

A monom orphic G -rich tandem  repeat region lies w ith in  the firs t in tro n  of the  

hum an m yoglobin gene (W eller et al., 1984). Using a  hybridisation probe based on th is  

33bp repeat Jeffreys et al. (1985a) screened a hum an genomic lib rary, and isolated eight 

cross-hybridising loci. These were a ll m inisatellites composed of 16-64bp repeat un its  

repeated from  3 to 29 tim es. Comparison of the repeat un its  from  each locus revealed 

th a t they a ll contained a 10-15bp G -rich  core’ sequence, GGAGGTGGGCAGGARG. Two 

of these clones, 33 .6  and 33.15 , cross-hybridised a t low stringency to m any m in isatellite  

fragm ents in  hum an genomic DNA, generating highly variable and ind ividual specific 

patterns, or DNA fingerprints. These cross-hybridising fragm ents were shown to

segregate in  a M endelian fashion and were found to be som atically stable (Jeffreys et al.,

1985b).

M in isatellite  probes 33 .6  and 33 .15  detect non-overlapping sets of loci in  hum an  

DNA. DNA fingerprints are also generated by ’m ulti-locus’ probes w hich appear to be 

unrelated to the G -rich ’core’ sequence. These include the a-globin 3 ’-HVR (Jarm an et 

al., 1986), probes based on the telom eric repeat TTAGGG (see H astie and AUshire, 1989), 

an  oligonucleotide repeat w ith in  M 13 (Vassart et al., 1987), a mouse clone w hich cross- 

hybridises to a tandem  repeat sequence from the Drosophila per  locus (Georges et al.,

1987), and several sim ple sequence tandem  repeat probes (AU et al., 1986, Epplen, 1988). 

WhUe the m inisateUite loci detected in  these systems m ay overlap to some extent, 

Vergnaud (1989) has shown th a t a variety of random  sequence oligonucleotide repeat 

probes can, w ith  varying efficiency, detect d istinct sets o f m inisateUites in  hum an DNA a t 

low stringency, U lustrating the unprecedented abundance and sequence range of tandem  

repeat loci in  the hum an genome.

1.2.3.b  DNA fingerprints : applications

Jeffreys et al. (1985b) dem oristratcd th at probes 33 .6  and 33 .15  each detect about 

15 resolvable bands w ith in  the size range 4-20kb  in  an  ind ividual’s DNA, and th a t the 

m ean probabUity (s) o f a fragm ent being present in  the DNA fingerprint o f a second
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unrelated Individual is approxim ately 0 .2 . As these fragm ents assort independently the 

probability of a ll bands being shared between two individuals is vanishingly sm all, even if 

they are related (thus elevating the value o f s), w ith  the exception of identical tw ins.

This individual specificity can be applied to problem s of hum an identification. 

The advantage of DNA fingerprinting over conventional m ethods of identity  testing is th at 

it  enables positive identification, ra th er th an  relying on exclusion (Jeffreys et al., 1985b). 

DNA fingerprinting is therefore an  extrem ely valuable technique in  the resolution of 

patern ity  and im m igration disputes (Jeffreys et al., 1985c), the m atching o f biological 

samples to suspects in  forensic work (G ill et al., 1985, W am baugh, 1989), and a variety  

of m edical analyses, including the detection of chrom osom al changes in  tum our cells 

(Thein et al., 1987), the m onitoring o f bone-m arrow  transplants (Thein et al., 1986), and  

the determ ination of tw in  zygosity (H ill and Jeffreys, 1985).

Jeffreys et al. (1986) dem onstrated how DNA fingerprints m ay be used to study 

the segregation of m ultip le HVR loci in  hum an pedigrees. They showed th a t m ost of the 

variable fragm ents w ith in  a DNA fingerprint are recom bm ationally separable, and  

therefore identify dispersed m inisateUite loci. Using probes 33 .6  and 33 .15 , up to 34 loci 

could be exam ined sim ultaneously from  a pool of approxim ately 60 cross-hybridising loci. 

Although this is a powerful method for detecting linkage w ith in  a single large famUy, a 

different fraction o f loci wUl be scored in  different fam ilies, necessitating the cloning of 

any fragm ent cosegregating w ith  a disease tra it in  order to foUow up the analysis.

H um an m inisateUite probes 33 .6  and 33 .15  cross-hybridise to a wide range of 

anim al DNAs, and in  m any cases generate DNA fingerprints as complex and variable as 

those of m an. These include mice (see section 1.4), cats, dogs, and birds, among a wide 

range of vertebrate species (Jeffreys et al., 1987, Jeffreys and M orton, 1987, B urke and 

Bruford, 1987, Georges et al., 1988). The potential appUcations o f DNA fingerprinting in  

anim al breeding are num erous, and include pedigree (as w ell as strain  and line) 

determ ination, the verification of sam ples for a rtific ia l insem ination, and the search for 

linkage to economically im portant loci (Seller and Beckm ann, 1983). DNA fingerprinting, 

am ong other m olecular approaches, is revolutionising analysis of the genetic structure of 

wUd populations (see Burke, 1989), and could be of value in  m axim ising the outbreeding 

o f endangered species in  zoo colonies. Probes 33 .6  and 33 .15  also generate DNA  

fingerprints in  p lant species (DaUas, 1988).

1 .2.4 Characterisation of hum an m inisateUites

In  order to investigate the processes o f length change associated w ith  

hypervariabUity at HVRs, it was neecessary to isolate such loci from  w ith in  the DNA
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fingerprin t and analyse them  individually. Accordingly W ong et al. (1986, 1987) cloned 

and characterised a panel o f hum an minisateUites. By selectively cloning the largest 

fragm ents detected by ’core’ probes 33 .6  and 33 .15 , W ong and coUeagues isolated 6 loci 

w hich are am ong the most variable yet described in  the hum an genome. Sequence 

analysis revealed th a t these clones contained tandem  repeat sequences composed of 

u n its  ranging from  9 to 45bp; varian t repeat units were found dispersed through these 

arrays. As locus-specific hybridisation probes these cloned m inisateUites detected loci 

w ith  heterozygosities ranging from  90  to 99% .

These m inisateUites are therefore highly inform ative genetic m arkers, and m ay be 

used (either singly or together) for individual identification. The cum ulative probabUity 

th a t two unrelated individuals share aUeles a t aU 6 loci is com parable w ith  the 

probabUity th a t they would have identical DNA fingerprints detected by one m ultUocus 

probe, b u t involves the in terpretation of a m uch less com plex pattern  (Wong et al., 1987). 

The tandem  repetitive nature o f these clones m akes them  extrem ely sensitive 

hybrid isation probes, and therefore of value in  forensic science where DNA sam ples m ay 

be very smaU (Wong et al., 1987). This sensitivity o f detection can be greatly enhanced  

using the polym erase chain reaction, such th a t aUeles m ay be ampUfied to detectable 

levels from  single ceUs (Jeffreys et al., 1988b).

These 6 loci were locaUsed in  the genome using som atic ceU hybrid  panels (Wong 

et al., 1987), and in situ hybridisation (Royle et al., 1988), and were found to be dispersed 

over 4 autosom es, showing preferential, though not exclusive, localisation to te rm in a l G- 

bands. Indeed the pattern  o f HVR distribution w hich is em erging from  the w ork of 

several groups is th a t m inisateUites tend to be found towards the ends o f hum an  

chromosomes (Donis-KeUer et al., 1987, Royle et al., 1988). WhUe th is  sub - telom eric 

d istrib u tion  m akes m inisatelUtes ideal m arkers to investigate chrom osom al 

rearrangem ents in  tum ours (Thein et al., 1987), and is an  in triguing observation w ith  

regard to the origin o f HVRs, the possibUity of saturating the hum an genetic linkage m ap  

w ith  these highly polym orphic m arkers becomes questionable.

1.3 Evolution of m inisateUite loci

M inisateU ite loci are of heterogeneous variabiUty; a spectrum  of heterozygosity is 

observed am ong the individual loci which have been exam ined. M inisateU ite variabiU ty  

arises due to germUne m utation to new length aUeles, involving gain or loss of an  integral 

num ber of repeat units. H igh heterozygosities have been shown to be associated w ith  

high rates o f germUne m utation, in  agreem ent w ith  the random  d rift hypothesis for 

selectively neutra l m utations (Jeffreys et al., 1988a, K im ura, 1983). Both the repeat u n it
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sequence and DNA sequences flanking the tandem  repeat region are likely to have an  

im portant influence on m utation rate a t any one locus. The m echanism s driving the 

origin and continued evolution of m inisateUites are unknow n, and m ay be m ultip le. 

Several lines of evidence suggest th at hypervariable m inisateUites m ay be associated w ith  

high levels of recom bination in  the hum an genome.

1.3.1 Unequal crossing-over

It  has been argued th a t DNA which is not selected for coding functions wiU exhib it 

tandem  repetitive patterns through unequal exchange processes dependent on sequence 

sim Uarity (Sm ith, 1976, Stephan, 1989). D ifferent rates o f unequal recom bination, 

relative to the base substitu tion rate, wiU generate distinct array types. Stephan (1989) 

dem onstrated theoreticaUy th a t when the recom bination rate (and therefore the rate of 

unequal recom bination) is low, long periodicities w ith  extensive heterogeneity and higher 

order structures wiU arise as a result of unequal crossing-over and repUcation sUppage 

(see section 1.3.3). Such a process m ight explain the structure of the highly repeated  

sateUite DNA arrays w hich Ue in  m eiotic-recom bination deficient heterochrom atin.

In  contrast, high recom bination rates wiU produce short periodicities w ith  nearly  

identical tandem  repeats, sim Uar to the structure of HVR loci. WhUe both processes wiU 

tend to homogenise repeat un its across an array (cross-over fixation), a t any one tim e an  

array is likely to be composed o f several varian t repeat un its in  a transition  state (Sm ith, 

1976). V arian t repeat u n its  are often diffused acrosss several non-adjacent repeats 

w ith in  m inisateUite arrays (Jeffreys e ta l., 1985a). Such a d istribution  is more consistent 

w ith  am plification through unequal exchange than  through sUppage alone, w hich would  

tend to cause la tera l diffusion into adjacent repeat un its  (see section 1.3.3). 

Furtherm ore, although m ost m utation events observed a t m inisateUites are smaU, large 

length changes also occur (Jeffreys et al., 1988a), w hich are un likely to be the product of 

sUppage events. However it  is im portant to note th a t there are a  variety o f possible 

recom bination based events w hich m ight be involved, including m eiotic, m itotic, and  

sister chrom atid exchange events (Jeffreys et al., 1985a), and associated non-reciprocal 

exchange m echanisms such as gene conversion (Kourilsky, 1986).

The sub-telom eric bias in  m inisatelUte d istribution  observed by Royle et al. (1988) 

is simUar to the d istribu tion  of chiasm ata in  hum an m etaphase chromosomes (Laurie  

and H ulten, 1985). C hiasm ata are thought to be cytologicaUy visible consequences of 

crossing-over events (Janssens, 1909). Low stringency in situ hybridisation of 

m inisateUite probe 33 .15  to hum an meiotic m etaphase I chromosomes showed th a t 

autoradiographic grains clustered over chiasm ata (Chandley and MitcheU, 1988). This
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observation supports an association between core-containing m inisatellites and m eiotic 

recom bination. Furtherm ore, Jeffreys et al. (1988a) reported th a t the m utation rate  at 

hum an m inisatellites was sim ilar in  m aternal and paternal germ lines, even though there 

are m any more mitoses in  spermatogenesis than oogenesis. M utation  events appear 

therefore to be confined to a common stage of gametogenesis, possibly meiosis.

The rate of unequal exchange required to m aintain  the observed level o f variab ility  

a t core-related m inisatellites in  hum an populations has been estim ated to be 

approxim ately 10-4 per kilobase o f m inisateUite (Jeffreys et al., 1985a). As th is  is higher 

th an  the estim ated m ean rate o f m eiotic recom bination in  m an (about lQ -5 per kilobase, 

B otstein et al., 1980), core-containing m inisatellites m ay be m eiotic recom bination  

hotspots; alternatively m utation processes at these loci m ay be lim ited  to sister 

chrom atid exchange events.

1.3.2 Hotspots of recom bination

Recom bination rates are not constant throughout the genome. The com parison of 

physical and genetic distances w ith in  linkage groups has revealed th a t m eiotic 

recom bination between genetic m arkers m ay be enhanced or suppressed (see Steinm etz 

et al., 1987). Several hotspots of enhanced m eiotic recom bination have been reported in  

eukaryotic genomes. Two o f the best characterised m eiotic hotspots are found in  the 

m ajor histocom patibility complex on mouse chromosome 17 (Kobori et al., 1986, 

Uem atsu et al., 1986). These hotspots are M HC haplotype dependent, and are active 

even if  present on only one homologous chromosome (see Steinm etz et al., 1987). In  both  

cases m olecular analysis has revealed short repeated sequencs w ith  some s im ilarity  to 

the m yoglobin-related core sequence close to the cross over points. The Ep hotspot 

contains 7 -9  tandem  repeats o f the sequence (AGGC), and the A ps/A p2 hotspot contains 

4-6  (CAGA) repeats. However, there is no direct evidence th a t these repeats contribute to 

the enhanced recom bination rate. Both hotspots are fu rth er associated w ith  the  

presence of a dispersed repetitive elem ent of the M T fam ily (see Discussion).

The pseudoautosom al region of the sex chromosomes is associated w ith  a  high  

rate of m eiotic exchange in  m ales (Cooke et al., 1985, S im m ler et al., 1985, Rouyer et al., 

1986). Obligatory pseudoautosm al recom bination m ay be necessary to m ain ta in  pairing  

between the X  and Y  chromosomes (Burgoyne, 1986). In  m an th is region contains m any 

hypervariable sequences o f which two have been found to be A -rich  m inisateUites 

associated w ith  a low level o f variab ility  (Sim m ler et al., 1987). In tern ally  repetitive  

hypervariable sequences have also been described flanking a  retroviral insertion in  the  

pseudoautosom al region of the mouse (Harbers et al., 1986).
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HVRs eue not associated w ith  every hotspot : C hakravarti et al. (1984) identified a 

region w ith  a  30 fold enhanced recom bination rate upstream  of the p-globin gene in  m an. 

This region engages in  enhanced reciprocal exchange in  a  yeast system compared to 

neighbouring sequences. Although th is region contains a  (CA) dinucleotide repeat array, 

the repeat can be deleted w ithout dirtiinishing th is  effect (Treco et al., 1985). 

Endogenous retroviral-like LTR-IS elements in  the mouse genome recom bine a t a  high  

frequency w ith  exogenous retroviral LTRs (Schm idt et al., 1984). Edelm ann et al. (1989) 

have studied th is activity in vitro and dem onstrated th a t deletion o f a  37bp region 

strongly suppressed the recom binational activity o f the LTR, and th a t th is region 

in teracted w ith  a t least two nuclear proteins. A related sequence is found in  the Ap 

hotspot o f the mouse M HC. Advances in  long-range physical m apping of m am m alian  

chromosomes perm it the comparison of genetic and physical distances over very large 

in tervals. Kingsmore et al. (1989) exam ined a 3M bp (0.7eM ) in terval o f mouse 

chromosome 1, and found th at crossovers were not uniform ly d istributed over this  

region; these authors suggested th at there m ay be a  relationship between m eiotic 

recom bination frequency and the presence of CpG islands.

Recom bination systems are more clearly understood in  prokaryotic systems. The 

cross-over hotspot instigator (chi) sequence, GCTGGTGG, is thought to m ediate 

homologous recom bination in  E.coli (and certain lam bda m utants) by interacting w ith  the 

recBC gene product to unw ind and nick the duplex DNA m olecule. The recA gene 

product then promotes assim ilation of the invading single strand in to  the homologous 

duplex DNA m olecule to produce a D-loop and a  Holliday ju n ctio n  (Sm ith, 1983). 

Jeffreys et al. (1985a) noted th a t the m yoglobin-related core sequence bears a 

resem blance to chi (underlined) :

core GGAGGTGGGCAGGARG  

It  was proposed th a t core-related m inisatellites m ight identify a s im ilar signal in  m an  

w hich w ould recognise and in teract w ith  eukaryotic recombinases. Consistant w ith  this, 

the m ost variab le m inisateUite loci which have been described are those related to the 

core sequence (Wong et al., 1987).

Several other eore-like sequences are associated w ith  recom binationally active 

DNA sequences. The switch regions which m ediate som atic rearrangem ent o f the  

im m unoglobulin heavy chain genes in  m an are composed of sim ple tandem  repeats o f the 

sequences GAGCT and GGGGT (Nikaido et al., 1981). Two hotspots of recom bination  

have been identified outside the switch sequences, and are associated w ith  a  m ultigene 

deletion (Keyeux et al., 1989). Oligonucleotides related to the m in isatellite core are  

present in  both sequences; however the significance of th is observation is unclear. In  

yeast a  sequence w hich confers high postm eiotic segregation frequency to heterozygous
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deletions, and which may be involved in  recom bination, is sim ilar to the myoglobin- 

related core sequence (W hite etaL , 1988). The Foldback fam ily of transposable elem ents 

in  Drosophila are both m obile in  the genome and variable in  sequence (T ruett et al., 

1981); the inverted repeats of these elements consist o f tandem  repeats o f a  core-like  

sequence which vary in  copy num ber. These exam ples provide indirect, although highly  

circum stantial, support for an association between core-related sequences and  

recom bination events.

1 .3 .3  Slippage events

Spontaneous m utational ’hotspots’ were discovered in  prokaryotic systems m any 

years ago (Benzer, 1961). Farabaugh et al. (1978) analysed the m olecular basis of a  

hotspot in  the la d  gene of E.coli and showed th a t this was due to a  high frequency of 

deletion and addition of the u n it CTGG at a tandem  array of three such repeats. W hile 

they found th a t an  array of four repeat un its reverted a t a  veiy high frequency, arrays of 

two repeat un its were extrem ely stable. As the reversion rate rem ained high in  a  recA 

host th is appeared to be the result o f recom bination independent slippage events.

Slippage events occur when duplex DNA strands m ispair w ith in  regions of short 

tandem  repeats, generating duplications and deletions on DNA replication (Levinson and  

G utm an, 1987). In  contrast to unequal exchange, slippage events involve a  single DNA  

duplex, and the size of the length change is biased to the shortest length com patible w ith  

m ispairing. However, the frequency of both processes increases w ith  the size of the 

tandem  array. Levinson and G utm an (1988) dem onstrated high rates o f slipped strand  

m ispairing w ith in  (CA) dinucleotide arrays in  both recA+ and recA- E.coli hosts. These 

authors (Levinson and Gutm an, 1987) argue th a t slipped strand m ispairing m ay be a  

ubiquitous force in  the evolution of the eukaiyotic  genome, expanding short, sim ple 

tandem  repeats into longer arrays. Such arrays m ay then be predisposed to m ore rapid  

expansion by fu rth er slippage and unequal crossing-over events; the net resu lt is 

dependent on the relative rates of these processes (Stephan, 1989). Thus a com bination  

o f evolutionary processes m ay be envisaged to explain the diversity o f dispersed tandem  

repeat loci found in  the genome.

1 .3 .4  Significance of m inisateUite evolution

Tandem  repeated simple sequences m ay therefore be the n atu ra l ground state of 

any non-selected DNA sequence (Sm ith, 1976, Levinson and G utm an, 1987). This  

argum ent is supported by the abundance and diversity o f tandem  repeat loci dispersed in  

the genome. Additional regions of ’cryptic sim plicity’, contaiining scram bled repeat un its.
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have been found to underlie m any m ore complex sequences (Tautz et al., 1986). The 

expansion cuid contraction of tandem  repeat arrays is therefore likely to have contributed  

significantly to the evolution of contem porary genomes.

U nequal reeom bination events and slippage driven m utations, by w hich sim ple 

tandem  arrays evolve, are likely to occur at a  higher rate th an  point m utations. These 

processes m ay therefore be im portant in  the rapid evolution o f coding sequences. 

Tandem  CAG repeats m ay contribute to evolutionary divergence in  developm entally 

im p ortan t genes of Drosophila, such as hunchback, a  gap segm entation gene, (Treier et 

al., 1989), Notch (W harton et al., 1985), and engrailed (Kassis et al., 1986). The hum an  

invo lucrin  gene has evolved very recently through successive am plification and 

duplication  events, and may have arisen from  a sim ple CAG tandem  array (Eckert and  

Green, 1986). S im ilarly, the ancestral m am m alian pro line-rich  protein  gene m ay have 

evolved through am plification and divergence of a  42bp G C -rich  repeat u n it (Ann and 

C arlson, 1985). O ligonucleotide repeats have even been proposed to be prim al ordered 

m olecules from  w hich a ll complex genetic organisation has evolved (Ohno, 1984).

1.4 H vpervariable m in isatellite  loci in  m ice

M inisateU ite loci related to the myoglobin core sequence are detected in  the mouse 

genome by probes 33 .6  and 33.15; these mouse DNA fingerprints are as complex and 

variab le as those of m an (Jeffreys et a l., 1987). The strength of classical mouse genetics 

can therefore be appUed to the analysis of m urine m inisateUites, and to the com parison 

o f m inisateU ite organisation in  mouse and m an. In  order to appreciate the advantages 

afforded by such studies it is neceessary to foUow the developm ent of inbred and  

recom binant inbred strains of mice.

1.4,1 Inbred strains of mice

1 .4 .1 .a  H istorical

D arw in  (1859) proposed th a t evolutionary processes act on phenotypic variation  

in  n a tu ra l populations. It  was not untU the rediscovery of M endel’s (1866) observations 

on the particu late  nature of inheritance that the genetical basis of n atu ra l variation was 

understood (Correns, 1900, De Vries, 1900, von Tscherm ak, 1900). A t the same tim e 

Johannsen (1903) observed th at w ithout variation, w ith in  pure (or inbred) Unes, seleetion 

was ineffective. It  became clear th a t it would be necessary to w ork w ith  such geneticaUy 

defined populations in  order to study the relative contribution o f genotypic and 

environm ental effects to phenotype. The breeding of inbred strains o f m ice, including
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m ost laboratory strains commonly used today, dates back to this period (see Morse,

1978).

There were m any adveintages to using the mouse as a  model m am m alian system. 

S m all body size, resistance to infection, large litte r size, and relatively rapid generation  

tim e m ade m ice particu larly  suitable for laboratory studies. Furtherm ore, a  pool o f coat 

colour and behavioural m utations were available through stocks bred by mouse fanciers. 

M ice provide highly inform ative model systems for m any hum an disorders, and it is 

through a  com parative analysis of hum an and mouse genetics th a t th e ir value becomes 

evident.

There are m any inbred strains of m ice available today (Festing, 1979) including  

recom binant inbred (see below) and eongenic inbred strains, w hich differ from  other 

strains a t a  single locus. M any of the established inbred strains are derived from  the  

same orig inal mouse stocks, and on the basis of m itochondrial DNA RFLPs are thought to 

have descended from  a common female ancestor (Ferris et al., 1982). The genomes of 

inbred mouse strains are known to have genetic contributions from  the two m ajor 

taxonom ic groups o f w ild mice. Mus musculus domesticus (W estern Europe and USA), 

and Mus musculus musculus (Eastern Europe, Russia and China) (Bishop et al., 1985).

Inbred strains of mice are used in  every area of m am m alian biology. The earliest 

studies w ith  inbred mice, carried out by the innovative pioneers o f mouse genetics 

(including C .L ittle , L.Strong, L.Loeb and H.Bagg, see Morse, 1978), involved 

investigations into the genetics of cancer susceptibility. M uch of the subsequent 

developm ent of inbred mice strains has been coordinated through the Jackson  

Laboratory, M aine, founded in  1929. Among the m any contributions o f inbred m ice to 

m am m alian biology are advances in  cellu lar and m olecular im m unology (including the  

discovery o f antigenic variation and the m urine histocom patibility complexes), rad iation  

biology, drug and carcinogen testing, and disease models for hum an disorders (see 

M orse, 1978, and Festing, 1979). The potential contribution o f inbred mouse strains to  

studies of genomic organisation and evolution is now being realised through recent 

advances in  m olecular biology.

1.4. l.b  Inbreeding

The most efficient inbreeding strategy in  m am m als is fu ll-s ib  m ating. A fter 20  

generations the coefficient of inbreeding, which is the probability th a t two alleges a t a 

locus are identical by descent (W right, 1934, M alecot, 1948) becomes 0 .986  (see 

Falconer, 1960). Theoretically w ith in  an inbred stra in  a ll individuals are genetically 

identical (isogenic), and each individual is homozygous a t every locus. However in
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practice there w ill invariably be low levels of heterozygosity, persisting due to incom plete 

inbreeding, and arising through stra in  contam ination and new m utation. New m utation  

is responsible for the divergence o f inbred strain  sublines w hich are bred a t d ifferent 

locations.

The high level o f homozygosity w ith in  an  inbred stra in  is associated w ith  a  

decrease in  vigour, term ed inbreeding depression (see Falconer, 1960). This is a  

com pound effect resulting from  homozygosity for recessive alleles a t m any loci; however 

after the in itia l generations o f fu ll-s ib  m ating the fitness o f surviving inbred strains tends 

to stabilize. The converse of inbreeding depression is hybrid vigour, or heterosis (see 

Falconer, 1960). F% hybrid mice resulting from  the cross of two inbred strains are  

isogenie, and each individual is heterozygous a t every locus. Such m ice are often used in  

research where more robust anim als and larger litters  are required.

1.4. l.e  Recom binant inbred strains of mice

As a knowledge o f mouse linkage groups expanded, and m any new polym orphic 

genetic m arkers were identified, the need for m ore efficient and detailed m apping systems 

emerged. Recom binant inbred (RI) strains, developed by Bailey (1971) and Taylor (1978), 

have proved to be an im portant advance in  mouse m apping technology.

Recom binant inbred strains are derived from  the cross of two unrelated b u t each 

highly inbred progenitor strains. The heterozygous F% m ice are fu ll-s ib  m ated, the 

progenitor alleles segregating in  the F2 generation. F 2 pairs are then crossed and 

thereafter m aintained independently under a  strict regim en o f fu ll-sib  inbreeding to 

generate a  num ber of R I strains. Each strain  wül be fixed a t every genetic locus for the 

allele o f one or other progenitor strain . On average h a lf o f the R I strains in  a panel 

should become fixed for the allele contributed by one parent, and h a lf for the allele  

contributed from  the other. Thus for any locus a t w hich the progenitor strains differ a  

clear stra in  distribution pattern  (SDP) for the progenitor alleles should emerge across the  

panel o f R I strains.

The prim ary application of R I strains is in  linkage analysis. Genetic m arkers 

w hich are unlinked w ill be found equally in  parental and recom binant phases, whereas 

linked genetic m arkers wül be found in  the same com binations in  w hich they entered the 

cross. The closer two loci are linked, the more their SDPs wül m atch. Taylor and M eier 

(1976) first dem onstrated th is application of Rls by m apping the adrenal lip id  depletion  

gene to chromosome 1. The power o f such a system is that data accum ulates as more 

loci are mapped. However, as SDPs cein only be derived for m arkers w hich are 

polym orphic between the progenitor strains, Rls cannot be used to directly m ap new
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m utations. Ris may also be used to investigate the num ber of genes responsible for 

particu lar tradts. W hile a  clear SDP of one or other progenitor allele is evidence for a  

single gene mode of inheritance, com plete phenotypic gradation between R I and  

progenitor strains is evidence for a polygenic mode o f inheritance. Furtherm ore, because 

Rls represent a  single segregation w hich has been am plified over m any generations, R I 

panels can be used to estim ate the rate  o f strain  divergence due to new m utation.

There are currently  over 15 established R I panels (see Taylor, 1989). The most 

inform ative panels contain a  large num ber of R I strains w hich increases the likelihood of 

finding significant linkage between two m arkers, and are the products of a cross between 

two genetieally d istinct progenitor strains, thus increasing the num ber of polym orphie 

m arkers w hich m ay be analysed. The B XD series, composed o f 26 R I strains bred for 63- 

8 8  generations are derived from  C 57B L /6J  and D B A /2J  m ice (Taylor, 1989). The BXD  

panel have been typed for a t least 2 0 0  hundred genetic m arkers; the cum ulative genetic 

distance covered m akes it highly likely th at linkage w ill be detected for any new  

polym orphism  analysed.

1.4.2 Mouse DNA fingerprints

Inbred strains are homozygous a t most loci and therefore have less com plex DNA  

fingerprints than  w ild m ice (Jeffreys et al., 1987). W ith in  an inbred stra in  the DNA  

fingerprints of ind ividual m ice are very sim ilar, w ith  only m inor variation  above th a t 

w hich m ay be due to Y-specific m in isatellite loci. Such strain-specific patterns should  

prove useful in  stra in  identification, and in  m onitoring the extent and rate of subline 

divergence.

It  is possible to genetically dissect the DNA fingerprints of inbred mouse strains  

by studying the segregation o f the com ponent DNA fragm ents in  R I strains. Such studies 

can investigate w hether the same loci are scored in  the DNA fingerprints o f d ifferent 

strains (allelism ), how m any loci are represented w ith in  the DNA fingerprin t of a  

particu lar strain  (linkage), and how frequently m inisateUite loci m utate to  new length  

aUeles (germ line stabUity).

C 57B L /6J  and D B A /2 J  mice each have distinct DNA fingerprin t patterns  

detected by hum an m inisateUite probes 33 .6  and 33 .15 . Jeffreys et al. (1987) used tlie  

B XD R I panel to compare the DNA fingerprints of these two strains. The SDPs for 15 B 

(C 57B L /6J) and 13 D (D B A /2J) specific fragm ents were determ ined. These identified 13 

loci, 5 detected by 33 .6  [Ms6-1 to Ms6-5), and 8  detected by 33 .15  {M sl5-1  to M sl5 -8 ). O f 

these loci 10 had aUeles detectable in  only one of the two progenitor strains. This is 

com parable w ith  the fraction of scorable heterozygous loci represented by a  single aUele
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in  individual hum an DNA fingerprints (Jeffreys et al., 1986). W hile most of these loci 

were represented by a single segregating fragm ent, one locus, Ms 15-1, was more complex, 

and consisted of 10 cosegregating fragm ents in  the B allele, and 2 in  the D  allele. This 

locus maps to chromosome 4 and appears to be a m idisatellite, w ith  a  size range of 19 to 

>90kb, com parable to th at identified in  m an by N akam ura et al. (1987a).

The SDPs for 8  of these loci showed significant linkage to the SDPs of previously 

m apped mouse genetic m arkers. The rem aining loci presum ably lie in  regions of the 

genome for w hich no BXD polym orphism s have been typed. A lternatively, new m utation  

during the breeding of the Rls has masked the correct SDPs of these loci. The loci w hich  

were mapped were dispersed over 5 mouse autosomes. Two loci m apped to each of 

chromosomes 4, 5, and 14, and one to chromosomes 6  and 7. O f the syntenic pairs, only 

the loci on chromosome 14 showed significant linkage to each other, and were estim ated  

to be 5 centim organs apart. In  contrast to observations in  hum ans (Royle et al., 1988) 

these loci were not preferentially d istributed near the ends o f chromosomes. This lack of 

association w ith  highly repeated satellite sequences suggests th at m inisatellites w ill 

provide valuable dispersed m arkers for linkage analysis in  the mouse.

E llio tt (1986) used a probe containing sim ple-copy sequence to detect m ultip le  

strain-specific m inisateUite fragm ents in  mouse DNA. The segregation of some of the  

fragm ents was foUowed in  the BXD and AKXL R I strains. These fragm ents represented  

recom binationaUy seperable loci, which were dispersed throughout the mouse genome. 

These loci are d istinct from  those detected by probes 33 .6  and 33 .15  (Jeffreys et al., 

1987). O ther m inisatelUte loci have been identified in  mouse DNA. Kom inam i et al. 

(1987) used a probe based on the m yoglobin-related core sequence to isolate a  clone from  

a B A LB /c mouse genomic Ubrary w hich contained a  m inisateUite w ith  a 14bp repeat 

u n it. This fragm ent in  tu rn  cross-hybridised to other m inisateUite loci in  the mouse 

genome. Using a  tandem  repeat sequence from the Drosophila per locus S h in  et al. 

(1985) isolated a mouse clone which cross-hybridised to m any variable fragm ents in  

hum an DNA (Georges et a l., 1987).

M any short tandem  repeat loci which are Ukely to represent HVRs have been 

identified in  the mouse genome close to isolated genes and repetitive elem ents. In  some 

cases these have been shown to be variable, such as the quadruplet repeats present a t 

the Ap and Ep M HC hotspots (Uem atsu et al., 1986). However in  m ost cases it is not 

known w hether such repeats are polymorphic. The extent to w hich short tandem  repeat 

sequences are variable in  contem porary genomes m ay now be d irectly analysed through  

the polymerase chain reaction (Saiki et al., 1988).
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1.5 Aim s o f project

The developm ent of single locus probes has yielded m uch inform ation on the 

structure, d istribution , and m utation rate of m inisateUite loci in  m an (Wong et al., 1987, 

Royle et al., 1988, Jeffreys et al., 1988). Such loci provide the most polym orphic and  

inform ative genetic m arkers identified in  the hum an genome. Using a  simUar approach 

to isolate and analyse HVR loci in  the mouse it should be possible to compare the  

organisation of m inisateUite loci in  the two species. In  addition, the advantages of 

geneticaUy controUed inbred strains and mouse breeding systems wiU allow  the genetical 

behaviour of ind ividual loci to be directly studied.

The m ost variable m inisateUites are those associated w ith  the highest m utation  

rates (Jeffreys et al., 1988a). As in  m an, m inisateUite loci in  mice detected by probes

33 .6  and 33 .15  show a  wide range of germUne stab ility (Jeffreys et al., 1987). By 

isolating ind ividual highly unstable loci it wiU be possible to assess the relative  

contributions of repeat u n it sequence and DNA context to hypcrvariability, and to design 

experim ents to d irectly exam ine the m echanism s involved in  new -length aUele generation. 

I f  m inisateUites are hotspots of m eiotic recom bination, for exam ple, are m utation events 

accompanied by the exchange of polym orphic m arkers flanking the minisatelUte? It  

m ight be anticipated th at loci w ith  extrem ely high germUne m utation rates would be 

associated w ith  some level o f som atic m utation; if  so how do germ line and som atic events 

compare mechanisticaUy?

Jeffreys et al. (1987) observed that one locus in particu lar was extrem ely unstable  

in  the BXD R I strains. The objectives o f this research were to isolate and characterise 

th is hyperm utable locus and thus provide a model w ith w hich to study processes of 

aUelic change a t hypervariable loci.
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IL MATERIALS AND M ETHO DS

2.1 STOCKS AND REAGENTS

2.1 .1  M ice (Mus musculus) and mouse DNA

C 57B L /6J  and D B A /2J  inbred m ice were received from  D r G. Bulfield (AFRO 

In s titu te  of A nim al Physiology and Genetics Research, Edinburgh) and were supplied to  

Edinburgh directly from  The Jackson Laboratory, M aine, USA. C 57B L /6J  mice also 

purchased from  the Radiobiology U n it (H arw ell, England). A, AKR, B A LB /c, C 3H /H e , 

CBA, D B A /2J  and SWR inbred mice were purchased from  B antin  and Kingm an Ltd. 

(H u ll, England); the D B A /2J  m ice had originally been obtained from  the Jackson 

Laboratory via Searle Ltd. D B A /2J , 129, AKR, B A LB /c, SW R and SJL inbred m ice were 

purchased from  H arlan  Olac Ltd. (Bicester, England); the D B A /2 J  m ice orig inally came 

from  the Jackson Laboratory via  the MRC Laboratory A nim al Centre (Carshaltoh, 

England).

C 57B L /6J  mice and anim als from  the BXD R I series were bred by D r. G. B ulfield  

in  Edinburgh, and supplied as DNAs. B XH (and progenitor strains) and Peruvian feral 

mice livers were also obtained from D r G. B ulfield, as were DNAs from  European and  

Japanese fered mice. SWXL (and progenitor strains) and additional B XD R I stra in  DNAs 

were received from  D r. B. Taylor (The Jackson Laboratory, M aine, USA). F9 and derived  

cell line DNAs were provided by D r. P. Goodfellow (ICRF, London, England).

2 .1 .2  Chem icals, enzymes and antibiotics

Restriction endonucleases, lO x REact buffers, M 1 3 m p l8  and M 1 3 m p l9  RF 

DNAs, XHindlU and O X 174H aellI DNAs, D H 5 and D H 5a com petent cells, and T4 DNA  

ligase were obtained from  Gibco-BRL pic.. Paisley, Scotland.

NaAm picillin, bovine serum album in, d ithiothreietol, Ficoll 400, HEPES (N -2- 

hydro?yethylpiperazine-N’-2-ethanesulphonic acid), IPTG (isopropyl-fyD-galacto- 

pyranoside), PEG (polyethylene glycol) 6000, salmon sperm  DNA (Na salt), sperm idine 

trichloride, TEM ED  (N ,N ,N ’,N’-tetram ethylethylenediam ine), ribonuclease A, proteinase K, 

lysozyme and thym ine were supplied by Sigm a Chem ical Co., Poole, England. MOPS (3- 

(m orpholino)propanesulphonic acid). T ris  (2-am ino-2(hydro jy m ethyl) propane-1,3-diol) 

and dim ethyldichlorosilane were obtained from  BDH, Poole, England. Form am ide, urea.
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phenol and polyvinylpyrrolidine were supplied by Fisons, Loughborough, England. 

Acrylam ide was obtained from  Serva, Heidelberg, W est Germ any; N ,N ’- 

m ethylenebisacrylam ide from  Uniscience, Cam bridge, England; SeaPlaque agarose (FMC) 

and SeaKem HGT agarose (FMC) from  ICN Biom edicals Ltd., H igh Wycombe, England; 

am m onium  persulphate from  Bio-Rad Laboratories, W atford, England. BC IG  (5-Brom o-

4-chloro-3-indoyl-p-D-galactopyranoside) was obtained from  Anglian Biotechnology, 

Colchester, England; Biolabs T4 DNA ligase from  CP Laboratories, B ishop’s Stortford, 

England; deoxyribonucleotides, dideoxyribonucleotides, hexadeo^yribonucleotides, DNA  

polymerase I (Klenow fragm ent) and T7 DNA polymerase from  Pharm acia, M ilton  Keynes, 

England. C alf in testinal phosphatase was supplied by Boehringer Corporation (London) 

pic., Lewes, England.

B acterial m edia was supplied by Oxoid Ltd., Basingstoke, England, Becton 

Dickinson Ltd., Oxford, England (BBL tiypticase), and Difco Ltd., East Molesley, England  

(Difco tryptone, Difco agar and Bacto yeast extract).

Radionucleotides, Hybond-N and -C filters and Taq DNA polymerase were 

supplied by Am ersham  In ternational p ic.. L ittle  C halfont, England; G igapack Plus In  

vitro packaging k it by Stratagene Cloning Systems, C alifornia, USA; nitrocellulose filters  

by Schleicher and Schuell, Dassel, W est Germ any.

Oligonucleotides were synthesised by M r. J. Keyte, B iochem istry Departm ent, 

U niversity of Leicester, on an Applied Biosystems 380B  DNA synthesiser using reagents 

supplied by Cruachem .

A ll other chem icals were o f analytical grade.

2 .1 .3  M edia

Luria broth (LUB) contained lOg Difco bacto tryptone, 5g Difco bacto yeast extract 

and 5g NaCl per litre  dH 2 0 . Luria agar plates (LB) were prepared by solidifying LUB w ith  

15g Difco bacto-agar per litre . N aA m picillin  was added to 50p g /m l (from  a  stock of 

25m g /m l in  50% ethanol) to select for cells harbouring p-lactam ase encoding plasm ids.

S.G .C. contained 2% (w /v ) bactotiyptone, 0.5%  yeast extract, lO m M  NaCl, lO m M  

M gCl2 , lOm M  MgS0 4 , and 20m M  glucose. F ilte r sterilised M gCl2 , MgSO^, and glucose 

were added to the other components w hich had been dissolved in  w ater and autoclaved.

Phage were plated in  soft overlay agar (BTL, containing lOg BBL tiypticase, 5g 

NaCl, 2.5g  MgS0 4 .7 H 2 0  and 6 g S terilin  or Difco agar per litre  dH 2 0 ) onto a  BLA base (as 

BTL except 15g a g ar/litre ).
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E.coli J M lO l was m aintained on glucose supplem ented m inim al m edium  plates 

(42m M  Na2 HP0 4 , 22m M  K H 2PO4 , IS m M  N H 4 CI, SmM NaCl, 22m M  glucose, O .lm M  

CaCl2 , Im M  MgS0 4 , 3piM th iam ine HCl, 0 .17m M  proline and 15g Davis agar per litre).

2 .1 .4  B acterial strains

The following strains of Escherischia coll were used :

D H 5 F-, en d A l, hsdR17(Rk",M k+), siipE 44, th il, X ', recA l, g yrA 96, re lA l

(H anahan, 1983).

D H 5a F ', en d A l, hsdR17(Rk‘ ,M k+), supE44, th il, k", recA l, gyrA 96, re lA l,

(argF-ZacZYA) U 169, O80d/aciq,ZAM 15 (BRL Focus, 1986).

W L95 803, supE, hsdRk, hsdM k, tonA, trpR, metB (Loenen and B ram m ar,

1980).

E D 8910 supE44, supF58, recB21, recC22, hsdS, metB, lacY l, gal K2, goZT22

(Loenen and B ram m ar, 1980).

J M lO l Mla.c-pro), supE44, th il, EtrdDSS, proAB, <t>80dlacVl, ZacZAMlS

(Messing, 1981)

N M 522 A(Zac-proAB), th i', supE, hsdR17(Rk",M k+), [F’proAB, ZacH,ZAM15]

N M 554 recA13, m crA', mcrB", ZisdR, A(Zac)X74 (Raleigh et aZ., 1988)

2 .1 .5  Cloning vectors

XL47.1 (Loenen and B ram m ar, 1980) and charom id 9 -32  (Saito and S tark, 1986) 

were used to construct genomic libraries. Plasm id pU C 13 (V ieira and Messing, 1982) was 

used for subcloning. M 1 3 m p l8  and M 1 3 m p l9  (Yanis-Perron et al., 1985) were used to 

subclone DNA fragm ents for DNA sequencing.

2 .2  GENERAL M ETHO DS FOR DNA HANDLING

2.2 .1  Estim ation of DNA concentration

DNA yield was m easured by absorbance of u ltravio let light a t 260nm  on a  Cecil 

Instrum ents CE 235 spectrophotom eter (a reading o f 0 .02  O .D . units (0 .05 un its for 

oligonucleotides) corresponding to a  nucleic acid concentration of Ip g /m l). A lternatively, 

samples were visually compared w ith  known concentrations o f phage DNA on agarose 

gels.



29

2 .2 .2  Restriction endonuclease digestions

Reactions containing DNA a t concentrations of 0 .0 5 -0 .5 m g /m l were incubated a t 

3 7 0 c  for O.Shr (plasm id) to 4h r (genomic) in  the presence of the appropriate REact buffer 

and restriction endonuclease (in  excess of 1 unit/0.Sp^g DNA). Sperm idine trichloride  

was added to a  fin a l concentration of 4m M  to suppress non-specific cleavage (Pingoud, 

1985).

2 .2 .3  Polynucleotide kinase treatm ent

As described in  M aniatis  et al. (1982), DNA was incubated a t 3 7 ° for 15 m inutes  

in  the presence of Ix  kinase buffer (50m M  T ris -H C l (pH 7.6), lO m M  M gCl2 , 5m M  

d ith io threito l), Im M  ATP, and T4 polynucleotide kinase (>10 u n its /p m o le  5 ' end DNA). 

F u rth er enzyme and ATP were added and incubation continued for 30 m inutes. Kinase 

was inactivated by heating samples to 65^ for 5 m inutes.

2 .2 .4  A lkaline phosphatase treatm ent

To remove the 5 ’ phosphate group from  DNA fragm ents, ca lf in testinal 

phosphatase (0.2U/pg DNA) was added after restiction endonuclease digestion, and  

incubation a t 37® continued for 30 m inutes. The reaction was stopped by adding EDTA  

to 20m M  and SDS to 0.5% , and the phosphatase inactivated a t 65® for 10 m inutes. DNA 

was recovered w ith  two phenol/chloroform  extractions.

2 .2 .5  E nd-repair o f recessed 3 ’ends

DNA (1-lO pg) was incubated in  Ix  ligase m ix (see section 2 .2 .8 ), lO m M  T ris-H C l 

(pH  8 .0 ), lO m M  M gCl2 , 4m M  sperm idine trichloride, 25pM  dNTPs w ith  1 u n it o f Klenow  

polym erase a t RT for 30 m inutes. Polymerase was removed by phenol/chloroform  

extraction followed by ethanol precipitation.

2 .2 .6  Phenol/chloroform  extraction

DNA solutions were em ulsified w ith  an  equal volum e of phenol /  chloroform  

(phenol, chloroform , isoam yl alcohol and 8-hydroxyquinoline prepared in  the ratio  

100:100:4:0.1 (w:v:v:w), saturated w ith  T ris -H C l (pH  7 .5 ) (stored a t 4 °)). After 

centrifugation the upper aqueous layer was carefully removed and transferred to another 

tube. To m axim ise recovery 0 .5  volum e of dH 20 was added to the phenol layer and re

em ulsified. A fter centrifugation the aqueous phases were pooled.
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2 .2 .7  E thanol precipitation

To concentrate, or recover DNA after m anipulation, one tenth  volum e o f sodium  

acetate (pH 5 .6) and 2 .5  volum es of 100% ethanol were added. The solution was m ixed 

and placed a t -8 0 ° (or in  a  dry-ice/ ethanol bath) for a t least 5 m inutes (longer for low  

DNA concentrations) and centrifuged for 5 or more m inutes. To m axim ise yield  the  

solution was re-chilled  and re-centrifuged (w ith a 180° rotation of the tube in  the  

m icrocentifuge). The ethanol was removed and the pellet rinsed in  a t least the original 

volum e o f 80%  ethanol by centifugation. The ethanol was removed as before and the  

pellet dried under a  vacuum  and dissolved in  the required volum e of dH 2 0 . DNA  

solutions were generally stored a t -2 0 ° .

2 .2 .8  Ligations

Reactions were generally carried out in  lOpil volum es w ith  less than  100 ng DNA  

in  the presence of Ix  ligase buffer (50m M  Tris-H C l (pH 7.5), lO m M  M gCl2 , lO m M  

dith iothreito l), Im M  ATP, 4m M  sperm idine trichloride and 0 .5U  T4 DNA ligase. Cohesive 

and b lunt-end ligations were incubated a t 4 °  overnight. AJfindlll (or <ï>X174HaeIII) DNA  

fragm ents were usually ligated in  p aralle l control reactions and analysed on a  m ini-gel to 

m onitor efficiency of ligation. The ligase was inactivated by heating to 6 5 ° for 10 

m inutes.

2 .3  M IC E

2.3 .1  Housing

M ice were housed in  the Biom edical Services of Leicester University. The mouse 

room was m aintained under a  1 2 h r d a rk / 1 2 h r light cycle.

2 .3 .2  Identification

Toe-clipping was used to identify m ice in  the colony. The num bering system  

adopted was basically th a t o f A llen et al. (1987). No m ore th an  two toes off each of two 

paws were clipped from  one anim al; from  0 - 2 0 0  the hundreds and tens were m arked on 

the forepaws and the un its on the right hindpaw . From  200 -4 0 0  the u n its  (m ultip les of

ten om m ited) were m arked on the left hindpaw . Toes were clipped under anaesthetic

(halothane).
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2 .3 .3  Removal o f a length of ta il

The m ice were anaesthetised under halothane, and l-2 c m  o f ta il cu t off 

w ith  a scalpel blade. The tails were cleaned w ith  a sterile gauze and cauterised to 

prevent bleeding. Toes were clipped in  the same operation.

2 .3 .4  Isolation of day 8  embryos

Fem ales were checked for vaginal plugs (day 1) on successive m ornings after 

m atings were set up. On day 8  pregnant m ice were sacrificed and the uterus dissected 

out into a Petri-d ish containing ice-cold PBS (phosphate-buffered saline). Em bryos were 

carefully dissected out of the decidua in  drops of PBS under a binocular microscope as 

described by Beddington (1987).

2 .3 .5  Preparation o f mouse DNA

2 .3 .5 .a  T a il DNA

A protocol m odified from  Allen et al. (1987) was followed. Using a scalpel l-2cm  

o f ta il was cut in to  sm all pieces and resuspended in  0 .5m l Ix  SE (150m M  NaCl, lOOmM  

EDTA (pH 8.0)) in  a  1.5m l eppendorf m icrocentifuge tube. 50p l of 10% SDS and 5 pi 

proteinase K (20m g /m l) were added, the suspension mixed by inversion and incubated at 

500 for 3 -5h r (w ith occasional m ixing). Protein and bone were removed by phenol 

extraction : 0 .5m l phenol/chloroform  was added and m ixed u n til the solution was 

thoroughly em ulsified and the sam ple was then centifuged for 5 m inutes. The viscous 

upper layer was removed using a cu t-o ff 1ml disposable tip . Care was taken  to avoid a ll 

contact w ith  the organic/ aqueous interphase. Chloroform  (0.5m l) was added, em ulsified, 

and the aqueous layer removed after centrifugation as before. An equal volum e of 

isopropanol was added, and a sm all clot of DNA precipitated on inversion. The DNA was 

rinsed O /N  in  80% ethanol (0 .5m l) and resuspended in  lOOpl dH 2 0  after rem oving a ll 

traces of ethanol. This gave approxim ately lOOpg high quality  DNA w ith  very little  

variation in  yield between samples.

2 .3 .5 .b  Tissue DNA

Sm all-scale tissue preparations from dissected mice were carried out as for tails, 

except th at incubations were for l-2 h r  a t 5 0 °. Em bryo DNA was sim ilarly prepared in  

50pl volumes w ith  a Ih r  incubation a t 5 0 °. Large-scale tissue preparations followed a
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protocol modified from  M aniatis et al. (1982). A ll glassware involved in  DNA preparation  

was carefully rinsed twice in  dH 2 0  before use. The volum e o f tissue was estim ated, and 

10 volum es of Ix  SE added; the tissue was then hand homogenised in  a  glass tube and  

transferred to a conical flask. 1 /1 0  vol 10% SDS was added and the flask gently swirled 

to assist lysis. The viscous solution was em ulsified w ith  0 .5  vol phenol/ chloroform  by 

fu rth er gentle m ixing. A fter decanting to centrifuge tubes the m ixture was spun a t 

10,000rpm  for 5 m inutes (RT). The aqueous layer was removed using a  broken-off 

süiconised Pasteur pipette and the organic layer re-extracted w ith  dH 2 0 . The aqueous 

layers were pooled in  a beaker and ethanol precipitated : a  large stringy clot o f DNA  

appeared on sw irling. This was washed in  80%  ethanol and resuspended in  0 .5x  original 

volum e of O .lx  TNE ( Ix  TNE is lO m M  Tris-H C l, lOOmM NaCl, Im M  EDTA (pH8.0)). 

Pancreatic RNase A was added to 2 0p g /m l and the beaker incubated a t RT for 30  

m inutes (stock RNase : 20m g /m l in  0 .15M  NaCl, heated to 8 0 ° for ten  m inutes (stored at 

-20 °)). SDS was added to 1%, TNE to Ix , and the m ixture em ulsified w ith  

phenol / chloroform . A fter centifugation and re-extraction, the DNA was ethanol 

precipitated and re-dissolved a t least three tim es before a  fin a l 80%  ethanol rinse. The 

DNA was transferred to an  eppendorf tube and dissolved in  w ater a t 4 ° O /N .

2.3.5.C Removing polvsaccharides from  liver DNA

To remove polysaccharides from  high m olecular w eight liver DNA, the following 

additional step was incorporated. DNA was dissolved in  a sm all volum e of O .lx  TNE to 

w hich an  equal volum e of 2 .5M  potassium  phosphate (pH 8.0), and an  equal volum e of 2- 

m ethojyethanol were added. A fter m ixing and centrifugation a t 10,000rpm  for 2 m inutes  

the viscous upper layer was removed. The lower layer was re-extracted w ith  1 vol dH 2 0 , 

1 vol K phosphate, 1 vol 2-m etho?^ethanol. The pooled aqueous phases were ethanol 

precipitated. E thanol precipitations were repeated u n til the K phosphate was removed.

2 .4  AGAROSE GEL ELECTROPHORESIS

2 .4 .1  Pouring gels

The concentration o f agarose used depended on the resolution required and  

varied w ith in  the range 0.5%  (> 1 0 kb) to 2 % (<500bp). Electrophoresis buffers used were 

either ELFO (40m M  Tris.acetate, Im M  EDTA, 0.5p ig /m l eth id ium  brom ide, pH  7 .7 ) or 

TAE (40m M  Tris.acetate, 20m M  sodium  acetate, 0 .2m M  EDTA, 0 .5p g /m l eth id ium  

brom ide, pH 8 .3). Agarose was dissolved in  buffer in  a  m icrowave oven and allowed to
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cool to 4 0 ° before pouring into a m ould (usually a glass plate of the required size, 

bordered w ith  tape, w ith  a suitable comb to form  the wells in  position). Plate size 

depended on the resolution required; routinely 1 0 x 1 0 cm plates were used, for genomic 

analysis plates of 20x20cm  or 20x30cm  (for resolution of large fragm ents) were used. 

W ell sizes ranged from 0.2cm  to 14cm; generally 0.5cm  wells were used to analyse up to  

5|xg DNA.

2 .4 .2  Electrophoresis

Gels were imm ersed in  tanks containing buffer (either ELFO or TAE). Loading dye 

was added to the samples (5x m ix contained 0 .2M  Tris.acetate, O .IM  sodium  acetate, 

Im M  EDTA (pH 8.3), 12.5%  ficoll 400 and 0,1%  brom ophenol blue) to prevent diffusion  

and m onitor m igration during electrophoresis. E th id ium  brom ide (0.5p l of 5 m g /m l stock) 

was added to digested genomic DNA (generally 5pg of DNA in  20pl) to enhance even 

m igration w ith in  each track. Size m arkers were loaded in  parallel w ith  the samples; 

usually k DNA digested w ith  H in d lll (23-0 . Ik b  range) a n d /o r 0 X 1 7 4  digested w ith  H a e lll 

(1 .3 -0 .07k b  range). A current was applied to the gel and the voltage adjusted to su it a  

particu lar ru n .

2 .4 .3  Gel analvsis

The intercalation of ethidium  brom ide (which fluoresces under u ltravio let light 

and is present in  the running  buffer) in to  DNA allows the visualisation o f fragm ents 

separated in  the gel (Sharp et al., 1973). Gels were m onitored during  a  ru n  using a  

hand-held long wave UV lam p, and after a ru n  on a  bench-top U V transillu m inato r (short 

wave UV; Chrom ato-Vue C -63 UV Products Inc., San G abriel, C alifornia, USA). Gels 

were photographed using Kodak negative film  (T-M ax Professional 4052). The film  was 

processed using Kodak LX24 developer, FX40 fixer and H X 40 hardener (Kodak, Hem el 

Hem pstead, England).

2 .4 .4  Southern blotting (Southern, 1975b)

Gels to be blotted were photographed and the size m arkers ligh tly  notched w ith  a 

blade under U V light. Gels were then shaken gently (on a G erhardt shaker) in  0 .25M  H C l 

for 7 m inutes (depurination - to enhance the transfer of large molecules) and the solution  

aspirated off. This was repeated once more. Gels were then shaken tw ice in  a lk a li (0 .5M  

NaOH, IM  NaCl) for 15 m inutes (dénaturation) and twice in  neutralising solution (0.5M  

Tris-H C l (pH 7.5), 3M  NaCl) for 15 m inutes.
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Gels were then transferred onto a w ick of 3M M  (W hatm an) paper soaked in  2 Ox 

SSC ( Ix  SSC is 0 .15M  NaCl, 15m M trisodium  citrate  pH 7 .0 ) on a glass plate over a  

reservoir of 20x SSC. A filter cut to cover the area o f interest was then carefully placed  

on the gel (avoiding a ll a ir bubbles). F ilters were pre-soaked in  3x SSC (Hybond-N, 

Am ersham ), or w ater and then lO x SSC (nitrocellulose, Schleicher and Schuell). A  

sim ilarly cut and pre-w et sheet of 3M M  paper was placed on the filte r (again, avoiding a ll 

a ir bubbles). A  stack of paper towels were placed on top o f the 3M M  paper to draw  

solution upwards. A glass plate and a  500g weight were placed on top to m ain ta in  tigh t 

juxtaposition between the gel and the filte r. The towels were changed regularly during  

the firs t hour of b lotting to avoid patchy transfer. B lots were left for a t least 2h r (genomic 

blots usually overnight).

A fter b lotting the position o f the size m arkers was m arked on the filte r w ith  a  biro, 

the filter rinsed in  3x SSC, and blotted dry in  3M M  paper. DNA transferred to nylon  

filters was fixed by a  2 m inute exposure to short wave UV light on the transillum inato r 

(through a  layer of Saran-W rap (Dow Inc., USA)). N itrocellulose filters were baked for 2- 

4 h r in  an 8 0 ° oven. F ilters were then cut in to  strips ready for hybridisation.

2 .4 .5  Preparative gels

DNA was collected from  preparative gels by electrophoresis onto dialysis 

m em brane (Yang et al., 1979). There were generally two scales of operation : large scale 

preparative gels to fractionate genomic DNA for lib ra iy  construction (inp u t >50ng), and  

sm all scale preparative gels to collect defined DNA fragm ents for subcloning (in p u t <5pg).

2 .4 .5 .a  Large scale preparative gels

A 2% agarose base-plate was poured in to  a  20x20cm  m ould (100m l). A  14cm slot 

form er was clamped above th is and 0.8%  agarose in  l /3 x  ELFO was poured in  (at 4 °) to  

m ake a deep gel (> lcm ). Sam ples (which had been m onitored on a m in i-gel for complete 

digestiom) were loaded in  a  1.8m l volum e w ith  200[xl 5x loading m ix and 50pl 5m g /m l 

eth id ium  brom ide between two XHindlll m arker lanes. Gels were ru n  in  the dark-room  in  

l /3 x  ELFO a t 20 -30V  overnight. D ialysis m em brane, cut in to  as m any single layer 

15cmx 1.5cm  sheets as required, was boiled for 5 m inutes in  lO m M  T ris -H C l (pH  7.5), 

Im M  EDTA and rinsed in  dH 2 0 . The curren t was switched off, the gel viewed w ith  the  

long-wave UV wand, and cu t a t the required positions to 0.5cm  either side o f the m ain  

track. UV exposure was m inim ised to reduce the form ation o f thym ine dim ers. Using  

two pairs of m illipore forceps a  sheet of dialysis m em brane was inserted vertically  in to  

each slot, so th at it rested on the glass plate, and the concave face of each strip  faced the
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wells. C urrent was then applied at 200V  u n til each fraction was fu lly  loaded (this could 

be monitored both by fluorescence o f the m ain digest and the m igration of the m arkers a t 

either side). W ith  the current s till on, the cuts were extended to the edges of the gel, the 

two halves of the gel gently prised apart to open up a l - 2 mm gap and free the m em brane, 

w hich was grasped by two forceps and transferred in  a  single movement to a  S terilin  pot. 

The transfer was as rapid as possible - out of the current only surface tension holds the 

DNA to the m em brane. The m em brane was trapped under the lid  of the pot and  

centrifuged for 1 m inute. The DNA was transferred to an  eppendorf tube and the 

m em brane rinsed (twice) in  200^il dH 2 0  and re-centrifuged. The pooled DNA was 

centrifuged for 2 m inutes to remove agarose solids, any pellet rinsed, and the DNA finally  

redissolved in  dH 2 0  after ethanol precipitation.

2 .4 .5 .b  Sm all scale preparative gels

Generedly less than  5 pig DNA was loaded into a 7m m  slot. As above, gels were ru n  

in  the dark-room , and viewed w ith  a UV wand before cuts were made. Single sheets of 

dialysis m em brane (treated as above), ju s t w ider than  the track, and w ith  a lug to aid  

rem oval, were inserted into each slot, and the DNA was run  onto the m em branes a t 

150V. An extra m em brane was generally inserted as a  trap  above the fragm ent to be 

collected. Again, each cut was extended to the edges of the gel before the m em brane was 

transferred to an  eppendorf tube. The m em brane was trapped under the lid  and the tube 

centifuged for 30 seconds, the m em brane rinsed w ith  30pil dH 2 0 , and the tube re- 

centrifuged. The DNA was cleaned by phenol/chloroform  extraction, followed by ethanol 

precipitation, and resuspended in  the required volum e of (IH 2 O.

2 .5  DNA HYBRIDISATION

2.5 .1  Preparation and labelling of probe DNA

Two labelling procedures were used to incorporate a^zp-dCTP im to DNA  

fragm ents for use as hybridisation probes. Random  oligonucleotide prim ing (Feinberg 

and Vogelstein, 1984) was used in  most labelling reactions, w hile M l3 prim er extension 

(Jeffreys et al., 1985) was used to label probes to very high specific activities for DNA  

fingerprinting (probes 33 .6  and 33.15).
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2 .5 .1 .a O ligo-labclling DNA fragm ents

Fragm ents were isolated either from  a preparative gel as described above (2 .4.5), 

or from  0.5%  low gelling tem perature agarose gels (SeaPlaque LGT). In  the la tte r case the  

gel was viewed under the UV wand and gel containing a t least lOOng of the required  

fragm ent excised. The volum e of gel was estim ated in  a pre-weighed eppendorf tube and  

two volum es of dH 2 0  were added. Probes were stored a t -2Qo.

Before labelling, probes were placed a t 6 5 ° for 5 m inutes. 5 -lO n g  of DNA was 

diluted to SOpil w ith  dH 2 0 , and was denatured at IGQo for 3 m inutes. A fter cooling a t RT, 

1.2pil lO m g/m l BSA (enzyme grade, Pharm acia) and 6 pil OLB were added. The 

constituents of OLB are Solution A : 1.25M  Tris-H C l (pH 8 .0), 125m M  M gCl2 , 0.18%  v /v  

P-m ercaptoethanol, 0 .5m M  dATP, 0 .5m M  dGTP and 0.5m M  dTTP; Solution B : 2M  

HEPES, (pH 6 . 6  w ith  NaOH); cuid Solution C : Hexadeoxyribonucleotides (Pharm acia) 

suspended in  3m M  Tris-H C l, 0 .2m M  EDTA (pH 7.0) a t 90 O .D . u n its /m l. These three are  

m ixed in  the ratio  2:5:3 (vol). 2pil o f a^Zp-dCTP (Am ersham , 3000C i/m m o l, lOpiCi/pil) and  

0.5pil Klenow fragm ent o f DNA polymerase I (2.5U ) were added and the solution m ixed by 

pipetting. Labellings were incubated for >5hr a t RT or Ih r  a t 3 7 °.

Probes were recovered after labelling to remove unincorporated a^^p-dCTP from  

the solution. 70pil ’stop m ix’ (20m M  NaCl, 20m M  Tris-H C l (pH 7.5), 2m M  EDTA and  

0.25%  SDS) was added and the m ixture transferred to a disposable siliconised glass 

tube. lOOpig of high m olecular weight carrier herring sperm (or hum an placental) DNA  

was added. After ethanol precipitation the DNA was rinsed in  80%  ethanol and  

resuspended in  500pl dH 2 0 . A specific activity >109 dpm/pg was routinely obtained.

2 .5 . l.b  M 13 Prim er extension

0.4ng of the appropriate single-stranded recom binant M 13 DNA (see section 2 .8) 

was annealed w ith  4ng of M 13 17m er sequencing prim er in  Ix  TM  buffer (lO m M  M gCl2 , 

lO m M  T ris-H C l (pH 8.0)) a t 6 0 ° for 30 m inutes. lO pl AGT m ix (0 .125m M  dATP, 

0 .125m M  dGTP, 0 .125m M  dTTP, 2 .5m M  Tris-H C l (pH 8.0), 0 .25  m M  EDTA), 6 pl TE buffer 

(lO m M  Tris-H C l (pH 8.0), Im M  EDTA)), 3|rl a^^P-dCTP, and 5U  Klenow polym erase were 

added and prim er extension carried out a t 3 7 °. After 15 m inutes 2 .5m l 0 .5M  dCTP (cold 

chase) was added and incubation continued for a fu rth er 15 m inutes. The DNA was 

digested w ith  a restriction endonuclease to liberate the newly synthesized strand (EcoRl 

for 33 .6  or Bam H l for 33.15) and then denatured by the addition of 1 /1 0  vol 1.5M  NaOH, 

O .IM  EDTA. The labelled single stranded fragm ent extended from  the prim er was 

recovered by electophoresis through a 1 .2 % low gelling tem perature agarose gel.
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2 .5 .2  H ybridisation

Pre-hybridisation and hybridisation were carried out in  perspex hybridisation  

cham bers (5x20cm, 20x20cm  and 10x10cm (for round filters)) w hich were incubated a t 

6 5 ° in  a  shaking w ater-bath. Two different protocols were followed :

2 .5 .2 .a  Phosphate/SDS hybridisations (Church and G ilbert. 1984).

This procedure was generally used for nylon filters w ith  both oligo-labelled  

polycore and locus specific m inisateUite probes and unique sequence probes. F ilters  

were pre-hybridised in  0 .5M  Na2 HP0 4  (pH 7 .2) ( IM  stock : 128g Na2 HP0 4  and 6 .7m l 8 8 % 

H 3 PO4  to 1 litre), IM  EDTA, 7% SDS for a t least 10 m inutes a t 6 5 °. F ilters  were 

transfered to a second cham ber containing the same solution (pre-warm ed to 6 5 °) plus 

boiled radioactive probe and hybridised overnight a t 6 5 °. F ilters o f recom binant DNA or 

PCR products were hybridised for 2 -3h r. If  required, single stranded com petitor DNA  

was added w ith  the probe, such as vector and E.coli DNA (approxim ately 5p g /m l) for 

probing filters of recom binant DNA.

2 .5 .2 .b  D enhardt hybridisations (Denhardt, 1966, Jeffreys et a /., 1980).

This procedure was used for nitrocellulose filters either from  Southern blots (for 

DNA fingerprints) or plaque and colony lifts. F ilters were rinsed at 6 5 ° in  Ix  SSC for 5 

m inutes and transferred to Ix  D enhardt’s solution (0.2%  Ficoll 400 , 0.2%

polyvinylpyrrolidine, 0.2%  BSA in  3x SSC) for 30 m inutes (Southern blot filters only). 

Filters were then  placed in  Ix  D enhardt’s, 0.1%  SDS (CFHM , pre-w arm ed and de-gased 

under a  vacuum ) for 30 m inutes. Filters were then transferred to de gased C FH M  + 6 % 

polyethylene glycol 6000 for 15 m inutes before being placed in  CFHM  + 6 % PEG + boiled 

radioactive probe a t 6 5 ° overnight. F ilters from  phage and plasm id subclone lifts  were 

hybridised for 2 -3 h r in  the presence of single stranded E.coli and vector com petitor DNA  

(approxim ately 5pg /m l). The optim um  am ount of com petitor in  D enhardt hybridisations  

w ith  probe 33 .6  was found to be 0 .5p g /m l single stranded salm on sperm  DNA.

2 .5 .3  Post-hybridisation washes

F ilters were generally washed to either low ( Ix  SSC, 0.1%  SDS, 6 5 °) or high (O .lx  

SSC, 0.01%  SDS, 6 5 °) stringency. After hybridisation filters were transfered to the 

appropriate washing solution (pre-heated to 60 °) and washed a t 6 5 ° w ith  several changes 

of solution u n til no more radioactivity came off the filters (or an  included b lank filte r was
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cold). F ilters were then rinsed in  3x SSC at RT and dried in  3M M  paper. If  the filters had  

been cut before hybridisation they were reassembled before autoradiography. F ilters to  

be re-hybridised were stipped in  0.4M  NaOH at 6 5 ° for 5 m inutes (w ith  changes of 

solution), neutralised in  O .lx  SSC, 0.1%  SDS, 0 .2M  T ris-H C l (pH 7.5) a t 6 5 ° for 30 

m inutes, and rinsed in  dH 2 0 .

2 .5 .4  Autoradiography

Filters were exposed to F u ji RX 100 X -ray  film  in  autoradigraphic cassettes using  

in tensifier screens (Kyokko LF II, Kasei Optonix Ltd, Japan) a t -8 0 °. L ibrary plate filters  

were orientated using 3^S radioactive ink. Exposure tim es ranged from  30 m inutes to 10 

days. F ilm  was developed as described in  section 2 .4 .3 . For densitom etric scanning film  

was preflashed before exposure and autoradiographs were scanned using an  U ltrascan  

laser densitom eter (LKB),

2 .6  LAMBDA AND COSM ID CLONING

2.6 .1  Preparation o f lam bda arm s

XL47.1 (Loenen and Bram m ar, 1980) arm s were prepared by A.J.Jeffreys. XL47.1

DNA was prepared by the m ethod of B lattner et al. (1977) and com pletely digested w ith  

B am H l to release the ’stuffer’ (internal) fragm ent o f the phage. The arm s (23 .6  and  

10.4kb) were recovered by electroelution onto dialysis m em brane, and th e ir cohesive 

ends annealed by incubation at 6 8 °  for three m inutes in  the presence of O .IM  T ris-H C l 

(pH 7.5) and lO m M  M gCl2 - Ligations were perform ed as described in  section 2 .2 .8  w ith  a  

three-fold excess of arm s to insert DNA. The efficiency o f ligation was m onitored on a  

m ini-gel, after heating in p u t and ligated samples to 6 8 °  for three m inutes in  the presence 

of 6 6 m M  Tris-H C l (pH 7.5) and lO m M  MgCl2 - The ligated DNA was ethanol precipitated  

and redissolved in  a sm all volum e of packaging buffer A (20m M  Tris-H C l (pH  7 .5), 3m M  

M gCl2 , 0.05%  (v /v ) p-m ercaptoethanol, Im M  EDTA (pH 8.0)).

2 .6 .2  In vitro packaging and infection of E.coli

A com m ercial packaging k it, Gigapack Plus (Stratagene), was used to m axim ise 

lib rary  size. Care was taken to use extracts im m ediately after thawing. Ligated DNA (in  

buffer A) was added to lOpl o f freeze/thaw  extract. To th is 15pl of sonicated extract was 

added, and, after gentle m ixing, the contents were incubated a t RT for 2 hr. 500pl of X 

bufffer (6 m M  Tris-H C l (pH 7.2), lOm M  MgSO^, 0.005%  gelatin) and a  drop o f chloroform
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(to stabilize the phage particles) were added to the packaged DNA (phage stored at 4°). 

E.coli cells o f the required genotype (L95 or N M 554) were grown to m id-logarithm ic phase 

in  LUB supplem ented w ith  maltose (0.2% ) and MgSO^ (lO m M ). For lib rary  plates, 150pl 

o f packaged DNA was used to infect ISOpil of E.coli cells. A series o f contols and dilu tions  

to estim ate the recom binant phage titre  were also set up. Infections were carried out in  

glass tubes a t RT for 15 m inutes w ith  occasioned shaking. 3 m l of BTL (section 2 .1 .3 , 

w ith  0.2%  m altose, lO m M  MgSO^, m aintained at 50o in  a  heating block) was then  added 

and the m ixture poured on to BLA plates (section 2 .1 .3 ), avoiding a ir bubbles, and  

incubated a t 3 7 ° overnight when set.

2 .6 .3  Library screening

2 .6 .3 .a Lifts (Benton and Davis, 1977).

Nitrocellulose filters (Schleicher and ScheuU or Am ersham ) were placed on each 

lib rary  p late using two sterile M illipore forceps. Each filte r was num bered and orientated  

using a sterile needle, and the unique pattern  o f holes m arked on the back o f the plate  

w ith  a red-hot needle. A fter 5 m inutes the filte r was carefully lifted off the p late arid  

floated phage side downwards on 1.5M  NaCl, O .IM  NaOH for one m inute in  a  shallow  

tray. The filte r was then submerged in  2x SSC, 0 .2M  T ris -H C l (pH 7.5) for one m inute, 

and blotted dry on 3M M  paper. F ilters were then baked a t 8 0 ° prior to hybrid isation  

(2 .5 .2 .b ). L ibrary plates were stored a t 4 ° for up to three m onths.

2 .6 .3 .b  Second round screening

Positive plaques were picked from the lib rary  plates using a  sterile Pasteur pipette 

into 500pl X buffer and 20p l chloroform . lOOpl of th is stock and a series o f 10 fold

dilutions were mixed w ith  lOOpl of log phase cells of the required E.coli s tra in  (E D 8910 or

N M 554). Phage were plated out as before. Plates of suitable phage density were lifted  

and hybridised. I f  necessary, a th ird  round o f screening was perform ed. Single, well 

separated, positive plaques were picked into 500pl X buffer + C H C I3  and stored a t 4 o 

(perm anent stocks).

2 .6 .4  Lam bda DNA m ini-preps

A scaled-down protocol o f th at of B lattner et al. (1977) was used.
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2 .6 .4 .a Purification of phage particles

5, 20 and lOOpl of phage stock were used to infect lOOpil o f E.coli cells grown to  

late log phase in  10m l glass tubes. A fter 15 m inutes a t RT, 8 m l of LUB (w ith  lO m M  

MgS0 4  and 20pig/m l thym ine) was added, and the tubes incubated a t 3 7 ° overnight on 

an  angled rack. The following m orning m ini-lysates were clearer and contained more 

bacterial debris th an  uninfected control cultures. The overnight cu ltures of each phage 

were pooled into 30m l Corex centrifuge tubes (acid washed) and spun a t 9 ,000rp m  for 5 

m inutes. The supernatant was decanted into another Corex tube (lOOpl removed to add 

to the perm anent stock a t 4 °) and 6.7m l 10% PEG 6000  in  2 .5M  NaCl was added. After 

m ixing by inversion the tube was left on ice for 15 m inutes to precipitate phage. The 

sam ple was centrifuged at 9 ,000rpm  for 10 m inutes, the phage pellet resuspended in  

0 .5m l X buffer, and transferred to an  eppendorf. A fter centrifugation to remove 

contam inants, and rinsing of any pellet in  0.5m l X buffer, phage was again precipitated  

on ice w ith  0 .3m l P E G /N aC l. The pellet was resuspended in  250pil X buffer.

2 .6 .4 .b  Isolation of phage DNA

Phage particles were lysed by the addition o f 50pl 10% SDS, A fter three 

chloroform  extractions, two ethanol precipitations and an  80%  ethanol wash, the pellet 

was resuspended in  25pil Ix  REact 4 w ith  20pig/m l RNase and incubated a t 3 7 ° for 30  

m inutes. SDS was added to 1%, and after another phenol extraction, ethanol 

precipitation and rinse, the pellet was finally  suspended in  20p l dH 2 0 . A lthough yields 

were low w ith  th is procedure (50-250ng), enough DNA was generally recovered for 

analysis on a m ini-gel and for purification of the insert for subcloning.

2 .6 .5  Cosmid cloning

Charom id vector 9-32  (Saito and S tark, 1986) was prepared as described in  

section 2 .7 .10 . DNA was digested w ith  Bam H l and linear charom id purified from  

preparative gels. Ligations were performed as described in  section 2 .2 .8 . Ligated DNA  

was ethanol precipitated and resuspended in  packaging buffer A (section 2 .6 .1 ). 

Gigapack plus packaging extracts were used as for lam bda cloning (section 2 .6 .2 ). After 

infection of E.coli, 1ml of LUB supplem ented w ith  glucose (20m M ) was added, and the 

tubes incubated for 40 m inutes a t 3 7 ° to allow  p-lactam ase expression. The cells were 

pelleted briefly and resuspended in 120pl Luria broth. lOOpl (w ith  parallel controls and a  

dilu tion  series to determ ine the titre  of infected cells) was plated out onto L u ria  agar 

plates (supplem ented w ith  am piciUin) and grown a t 3 7 ° overnight. L ib ra iy  plates were
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screened as described in  section 2 .7 .2 .

2 .7  PLASMID SUBCLONING

2.7 .1  T ransform ation

Com petent E.coli J M lO l cells were prepared and transform ed as described in  

section 2 .8 .10 . A lternatively, com m ercially prepared com petent E.coli D H 5 and D H 5a  

(BRL) were used, which routinely gave efficiencies of >1 x  10^ colonies/pg. 1-1 Ong of 

ligated DNA (in Ip l) was added to 20^1 o f freshly thaw ed cells and m ixed by gentle 

pipetting. The cells were left on ice for 30 m inutes, heat-shocked a t 4 2 ° for 45 seconds, 

and placed on ice for 2 m inutes. 90pil o f SOC (section 2 .1 .3 ), or LUB supplem ented w ith  

20m M  glucose, was added, and the tube shaken a t 3 7 ° for Ih r  to express p-lactam ase. 

25pg BCIG  (in  dim ethylform am ide) and 25^g IPTG (in  H 2 O) were added in

transform ations of lacZ can y  ing plasm ids in to  E.coli D H 5a. Non-recom binant plasm ids 

are able to com plem ent the chromosomal lacZ  deletion, and thus produce p-galactosidase 

in  the presence of inducer (IPTG), giving rise to a b lue colour on cleavage o f the 

chromogenic substrate BCIG . Recom binant plasm ids, w hich contain an insert

in terrupting  lacZ, w ill give rise to w hite colonies. Cells were then plated onto Luria agar 

(+ am picillin) plates (w ith paralle l controls and a d ilu tion  series) and incubated overnight 

a t 37 °.

2 .7 .2  Colonv screening

Colonies were transferred to either nitrocellulose or nylon filters. After 

approxim ately lO hr growth, when the colonies were ju s t visible as p in-pricks, filters were 

placed on the plates w ith  sterile M illipores and orientated (as described in  2 .6 .3 .a). The 

filters were carefully lifted off and placed colony side up on a fresh L u ria  agar (+ 

am picillin) plate. If  required, a second lift could be made a t th is stage. Plates were 

incubated for a further lO hr. Library plates were stored at 4 ° (for up to 3 months). 

Subsequent treatm ent of the filters depended on the type of filte r used.

2 .7 .2 .a Nitrocellulose lifts  (G runstein and Hogness, 1975).

Filters were placed colony side up on blotting paper saturated w ith  0 .5M  NaOH in  

a shallow tray for 5 m inutes, to lyse cells. F ilters were then transferred to b lotting paper 

soaked in  denaturing solution (1 .5M  NaCl, O .IM  NaOH) for 10 m inutes, and dried again. 

Filters were next placed on blotting paper soaked fri neutralising solution (1 .5M  NaCl,
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0.5M  Tris-H C l (pH 7.4)) for 4 m inutes and blotted dry. F ilters were then im m ersed in  

neutralising solution, serubbed to remove baeterial debris, blotted dry on 3 M M  paper, 

and baked at 8 0 ° for 2 -4h r.

2 .7 .2 .b  Hvbond-N (nylon) lifts (Buluw ela et a /., 1989).

F ilters were plaeed eolony sided up on 3M M  paper soaked in  2x  SSC, 5% SDS in  a  

shallow  tray for 2 m inutes. The tray and filters were then placed in  a  m icrowave oven 

(w ith  a  rotating turntab le) for 2 .5  m inutes a t fu ll setting (650W ) to lyse the cells and fix  

the DNA to the filte r in  a  single step. F ilters were then im m ersed in  5x SSC, 0.1%  SDS 

and lightly scrubbed to remove bacterial debris. F ilters were rinsed and blotted dry prior 

to hybridisation.

2.7.2.C Storing plasm id clones

Single positive colonies were picked from lib rary  plates w ith  a sterile loop after 

alignm ent w ith  the autoradiograph, and grown overnight in  L uria  b roth  (+ am picülin). An 

aliquot from  the overnight bacterial cu lture was streaked out onto L u ria  agar (+ 

am picillin) plates and incubated overnight a t 3 7 ° to produce single colonies (plates then  

stored at 4 °  for up to 3 m onths). 0 .5m l o f the overnight cu ltu re was m ixed w ith  0 .5m l 

sterile 40% (v /v ) g lycero l/Luria  broth in  a  h a lf dram  via l and stored a t 8 0 ° as a  

perm anent stock.

2 .7 .3  Plasm id DNA preparation

A m odified a lkaline lysis m ethod was followed (Ish-Horowicz and B urke, 1981).

2 .7 .3 .a  Sm all-scale preparation

3 m l o f Luria broth  (+ am picillin) was inoculated w ith  a  colony picked from  a  fresh  

selective plate and shaken overnight at 3 7 ° in  a 10m l cu ltu re tube. 1 .5m l o f the cu lture  

was transferred to an  eppendorf tube and centrifuged for 1 m inute to pellet the cells. 

This step was repeated once. Cells were resuspended in  lOO^il lysis solution (25m M  Tris- 

H C l (pH 8.0), lOm M  EDTA, 50m M  glucose, Im g /m l lysozyme (added fresh)) and left on 

ice for lO m in. 200^1 of 0.2N  NaOH, 1% SDS was added, the solution m ixed and left on 

ice for 5m in. 150^1 3M  KAc was then added, the tube m ixed by inversion, and left on ice 

for a further lO m in before centrifugation to pellet the cellu lar debris and chrom osomal 

DNA (white precipitate). The supernatant was carefully removed and filtered through a  

cu t-o ff 1 m l disposable tip  containing polyallom er wool in to  a  fresh eppendorf tube to
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remove a ll traees of precipitate. Nucleic acid was ethanol precipitated twice, washed in  

80%  ethanol, and redissolved in  40^1 dH 2 0 . RNase A treatm ent (20n g /m l) was 

incorporated in  restriction endonuclease digestions a t 37^. This protocol generally 

yielded l-4 jig  plasm id DNA.

2 .7 .3 .b  Large-scale plasm id DNA preparation

This was a scaled up version of the above procedure. Overnight cu ltures were 

used to seed up to 100m l Luria broth (+ am picillin) in  a  conical flask w hich was shaken  

overnight a t 37o. The cu lture was centrifuged a t 7 ,000rp m  for lOm tn (RT). As in  (a) 

three solutions were added (volumes for 50m l cu lture : 3m l, 6 m l, 4 .5m l respectively) w ith  

incubations on ice. A fter centrifugation a t 10,000rpm  for lO m in (40) the supernatant 

was filtered through polyallom er wool into a  30m l Corex tube. Isopropanol (0 .5  vol) was 

added, the tube mixed, and left a t RT for lO m in before centrifugation a t 10,000rpm  for 

lO m in (4 0 ). A fter an 80%  ethanol wash the pellet was redissolved in  dH 2 0  (1 .5m l for 

50m l culture). NH^Ac was added to 3 .75M , the tube left a t RT for lO m in to precipitate  

contam inating proteins. A lternatively DNA was cleaned by a phenol /  chloroform  

extraction. DNA was then precipitated w ith  ethanol and redissolved in  dH 2 0  (500fxl for a  

50m l culture).

2 .8  M l3 DNA SEQUENCING

2.8 .1  Subcloning into M 13

DNA fragm ents to be sequenced, and appropriate M 1 3 m p l8  or M 1 3 m p l9  vector 

DNA fragm ents, were isolated from  preparative gels (section 2 .4 .5 .b ) and ligated as 

described in  section 2 .2 .8 . A lternatively, 'random ' DNA fragm ents were shotgun' cloned 

(Sanger et al., 1980) into M 1 3 m p l8  by one of two procedures :

2 .8 .l.a  Sonication

5-lO ng of the DNA fragm ent of interest was purified and self-ligated overnight (to 

avoid over-representation of fragm ent ends among the clones). DNA was then sheared in  

a sonicating bath  (Kerry Ultrasonics Ltd.). Sonications were carried out in  15 second 

bursts. Successful sonication generated a m ist of fine droplets on the inside o f the tube, 

w hich were collected by centrifugation between bursts. The degree of shearing was 

m onitored on a m ini-gel, and sonication continued u n til a size range of 1 0 0 - 1 2 0 0 bp was 

obtained. Two size fractions (from 600- lOOObp and 1000-1200bp) were selected on a
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preparative gel and end-repaired (section 2 .2 .5 ). Sam ples were extracted w ith  

phenol/chloroform  and ethanol precipitated before ligation into an M l 3 vector, linearised  

w ith  Sm al and treated w ith  C alf in testinal phosphatase.

2 .8 .1.b P artial digestion

Aliquots o f DNA fragm ent were digested for 10 m inutes w ith  a  concentration  

series of the required restriction enzyme designed to give a range of p a rtia l digestion  

products (e.g., 200ng fragm ent would be incubated w ith  5, 1, 0 .5 , 0 .1 , 0 .05 , and 0.01  

un its  of enzyme). A sam ple from  each was analysed on a  m ini-gel and p artia lly  digested 

aliquots pooled, size fractionated on a preparative gel, and ligated in to  a  suitably  

prepared M 13 vector. Com binations o f Alul partia ls  into Sm al cut vectors, and Sau3AI 

partia ls  into B am HI cut vectors were generally used to give an inform ative series of 

clones.

2 .8 .2  Transform ation of E.coli

2 .8 .2 .a  Com petent cells

A 3m l cu lture o f E.coli J M lO l or NM 522 was grown O /N  in  LUB a t 3 7 °. 50m l 

LUB was seeded w ith  0.5m l of overnight bacterial cu lture and grown a t 3 7 °  to m id-log  

phase (Aeoo 0 .45  O .D . units). 1.5m l cells were transferred to an eppendorf tube and  

centrifuged briefly. The cell pellet was gently resuspended in  0 .5m l M R (lO m M  MOPS 

(pH 7.0), lO m M  RbCl) and centtfuged for 30 seconds. Cells were then gently resuspended 

in  0 .5m l MRC (lOOm M MOPS (pH 6.5), lOm M  RbCl, 50m M  CaCl2 ) and le ft on ice for 30  

m inutes. A fter a 30 second centifugation the cells were finally  resuspended in  150pil 

M RC and held on ice.

2 .8 .2 .b  T r ansform ation

5pil o f ligated DNA (containing 5-20ng vector) and 3pil DM SO  were added to 150|il 

aliquots of cells and gently mixed by pipetting. DNA was adsorbed onto the cells on ice 

for Ih r. Cells were heat shocked a t 5 5 ° for 35 seconds, cooled on ice for one m inute, and  

then held a t RT. 200[il log-phase cells, 25pig BCIG (in  dim ethylform am aide), and 25pig 

IPTG (in  dH 2 0 ) were added to the cells, the m ixture transferred to sm all glass tubes 

containing 3 m l BTL (held a t 5 0 ° in  a heating block), and poured onto BLA plates, 

avoiding a ir bubbles. On drying, plates were incubated a t 3 7 ° overnight.
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2 .8 .3  Screening M 13 plaques

Nitrocellulose lifts were m ade as for X, libraries (Benton and Davis, 1977, 

described in  section 2 .6 .3 .a ). Positive plaques were picked w ith  a sterile Pasteur pipette  

in to  500^1 X buffer and stored a t 4 °.

2 .8 .4  M 13 DNA preparation

An overnight culture o f J M lO l or N M 522 was diluted 1:100 in to  fresh LUB. 

1.5m l of th is d ilu tion  was infected w ith  0 .1m l of phage suspension and incubated on an  

angled rack for 5 -6h r a t 3 7 °. The cu ltu re  was transferred to an eppendorf tube and 

eentrifuged for 2x 5 m inutes (w ith  a  180° tw ist) to pellet cells. D ouble-stranded  

replicative form  DNA was prepared from  the pellet (as described in  section 2 .7 .4 .a ) to 

confirm  the structure of the subclone and purify  inserts for oligolabelling. Single

stranded DNA sequencing tem plate was prepared from  the supernatant, 1m l was 

transferred to a fresh tube, 300jxl 10% PEG 6000, 2 .5M  NaCl added, £ind phage particles 

precipitated by incubation a t 4 ° for 15 m inutes. A fter a  10 m inute centrifugation the 

sm all w hite phage pellet (absent from  uninfected controls) was drained o f a ll P E G /N aC l 

w ith  a draw n-out Pasteur pipette and resuspended in  lOOpil I . IM  NaAcetate (pH 7.0). 

DNA was prepared by a vigorous phenol/chloroform  extraction, followed by an  ethanol 

precipitation and 80% ethanol wash. The DNA pellet was vacuum  dried, dissolved in  

2 5 jil dH 2 0 , and a 2pil aliquot analysed on a m ini-gel.

2 .8 .5  Sequencing reactions

The dideo^qmucleotide ehain term ination  procedure of Sanger et al. (1977) was 

followed using either the Klenow fragm ent of E.coli DNA polym erase or T7 DNA  

polymerase. Reactions were carried out in  either eppendorf tubes or m icro-titre  trays (for 

large num bers o f clones). M l 3 sequencing prim ers used were either the universal 17m er 

or a  15m er (TGCAGCACTGACCCT) fu rth er away from  the polylinker, w hich enabled 

sequence to be read across the cloning sites.

2 .8 .5 .a. Klenow reactions

Single stranded M 13 recom binant DNAs were incubated a t 6 0 ° for lO m ui, then  

placed a t RT. 5̂ ,1 o f each clone was m ixed w ith  5^1 o f prim er m ix (1 5 0 n g /m l prim er, 

20m M  Tris-H C l (pH 8.0), 20m M  MgCl2 ) and annealed a t 6 0 ° for l l ir .  2pil DNA was then  

added to each of 4 tubes containing 2̂ ,1 of each nucleotide m ix in  lO m M  T ris .H C l (pH  

8.0), O .lm M E D T A :



46

T m ix 125^iM dCTP, 125nM dGTP, 6.25^iM  dTTP, 62nM  ddTTP

C m ix 125nM dTTP, 125nM dGTP, 6.25^iM  dCTP, 40piM ddCTP

G m ix 125nM  dTTP, 125nM  dCTP, 6.25piM dGTP, 80^iM ddGTP

A m ix 125^iM dTTP, 125nM  dCTP, 125piM dGTP, 12^tM ddATP.

2[il Klenow m ix (containing 0 .5U  Klenow polymerase, 0.7^1 a^^S-dATP (10nC i/|il) in  dH 2 0 ; 

prepared on ice im m ediately before use) was added to each tube, the contents gently 

m ixed and incubated a t 3 7 ° for 20 m inutes. 2jxl of sequence chase m ix (lO m M  Tris-H C l 

(pH 8,0), O .lm M  EDTA, 0 .25m M  dNTPs) was then added, and tubes incubated a t 3 7 ° for a  

fu rther 2 0  m inutes. 4^1 of form am ide dye m ix (stock : 1 0 m l deionised form am ide, lOmg 

xylene cyanol FF, lOm g brom ophenol blue, 0 .2m l 0 .5M  EDTA (pH 8.0), stored a t -2 0 °) 

was added to term inate the reactions. Reactions could be stored a t -2 0 ° for up to one 

week.

2 .8 .5 .b  T7 polymerase reactions

To Eumeal prim er and tem plate DNAs, 7\i\ of each clone DNA was m ixed w ith  In g  

prim er and 2 |il sequenase buffer (40m M  Tris-H C l (pH 7.5), 20m M  M gCl2 , 50m M  NaCl), 

placed a t 6 5 ° for 2 m inutes and cooled to RT over 30 m inutes. To each clone was added 

l | i l  0.1 dith iothreito l, 0.5^1 a^^S-dATP (lO^iCi/pil), 2^1 labelling m ix (1.5|xM dTTP, 1.5p,M 

dCTP, 1.5|iM  dGTP), and 2U  T7 DNA polymerase. 5x labelling m ix was used to read  

sequences beyond 300 nucleotides. Reactions were gently m ixed and incubated a t 37 ° 

for 5 -10  m inutes. 3.5^1 of each reaction was then added to 2 .5m l of each ddNTP m ix and  

incubated at 3 7 °  for 10-20 m inutes (chain term ination). Dideo^Qrribonucleotide 

term ination m ixes were 80piM for each of the four dNTPs and 8 ^iM for the specific ddNTP 

in  each m ix in  50m M  NaCl. 4^1 form am ide m ix was then added to each reaction.

2 .8 .6  Sequencing gels

2 .8 .6 .a. Preparation of the gel

One Icirge (330x420x3.5m m ) and one sm all (330x395x3.5m m ) glass plate were 

thoroughly washed w ith  detergent, rinsed w ith  dH 2 0 , and wiped w ith  ethanol to ensure 

both plates were dust-free. The sm aller plate was coated w ith  dim ethyldichlorosilane and  

rinsed w ith  dH 2 0  after 10 m inutes. Cleaned and greased (Apiezon A P lO l, M ay and  

B aker Ltd.) 0.4m m  spacers (Gibco, BRL) were placed between the plates, the sides and 

base taped, and the sides clamped w ith  bulldog clips. If  not for im m ediate use the open
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end was covered w ith  cling-film .

0 .5x and 2 .5x TBE acrylam lde stocks were used for buffer gradient gels ( Ix  TBE is 

lOOmM Tris base, 80m M  boric acid, 3m M  EDTA). Both 0 .5x  and 2 .5x  stocks were 6 % 

acrylam ide (19:1 acrylam ide:bisaciylam ide) and 8 M  urea. The 2 .5x  stock was 

supplem ented w ith  5% (w /v) sucrose and lO O ^g/m l brom ophenol blue. Stocks were 

polym erised by the addition of APS (am m onium  persulphate, made fresh) and TEM ED . 

0 .42m l of 10% (w /v) APS, 28^1 TEM ED  were added to 90m l of 0 .5x  stock; and 0 .175m l 

APS, 12[xl TEM ED  to 20m l 2 .5x  stock. 8 m l 0 .5x  stock and 12m l 2 .5x  stock were draw n  

into a 20m l syringe and poured earefuUy into the m ould, avoiding a ir bubbles. For 

extension gels (w ith  an altered buffer gradient designed to resolve sequence beyond 250- 

300n t from  the prim er) 14m l 0 .5x stoek and 6 m l 2 .5x  stock were used. For both types of 

gel th is was followed by 60m l 0 .5x stock, poured carefully down either side to create an  

even gradient. The blank edge of the comb was placed 4m m  into the gel to form  a slot 

and the top of the m ould clamped.

2 .8 .6 .b  Electrophoresis

The comb and the tape a t the base of the m ould were removed and the gel placed 

in  a  vertical electrophoresis tank. The w ell slot was flushed out w ith  0 .5x TBE, w ith  

w hich the upper com partm ent was filled, and after any leaks were sealed w ith  grease, the 

lower com partm ent filled w ith  2 .5x  buffer (1 .5x for extension gels). The shark's tooth 

edge o f the comb was inserted u n til the teeth ju s t penetrated the gel surface to create 

3m m  weUs. The gel was pre-run  a t 2000V  to w arm  up the plates. Sam ples were either 

boiled (w ith  caps off) or placed a t 8 0 ° for 3 m inutes, and 2.5^il loaded per slot (clones 

ordered T,C ,G ,A). The voltage was reduced to 1200V and adjusted to m aintain  the plates 

a t appoxtm ately 5 5 ° u n til the brom ophenol blue dye front had ru n  off the bottom  of the 

gel (about 3hr). Extension gels were run  for a t least 2 h r after the :?q l̂ene eyanol front had  

ru n  off (for 6 - lO hr).

After the run , the gel was removed from the tan k  and the siliconised plate lifted  

off. The gel was fixed in  10% m ethanol, 10% acetic acid (v /v ) for 15 m inutes, drained  

and transferred onto a sheet of 3M M  paper. Gels were dried in  a vacuum  gel dryer (Bio 

Rad) for l-2 h r a t 8 0 ° and autoradiographed w ith  F u ji RX 100 X -ray  film  for 1-10 days.

2 .9  POLYMERASE CHAIN REACTION

Enzym atic am plification of m inisatellite alleles was carried out using the  

polymerase chain reaction (Saiki et al., 1988). For a ll PCR experim ents fresh solutions in  

dH 2 0  were used and extra care was taken to avoid any reagent or sample contam ination.
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2 .9 .1  Preparation of prim ers and buffer

F lanking  5 ’ and 3 ’ synthetic 24m er oligonucleotides were recovered by ethanol 

precipitation in  dH 2 0  and d iluted to lOpM (79 .2ng /m l). PCR reaction buffer was 

prepared as a  lO x stock : 0 .5M  Tris-H C l (pH 8 .8 ), 123m M  am m onium  sulphate, 50m M  

M gCl2 , 74m M  p-m ercaptoethanol, 50 |xM EDTA (pH 8 .0), l l . lm M  dATP, l l . lm M  dCTP, 

1 l.lm M  dGTP, 1 l.lm M  dTTP, 1.25m g/m l BSA. Prim ers and reaction m ix were stored a t 

- 200 .

2 .9 .2  Am plifications

Am plifications were carried out on either a  Perkin E lm er DNA therm al cyeler 

(Perkin E lm er Cetus, Connecticut, USA), or a  Techne program m able dri-b lock (Techne, 

Cam bridge, England). Reactions were in  7-100(xl volumes (in  0 .3m l eppendorf tubes) as 

described by Jeffreys et al. (1988b). In p u t genomic DNA varied in  concentration from  

500ng to 20pg; for very low concentrations (< lp g /m l) DNA was diluted in  5m M  T ris-H C l 

(pH 7.5) containing 0.1 pM prim ers as carrier. For reactions, prim ers were added to a  

concentration of l^iM , and PCR buffer to 0.9x; Taq polymerase (Anglian Biolabs) was then  

added (1 .5  un its  for 7 and lO pl reactions). The solution was m ixed by pipetting, and  

overlaid w ith  a drop of paraffin  oÜ to prevent evaporation; after a b rie f centrifugation  

tubes were placed in  the heating block. Typical cycle param eters were 9 6 °, 1.2m in  

(strand separation); 6 0 °, Im in  (prim er annealing); 70®, 5m in (prim er extension). Cyele 

num ber varied from  14-25 depending on the experim ent. A m plifications were followed by 

an additional annealing and extension step to remove single stranded product. F in a l 

reaction products were stored a t 6 ® or -2 0 ®.

2 .9 .3  Analvsis of PCR products

Reactions were generally analysed by electrophoresis and Southern blot 

hybridisation (section 2 .4). Paraffin oil was either removed from  the sam ple before 

electrophoresis by two ether extractions, or samples were directly collected and loaded 

from  under the oil. DNA hybridisations were carried out as described in  section 2 .5 .2 .a .

2 .9 .4  Oligonucleotide am plification using PCR

Synthetic oligonucleotides were used to create repetitive probes. Com plem entary 

overlapping oligonucleotides, containing up to four copies of the repeat of interest, were 

recovered by ethanol precipitation. The oligonucleotides (2pig each) were annealed a t 60®
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for 30m in, and kinascd as described in  section 2 .2 .3 . The annealed phosphorylated  

oligonucleotides were then self-ligated a t 4® overnight to provide a m inim al substrate for 

am plification (2 .2 .8). Am plification was carried out as described above, w ith  extensions 

a t 70® reduced to 2m in. DNA was run  out on low gelling tem perature agarose and a  

fraction o f high m olecular weight product excised for o ligo labelling  (2.5. l.a ).

2 .10  COMPUTING

DNA sequences were analysed on a VAX 8650 m ainfram e com puter using  

program s developed a t the University of W isconsin (Devereux et al., 1984). EM BL and  

GENBANK DNA sequence databases were scanned using the FASTN program m e (Lipm an  

and Pearson, 1985). S tatistical programs were w ritten  by A. J. Jeffreys on a BBC m icro

com puter.

2.11 CONTAINM ENT

AU experim ents described in  this thesis were carried out w ith  reference to the  

Genetic M anipulation Advisory Group guidlines on safety and containm ent conditions. 

H andling of radioisotopes foUowed University rules in  accordance w ith  Governm ent 

guidelines. Regulated procedures on mice were carried out under a personal Ucence (PIL 

4 0 /0 1 3 8 4 ) granted by the Home Office, under the Anim als (Scientific Procedures) Act of 

1986.
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III. M S6-HM  : IDEN TIFIC A TIO N , CLONING AND STRUCTURE

3.1 Introduction

M any m lnisatelUte loci in  the mouse genome cross-hybridise to hum an DNA  

fingerprinting probes 3 3 .6  and 33 .15 . The resulting patterns can be genetically dissected 

using panels o f recom binant inbred (R I) strains to investigate linkage, aUelism and  

germ line stability of the m in lsatellite fragm ents resolved in  these DNA fingerprints. DNA  

fingerprint analysis of the BXD R I strains defined 13 variable loci in  the progenitor 

strains (C 57B L /6J  and D B A /2J ), eight of w hich were found to be dispersed over five 

mouse autosomes (Jeffreys et al., 1987). O f these loci only three were scored in  both  

progenitor strains, and the m ajority were represented by a  single fragm ent present in  

only one progenitor, w hich segregated to approxim ately h a lf o f the B XD  R I strains. In  

contrast to the germ line stab ility  of these m inisatellites, one locus, term ed Ms6-hm, was 

observed to be highly unstable.

3 .2  Identification o f a  highly unstable m inisatellite

A 7kb Hinü  fragm ent detected by probe 33 .6  in  C 57B L /6J  DNA was absent from  

25 different B XD R I strains. Instead, m any of the B XD strains carried DNA fragm ents of 

corresponding intensity w hich varied in  length from  5-13kb . These fragm ents were seen 

in  neither progenitor nor other R I straiin DNAs. I t  was proposed th a t these fragm ents 

defined a highly unstable locus a t w hich new  length alleles had arisen by m utation  

during the breeding o f the BXD R I strains (Jeffreys et al., 1987).

R estriction endonucleases cleaving outside the m in isatellite  were used to 

investigate allelism . Alleles a t one loeus w ill show a  characteristic ’signature’ w hich is 

independent of allele length and determ ined by the location of the target sites for these 

enzymes in  the flanking DNA. The same relative sizes for d ifferent fragm ent lengths were 

observed w ith  endonucleases Hinfl, Alul, and Sau3AI (F ig .3.1). This resu lt strongly 

suggested th at the variable fragm ents detected by probe 33 .6  were derived from  a  single 

hyperm utable m inisatellite locus, term ed Ms6-hm. The large num ber o f alleles a t Ms6- 

hm  in  different DNA fingerprints precluded both the identification of a  D B A /2 J  allele and  

the establishm ent of a stra in  d istribution  pattern  (SDP) across the R I strains.

M ulti-a lle lism  a t Ms6-hm  was also observed am ong C 57B L /6J  mice. W hile most 

Hinfl alleles were in  the size-range 6 -8 kb, two mice w ith  very large ( 16kb) alleles were



Figure 3.1

Identification  of a  highly unstable m inlsatellite in  mouse DNA.

A. C haracteristic ’signature’ patterns of alleles derived from  Ms6-hm  in  inbred  

mouse DNA digested w ith  Hinü  (H), Alul (A), and Sau3AI (S), and detected by hum an  

m inisateUite probe 33 .6  a t low stringeney. Alleles a t Ms6-hm  are indicated by dots. 

Note th a t C 5 7 B L /6 J  B, B XD  2 and BXD 32 each carry two detectable Ms6-hm  

fragm ents and are presum ably heterozygous a t th is loeus. C 57B L /6J  A has a  large 

(16kb Hinfl) a llele a t Ms6-hm.

B. DNA from  C 57B L /6 J  m ice digested w ith Alul (A) and Mbol (M , an  isoschizom er of 

Sau3AI) and hybridised w ith  probe 33 .6  a t low stringency. Alleles a t Ms6-hm  (m arked •) 

appear to be som atically stable in  brain  and kidney DNA from  C 57B L /6J  1. Note th a t 

the double digest produces a  fragm ent sm aller than either single digest, suggesting th a t 

Alul trim s a  Sau3AI fragm ent canying  Ms6-hm  by 50-100bp.
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scored. Furtherm ore, several inbred individuals were found to be heterozygous a t this 

locus (for example, BXD 2 and BXD 32, F ig .3.1), consistent w ith  a  high germline 

m utation  rate a t Ms6-hm. The 7 .5kb  size difference between the two alleles o f B XD 32 

indicates th a t large m utation events ean occur a t Ms6-hm, as these segregating alleles 

m ust have arisen from  one ancestral allele in  a  recent generation. In  order to investigate 

the structure, chrom osomal location, and processes of m utation a t th is hypervariable 

m inisateUite, experim ents were in itiated to clone Ms6-hm.

3 .3  C loning Ms6-hm

A C 57B L /6J  mouse whose DNA fingerprint contained a  7kb Sau3AI aUele of Ms6- 

hm  detected by probe 33 .6  was identified. This cross-hybridising DNA fragm ent was 

purified away from  the rem ainder of the DNA fingerprint by two rounds o f preparative gel 

electrophoresis. 600jig  of liver DNA was digested w ith  SauSAl and split into two aliquots 

for broad size fractionation. DNA fragm ents from  4-9kb  were collected and subjected to a 

second round of tight size fractionation, resulting in  two series of 6  subfractions in  the 4- 

9kb range. These subfraetions were electrophoresed and hybridised w ith  probe 33 .6  to 

identify those w hich contained fragm ents derived from  Ms6-hm  (Fig.3 .2). The degree of 

purification was calculated by estim ating the yield of to ta l DNA in  the positive 

subfractions and com paring positive hybridisation signals to an  unfractionated in p u t of 

known concentration using scanning densitom etry. Pooling the positive fractions, a 

purification of 800x was achieved (yield 30ng DNA).

The enriched fraction was then ligated into annealed B am H I digested XL47.1 

arm s, packaged in vitro, and plated onto E.coli L95 (rec+). The resulting lib rary  of 4500  

plaques was screened by hybridisation w ith  probe 33 .6 . A  7kb fragm ent purified  800x  

can be expected to yield approxim ately 8  positive elones in  a  lib rary  th is size (haploid 

genome genome size o f mouse is 3M kb). 28 positive plaques, o f varying hybridisation  

intensify were picked on the first round of screening. O f these, 19 clones were 

successfully replated on E.coli E D 8910 (recBC). DNA from  these phage was prepared and  

analysed on m ini-gels and by Southern blot hybridisation w ith  probe 33 .6  and total 

mouse genomic DNA (Fig.3.2).

Sau3AI, w hich recognises the sequence GATC, is expected to cleave every 256bp  

in  random  sequence DNA. Thus a lib rary of large Sau3A I-resistant fragm ents would be 

expected to be enriched for non-random  sequences; several o f the recom binant inserts 

isolated from  the lib rary  described here contained sequences w hich are highly repeated 

in the mouse genome (i.e., hybridised strongly to radioactivefy labelled total mouse 

genomic DNA). M any of the phage eontained contained two recom binant inserts.



Figure 3.2

Cloning a Sau3AI fragm ent derived from Ms6-hm.

A. E th id ium  brom ide stained agarose gel of C 57B L /6J  DNA digested w ith  SauSM  (i) 

and aliquots of size-fractionated Sau3AI digested DNA samples isolated by preparative  

gel electrophoresis. (I) is a  broad size-fraction from  4 .5 -7kb , and Ig-Ie are tigh t 

subfractions from  w ith in  th is size-range prepared by a  second round of fractionation.

B. A liquots o f DNA from  two duplicate series o f size-fractions prepared from  Sau3AI 

digested C 57B L /6J  DNA ( la - If  and 2a-2f) and 5pig Sau3AI digested in p u t DNA (i), 

hybridised w ith  probe 33 .6  a t low stringency. Fragm ents derived from  Ms6-hm  

(m arked *) are contained in  subfractions l^ and 2 c.

C. Analysis of recom binant phage DNA digested w ith  Sau3AI (S) and Sau3AI w ith

Alul (SA), and hybridised w ith  hum an m inisatellite probe 33 .6  or to tal mouse genomic 

DNA. Both XM m l and XMm3 contain two inserts; XM m l contains a 6 .2kb  Sau3AI

m inisatellite insert w hich cross-hybridises w ith  probe 33 .6  and is trim m ed to 5 .6kb  by 

A lul, and a  second insert of 6 .5kb  w hich is not trim m ed by A lu l. This fragm ent 

hybridises to total mouse genomic DNA and is therefore highly repeated in  the mouse 

genome. XMm3 contains a  6 .5kb  Sau3AI insert w hich is highly repeated in  the mouse 

genome, and a  second insert of 2kb w hich hybridises strongly to probe 33 .6 . X M m l6  

contains a 5kb Sau3AI insert which hybridises to probe 33 .6  and disappears w ith  A lu l. 

XM m 24 contains a second isolate of the 6 .2kb  m inisateUite fragm ent present in  X M m l.
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presum ably as the result of a  high insert to vector ratio  in  the ligation. Inserts derived 

from  Ms6-hm  were expected to be trim m ed by Alul by less th an  0.1 kb (F ig .3.1). In itia lly  

th is was not observed in  any of the recom binants. Instead m any phage contained a  

6.2kb  SauSM  fragm ent which hybridised w ith  probe 33 ,6  and was trim m ed to 5 .6kb  w ith  

Alul. O n subcloning, th is fragm ent was found to account for 15 of the positive clones. 

AH had stable inserts derived from  a  m inisateUite locus term ed M m -J, w hich is only 

w eakly detected in  the 33 .6  DNA fingerprin t of C 57B L /6J  m ice, and was co-purified w ith  

the Ms6-hm  aUele during fractionation. One isolate o f M m l carried a  second insert 

w hich, on hybridisation, detected the 250bp ladder typical o f the mouse m ajor sateUite in  

Alul digested genomic DNA (Southern, 1975a). DNA fragm ents from  a second 

m inisateU ite locus w hich cross-hybridised to probe 33 .6 , M m l 6, were also co-purified  

w ith  the Ms6-hm  aUele during  fractionation, accounting for 3 o f the positive plaques. 

Mm-J and Mm -16  are described in  C hapter 8 .

A nother class of positive clones had inserts of <7kb w hich hybridised w ith  probe

33 .6 . One clone in  p articu lar, XM m 3, had two Sau3AI inserts, one of 2kb w hich  

hybridised w ith  33 .6 , and a second of 6 .5kb  w hich did not hybridise w ith  the 

m inisateUite probe. Since it is un likely  th at th is 2kb insert could have survived two 

rounds o f size-selection during preparative gel electrophoresis, it m ust therefore have 

coUapsed from  a larger fragm ent during  cloning, the recom binant rem aining viable (large 

enough to be repackaged) due to the presence of the second insert. The 2kb insert of 

XMm3 was subcloned into pUC13 to  generate pM m 3, and hybridised to mouse genomic 

DNA where it detected Ms6-hm  in  th e  m idst of other w eakly cross-hybridising fragm ents 

(F ig.3.4).

3 .4  InstabU itv in  E.coli

Genetic instabUity of exogenous tandem ly repeated DNA sequences in  E.coli has 

been docum ented previouly for clones of Drosophila sateUite DNA (B rutlag et al., 1977), 

mouse rDNA (Arnheim  and Keuhn, 1979), and m inisateUites (Wong et al., 1986). 

Rearrangem ents, predom inantly deletions, occur even in  recom bination deficient strains  

o f E.coli (B rutlag et al., 1977, W ym an et al., 1985).

The deletion event from  7 to 2kb in  XMm3 m ay have occurred during in itia l 

propagation in  rec+ E.coli. On subcloning into pU C 13, and propagation in  E.coli D H 5a  

(recA), the 2kb fragm ent generated a heterogenous set of inserts from  2 to 0 .4kb . This 

was observed on m ini-gels as a  sm ear below the DNA fragm ent carrying the m inisateUite 

(F ig.3.3). Restriction endonuclease analysis of two subclones revealed m ajor Sau3Al 

insert fragm ents o f 1.45kb (pM m 3-I) and 1.35kb (pM m 3-ll) w hich were trim m ed by



Figure 3.3

In stab ility  of M m 3 in  E.coli.

A. XMm3 DNA digested w ith  SauSAl (S) and Alul (A), and hybridised w ith  probe

33 .6  or to tal mouse DNA. XMm3 eontains two distinct inserts, a m inisateUite fragm ent 

and a highly repetitive DNA fragm ent. The m inisateUite fragm ent (m arked by dots) 

appears to be heterogeneous in  length.

B. DNA prepared from  tw o plasm id subclones containing m inisateUite inserts 

derived from  XM m 3 digested w ith  EcoRI (E), HfndlU (H) and Hinfl (Hf), and  

electrophoresed on an  eth id ium  brom ide stained agarose gel. pM m 3-I also contains a  

1.5kb X DNA Sau3A I fragm ent. Note the sm ear below the m inisateUite containing  

fragm ents. M , XH (ndIII/<I>X174H aeIII DNA m arker fragm ents.

C. S trueture of Ms6-hm  and clone M m 3, determ ined by restriction endonuclease 

m apping, iUustrating the loss of repeat un its  on cloning and the derivation of the stable 

subclone p M m 3 -IIi. Tandem  repeated m inisateUite sequence is denoted by an  open 

box, and pUC13 vector sequences by a broken line. S, Sau3AI; E, EcoRI; H f, Hinfl; H , 

H in d lll.

D . D eletion derivatives o f pM m 3-II digested w ith  EcoRI and electrophoresed on an  

eth id ium  brom ide stained agarose gel. V , linearised pU C 13 vector; p M m 3 -lli and - II2 , 

linearised subclones w ith  stable 334bp inserts w hich hybridised only w eakly w ith  probe

33 .6 . pM m 3 - ll3  and - II4 , linearised unstable subclones w hich hybridised interm ediately  

and strongly (respectively) w ith  probe 33 .6 . Note th a t in  these larger derived subclones, 

and in  the orig inal subelone p M m 3-ll, the sm ear below the linearised plasm id stops 

abruptly a t a  size corresponding to the insert o f subclones p M m 3 -lli and - II2 .

E. Subclones pM m 3 - ll4 , - II3 , and - II2  digested w ith  Sau3Al and analysed on an  

agarose gel. The m inisateUite containing insert fragm ents are m arked by dots. These 

fragm ents also contain 120bp o f vector sequences, since one Uanking Sau3Al site was 

lost on recircularisation (see C).
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approxim ately 50bp w ith  AZuI, This suggested th a t the genomic organisation o f the 

flanking  DNA was m aintained and th at rearrangem ents were eonfined to the m inisateUite 

repeat region.

In  F ig .3.3 it  can be seen th a t the sm ear below the m ajor insert fragm ent stops 

abruptly , corresponding to a Sau3Al insert o f 400bp. It  was proposed th a t these smaUest 

insert fragm ents represented flanking DNA w ith  Uttle or no m inisateUite. To test this  

hypothesis, p M m 3-ll DNA was digested w ith  EcoRI to linearise the plasm id, and ru n  on a  

low -gelling tem perature agarose gel. A  second EcoRI site in  the insert resulted in  the  

generation of an  additional 60bp fragm ent. The lowest part o f the sm ear below the  

linearised plasm id was excised, reUgated a t low concentration to recircularise the plasm id  

(w ith  the loss of the 60bp fragm ent), and transform ed in to  E.coli D H 5a, foUowed by 

colony hybridisation w ith  probe 33 .6 . A range o f hybrid isation intensities was observed, 

consistent w ith  heterogeneous insert sizes. DNA was prepared from  representative 

strong, m edium  and weak cross-hybridising colonies. In  F ig .3.3 it  can be seen th a t the  

in tensity o f hybridisation is proportionsd to insert size; two colonies hybridising only 

w eakly to probe 33 .6  harbour plasm ids w ith  m in im al 340bp inserts (p M m 3-lli and 

p M m 3 - l l 2 ) .

The stable insert from  p M m 3 -lli was force-cloned in to  M 1 3 m p l8  and M 1 3 m p l9 . 

DNA sequence analysis revealed a  residual m inisateUite consisting of 19 repeats o f the 

u n it GGGCA. Significantly, th is  sequence is sim ilar to the bacterial recombinogenic 

signal chi (GCTGGTGG, Sm ith, 1983), and a  repeat (CTGG) associated w ith  an  

insertion /deletion  hotspot in  the Zacl gene o f E.coli (Farabaugh et al., 1978). AU 19 

GGGCA repeats present in  the p M m 3 -lli were identical. DNA sequence analysis o f larger 

plasm id inserts from  p M m 3-ll revealed m any m ore perfect GGGCA repeats. This is 

consistent w ith  repeat u n it loss being responsible for the observed size heterogeneity. 

Furtherm ore, the flanking DNA sequence revealed th a t Ms6-hm  is contained w ith in  a  

dispersed repeat of the M T (mouse transcript) famUy (see section 3.8); colinearity w ith  

the consensus M T sequence either side of the m inisateUite provided additional evidence 

th a t the flanking sequences had not rearranged during cloning. CoUapse of the genomic 

aUele in  E.coli therefore appears to be the result of sequential deletions w ith in  the  

m inisateUite, causing the loss of alm ost aU of the approxim ately 1340 repeat un its  

present in  the original aUele.

3 .5  Ms6-hm: variab ility  in  inbred strains

The stable insert from  p M m 3-lli (hereafter M m 3-1) was excised on an  EcoRl- 

H in d lll fragm ent and used as a  hybridisation probe. Under conditions of high stringency



Figure 3.4

V ariab ility  a t Ms6-hm  in  inbred strains

A. Ms6-hm  alleles detected in  C 57B L /6J  and D B A /2J  DNA by hybridisation w ith  

M m 3-1 a t high stringency. Note th a t additional weakly cross-hybridising fragm ents are 

seen even under conditions o f high stringency. Alleles a t Ms6-hm  (m arked •) can be 

identified by the characteristic signature seen in  Hinü  (H), Alul (A), and Saix3AI (S) 

digests. B oth m ice are heterozygous a t Ms6-hm. The D B A /2J  signature is d istinct from  

the C 57B L /6J  signature due to an  additional AZul site (see F ig .3.6).

B.

i. V a riab ility  a t Ms6-hm  in  inbred strains of mice. H igh stringency hybridisation  

of M m 3 -1 to d ifferent inbred stra in  DNAs digested w ith  Hinü  reveals a wide range of 

aUele sizes from  2 .5kb  (AKR) to 16kb (C 57B L /6J  2). Alleles a t Ms6-hm  are m arked (•). 

A second large locus (o) is seen in  SWR mice (see C hapter 7).

ii. V ariab ility  a t Ms6-hm  in  w ild mice. H igh stringency hybrid isation of M m 3-1  

to d ifferent mouse DNAs digested w ith  Alul. The pairs o f w ild m ice were trapped from

' the same local populations. Note th at 4 -5  large DNA fragm ents hybridise strongly to 

M m 3-1 in  DNA from  Japanese w ild mice.

C. V ariab ility  a t Ms6-hm  w ith in  inbred strains; high stringency hybridisation of 

M m 3-1 to 11 D B A /2 J  m ice. Alleles a t Ms6-hm  are m arked (•). M ice 1 and 2 were 

obtained from  the same source, m ice 3 -7  from  a  second source, and m ice 8-11 from  a 

th ird . A t least 6  alleles a t Ms6-hm  are resolved w ith in  a  range of 3 .5 -6kb .
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(O .lx  SSC, 65®) this insert detected Ms6-hm  alm ost exclusively in  mouse genomic DNA, 

confirm ing th at M m 3 was derived from this hyperm utable locus (F ig .3.4). In  addition, 

other w eakly cross-hybridising fragm ents were detected a t high stringency. Alleles at 

Ms6-hm  can be unam biguously distinguished from  these fragm ents by the locus-specific 

signature obtained w ith  H in fl, AZul and Sau3Al (F ig .3.4, see section 3 .2 ). The cross- 

hybridising fragm ents constitute a  DNA fingerprint under conditions o f low  stringency ( Ix  

SSC, 65®), generating a  pattern  d istinct from  th a t seen w ith  either 3 3 .6  or 33 .15  (see 

C hapter 7). This cross-hybridisation is due to the tandem  repeat u n it o f Ms6-hm, rather 

th an  the flanking sequences, since an indistinguishable DNA fingerprint is generated by 

a  synthetie (GGGCA)n probe. Chapter 7 exam ines the genetic and m olecular properties of 

th is novel DNA fingerprint.

A  wide size range o f alleles a t Ms6-hm  across different inbred strains was 

observed (F ig.3.4), from  2 to 16kb (AZul alleles). Each stra in  tends to have a  specific size 

range, indieating th a t the m ajority o f m utation events a t Ms6-hm  involve sm all length  

changes. AKR mice have the sm allest alleles o f the strains investigated (200 -500  repeat 

units), and C 57B L /6J  the largest (>1000 repeat units). In  some m ice additional variable  

fragm ents were detected a t high stringeney, for exam ple the large locus seen in  SWR 

mice, and the strongly hybridising bands present in  Japanese w ild m ice (F ig .3.4). These 

m ay represent independent am plifications of the sequence GGGCA a t d ifferent genomic 

locations and are exam ined in  more detail in  C hapter 7.

There is also m uch variation w ith in  inbred strains a t Ms6-hm, as illustrated  in  

Fig .3 .4 . A t least six different alleles ean be resolved w ith in  the size range 3 .5 -6 k b  among 

11 D B A /2 J  m ice obtained from  three different sources, and 5 of these mice are 

heterozygous a t Ms6-hm. These observations are consistent w ith  a  high rate  of germ line 

m u tation  a t Ms6-hm.

3 .6  Genomic organisation of Ms6-hm

M m 3-1 was used to construct a genomic m ap of nearest neighbour restriction  

endonuclease target sites around the m inisateUite. Em phasis was on a  com parative m ap  

between C 57B L /6J  and D B A /2J  strains in  order to detect polym orphism s in  the flanking  

DNA. These would be used as stable genetic m arkers to obtain an  SDP across the BXD  

recom binant inbred strains in  order to m ap Ms6-hm  in  the mouse genome, and also to 

investigate the m echanism  of m utation a t Ms6-hm. Furtherm ore, a  detailed m ap would 

facilita te  the isolation of a  larger DNA fragm ent derived from  this locus.

Exam ples o f gels used to construct such a m ap are shown in  Figs.3 .5  and 3 .6 . A 

C 57B L /6 J  mouse w ith  a  sm all Ms6-hm  aUele was chosen to faciUtate accurate m apping.



Figure 3.5

A genomic restriction m ap around Ms6-hm

A. Two exam ples of gels used to generate a  genomic restriction m ap of nearest 

neighbour endonuclease target sites around Ms6-hm  in  C 57B L /6J  and D B A /2J  DNA  

using probe M m 3-1 . The C 57B L /6J  mouse has three alleles a t Ms6-hm  o f 15, 12.5 and  

8 kb (w ith  ffln d lll, see Chapter 6 ); the D B A /2J  mouse is heterozygous for two Ms6-hm  

alleles of approxim ately 8 kb (w ith  H fnd lll). Fragm ents derived from  a second locus 

cross-hybridising to M m 3-1, w hich is common to both strains, are m arked (•). H , 

H fnd lll; E , EcoRI; B, Bam HI; P, Pstl.

B. M ap of nearest neighbour restriction endonuclease sites around Ms6-hm  in  

C 57B L /6 J  and D B A /2 J  DNA. This m ap is based on gels such as those h i A and Fig

3 .6 . Tandem  repeated m inisateUite sequence is denoted by an  open box.

(i). 6 bp target site endonucleases, illu stratin g  a 2kb polym orphism  5' to the  

m inisateUite, detected w ith  Stal (S), and Puull (P) by M m 3-1, and w ith  EcoRI (E) by a  

B am Hl-EcoRI flanking  probe (see text). P, Pstl; B, Bam HI; H , H fndlll; N, Ncol; Sm, Smal; 

EV, EcoRVl.

(ii). 4bp target site endonueleases; H f, Hinfl; S, Sau3Al; A, AZul; H p, H p a ll. Note 

the additional AZul site present 3 ’ to the m inisateUite in  the D B A /2J  aUele.

(hi). R estriction endonuclease m ap of a cross-hybridising m inisateUite locus 

(m arked (•) in  A). A polym orphic EcoRV site is indicated below the line.
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As restriction endonucleases w ith  6 bp recognition sites cut less frequently in  DNA than  

those w ith  4bp target sites, m inisatellites w ill be isolated on fragm ents containing more 

flanking DNA; th is complicates m apping by bringing strongly cross-hybridising loci, 

w hich are norm ally isolated on fragm ents too sm all to be resolved, up in to  the size range 

of Ms6-hm  alleles. One cross-hybridising locus in  particu lar, shared by C 57B L /6J  and  

D B A /2 J  strains, was mapped from  these gels, and an  EcoRV recognition site 

polym orphism  was even detected a t th is locus. The com pound restriction m ap around  

Ms6-hm  (and th is cross-hybridising locus) is illustrated  in  F ig .3 .5 .

Two polym orphism s linked to Ms6-hm  were revealed :

a. A polym orphic Alul site which was present in  D B A /2J  m ice and absent from  

C 57B L /6J  mice. The resulting RFLP was used to m ap Ms6-hm  in  the B XD  R I series 

(Chapter 4). The additional site lies close to the relative 3 ’ end of the m inisateUite; 

D B A /2 J  Ms6-hm  aUeles therefore have a d ifferent Hinfl, A lul, SauSAl signature to  

C 57B L /6J  aUeles (F ig.3.4). Signatures of DNA from  other inbred mouse strains revealed 

th a t the polym orphic Alul site was also present in  SWR Ms6-hm  aUeles, and absent from  

C 3H  and B A LB /c aUeles.

b. An insertion / deletion event 2-3kb  5 ’ to the m inisateUite. This was detected as 

a m ulti-enzym e polym orphism  by Stul and Puull, and la ter by EcoRI (using a  flanking  

probe, see section 3 .7). An insertion of approxim ately 2kb was seen in  C 57B L /6J  DNA. 

This insertion was sheired by A mice, and absent from  aU other strains investigated.

The m éthylation patterns of aUeUc sites on homologous chromosomes has been 

shown to vary in  an  aUele-specific fashion in  d ifferent tissues using sequences adjacent 

to m inisateUite loci in  m an (Sflva and W hite, 1988). The m éthylation status of a H p a ll 

site a t the 5 ’ boundary of Ms6-hm  was investigated in  C 57B L /6J  and C 57B L /6J  x  

D B A /2 J  F i mice. A lthough no difference was observed between m aternal and paternal 

homologues, the site appeared to be partiaUy m ethylated in  both aUeles (F ig .3.6). This  

was observed for DNA from  different individual anim als, and aUeles a t Ms6-hm  appeared  

to be overm ethylated in  brain  DNA by com parison w ith  Uver and kidney DNA. It  is 

unclear w hether th is represents any significant in vivo difference.

3 .7  Isolation of additional sequence flanking Ms6-hm

As clone pM m 3 contains only 300bp of DNA sequence flanking the m inisateUite, 

experim ents were in itiated  to isolate a clone carrying more flanking DNA. This would  

aUow further elucidation of the prim ary structure of the locus and provide a  m inisateUite- 

free hybridisation probe for Ms6-hm. However two specific problem s were anticipated. 

Any size fraction of DNA from a  6 bp target endonuclease digestion (which would be
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n& cessary to carry more flanking DNA) would be rich  in  cross-hybridising m in isatellite  

DNA fragm ents. Screening a lib rary of such inserts w ith  a  probe (M m 3-1) containing a  

mouse dispersed repetitive elem ent and a sim ple tandem  repeat sequence (which is likely  

to be present in  low copy num ber a t m any loci) would be expected to yield  a high num ber 

o f false positive clones. By selecting recom binants positive w ith  both M m 3-1 and 33 .6  

the num ber of false positives should be reduced. Secondly, if  the recom binant insert 

collapsed, the phage would be too sm all to package and therefore unable to re-in fect 

E.coli cells, and under-represented or absent from  the lib rary.

These points were borne out when a  XL47.1 lib rary  constructed from  a  tigh t size 

fraction  around a  15kb B am HI allele of Ms6-hm  (also digested w ith  StuI to fu rther 

increase purification, see Fig .3.5) was screened w ith  M m 3-1. Anatysis o f 12 strong 

positive clones from  a lib ra iy  o f 25 ,000  plaques showed th a t none o f these cross

hybridised w ith  probe 33 .6  a t low stringency. 4 clones were fu rth er investigated, 3 of 

w hich were aU from  the same locus, B IO  (described in  C hapter 8 ), w hich contains only 4 

perfect GGGCA repeats.

An alternative approach was to use a  cosmid vector. One advantage o f cosmid 

cloning is th a t the recom binant phage is only packaged in vitro (before any possible 

collapse) and subsequently replicates inside the cell as a  plasm id, where insert collapse 

is irrelevant. The charom id series of cosmid vectors (Saito and S tark, 1986) have the  

additionad advantage o f enhancing selection for a  particu lar size fraction. Charom id 9 -36  

(capable of accepting inserts o f lO -lS kb ) was therefore digested w ith  B am H I and ligated 

to a  highly purified  DNA fraction containing a  15kb B am H I allele o f Ms6-hm  from  a  

C 5 7 B L /6 J  m ouse. A fter packaging, E.coli N M 554 (which is an  mar- s tra in  and perm its 

th e  replication o f highly m ethylated exogenous DNA) was infected w ith  the recom binant 

charom ids, yielding a  lib rary of 30 ,000  colonies.

5 clones which hybridised strongly to M m 3-1 were picked, and a ll 5 hybridised to  

some extent w ith  probe 33 .6 . One of these (CB4) was fu rth er characterised by restriction  

endonuclease m apping and Southern blot hybrid isation w ith  probe M m 3-1 and to ta l 

mouse genomic DNA to build  up the m ap illustrated in  F ig .3 .7 . Inserts derived from  Ms6- 

hm  were expected to be trim m ed by 1.2kb w ith  EcoRI (see F ig .3.5). CB4 had a 4.4kb  

B am H I insert w hich was cleaved to generate two fragm ents o f 3 .2  and 1.2kb by EcoRI, 

and the expected H in fl, Alul, and Sau3AI signature was observed. As th is fragm ent was 

derived from  a  15kb size fraction it had therefore collapsed on cloning; furtherm ore, DNA  

isolated from  CB4 was actually heterogeneous for two sim ilarly sized inserts. These data  

strongly suggested th a t CB4 was derived from  Ms6-hm. This was confirm ed by 

am plification of the CB4 insert by the polymerase chain reaction using prim ers based on 

the sequence of pM m 3 (Fig.3.7). It  is interesting to note th at CB4 did not collapse w ith
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the finality  o f pM m 3. Possible reasons for this include the additional flanking DNA which  

m ay partia lly  stabilize the insert in  E.coli, the d ifferent host strain , or the different vector.

The cloning of CB4 allowed the developm ent of a  m inisatellite-free flanking  

hybridisation probe for Ms6-hm. A 1.2kb B am HI to EcoRI fragm ent 5’ to the m in isatellite  

was isolated. This was used to confirm  the genomic organisation o f Ms6-hm  (F ig.3.7). 

The expected fragm ents were observed w ith  B am H I and H in d lll; a background sm ear is 

explained by the presence of a  dispersed repetitive sequence in  the probe (as discussed in  

section 3 .8). A 5.4kb  EcoRI fragm ent (from the EcoRI site im m ediately flanking  the 

m inisatellite to the next 5 ’ EcoRI site) was detected. This was cleaved to a  1.2kb fragm ent 

w ith  B am H I. However, an anom alous 2kb fragm ent was also detected in  the 

B am H I/E coR I double digest (F ig.3.7). This is un likely  to be a  p artia l digestion product as 

previous hybridisation of th is b lot w ith  another probe (from  BIO)  showed no evidence of 

p artia l digest products. W hether sequences other than  the dispersed repeat on the 1.2kb  

Bam HI-EcoRI fragm ent are present a t another site in  the genome is unclear. There is no 

evidence for additional cross-hybridising DNA fragm ents in  either B am H I or EcoRI single 

digests.

The flanking probe was also used to confirm  the stra in  d istribution  o f the 5 ’ 

flanking polym orphism , as previous analysis of large Puull and Stul fragm ents would not 

accurately reveal sm all differences in  allele length between strains. H ybridisation o f th is  

probe to genomic DNA digested w ith  the endonuclease EcoRI revealed either a  5 .4kb  

(C 57B L /6J) or 3 .4kb  (other strains) fragm ent (F ig .3.7). Since three different restriction  

endonucleases detect the same 2 kb size difference, the polym orphism  cannot be due to 

sim ple point m utation, bu t is likely instead to be due to a  2 kb insertion / deletion event 

between 2 and 3 .4kb  5 ’ to Ms6-hm.

3 .8  Prim ary structure of Ms6-hm

Using the restriction endonuclease m ap described above, fragm ents from  CB4 

were force-cloned into M 13 vectors for DNA sequencing, to generate the series of 

subclones illustrated  in  F ig .3.7. The results from  these tem plates, and data  from  the 

orig inal Saix3AI clone, are presented in  F ig .3.8. The entire flanking sequence from  the 5 ’ 

B am H I site to the 3 ’ Pstl site (2.6kb) was determ ined (only 19 m inisatellite repeat un its  

are included in  F ig .3.8). Two sections of the Pstl to 3 ’ B am H I 1.2kb fra g 'm ent were 

sequenced, covering an (A)-rich region and a sequence highly repeated in  the mouse 

genome (see F ig .3.8 and below). M ost of th is sequence was determ ined on one strand  

only, w ith  10-50bp overlaps between neighbouring clones.

A lthough the entire m inisatellite array of CB4 was not sequenced, no variation



Figure 3.8

Prim ary structure o f Ms6-hm

A. S tructure of CB4. The position of m inisatellite, dispersed repetitive, and polytA) 

sequences w ith in  the clone are indicated. The arrows above the three M T elem ents 

indicate the direction of the strand sim ilar to the consensus sequence of Bastien and  

Bourgaux, (1987). B, Bam H I; H , H in d lll; E, EcoRI; P, Pstl.

B. The DNA sequence o f Ms6-hm  as determ ined from  the CB4 and M m 3 M 13 sub

clones illustrated  in  F ig .3 .7 . O nly 19 GGGCA repeats (underlined by arrows) are  

included in  the sequence, starting a t n t 1432 (only 19 repeats rem ain in  the stable 

subclone p M m 3 -IIi). The approxim ate positions of the M T elem ents in  the sequence are 

M T-1, 1300-1775; M T -2, 780 -1295  (reverse and complement); M T-3, 2000 -2393  

(reverse and com plem ent); regions showing s im ilarity  to the consensus M T sequence of 

B astien and B ourgaux (1987) are underlined.

The (A )-rich region starts a t approxim ately position 2880, and the B2 repeat 

starts 200bp from  the 3’ end of CB4 (see text). A gap of about 200bp is indicated (...), 

starting a t n t 3208; note th a t DNA sequence 3 ’ to th is gap is num bered from  the 3 ’ 

B am H I site.

As the CB4 M 13 subclones were constructed by a  force-cloning strategy it is 

possible th a t sites selected for cloning m ay be clustered in  the original sequence. This  

does not apply to the EcoRI and Ncol sites used, as these sites were sequenced on other 

clones (see F ig .3.7). The H in d lll site 5 ’ to the m inisatellite could be a  eluster of sites, 

'however exam ination of an  extention gel o f subclone 4 suggests th a t th is is a single site. 

Thus only the Pstl site 3 ’ to the m inisatellite could be a  cluster of sites.
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701 CTCCCrrrCC TAQGGAAAGC TATCTGACAT GCCTTCCCTG ATACACAGTC CCTTTATCTA AACTCTCTGG TTCTGTGAAT TPTACi'lT fG G  'IT C f l ATOCT 

801 TCATOyrCfT ATGTCATTTT GACACAAGCC TCAATTAAGA AATGCCTCCA TAOGATCOGC TGTAGTCAGT CCATTGTCAC GTATTf TCTT ATTtAOTAAT 

901 TGTAGCCCCC TACAAOGTCA IT IG IG 'TOOG TGGTGCATCC CTGGCCATAT GGTCCTGGGT TCTATAAGAA AGCAGACTGA ACAAGOOIG OOGAOCAAOC 

1001 CA0IAA3CAG CACTCTOCAT GOCTTCTATA TCAGCTCCTG CCTCCAOGTT TCTGCCCTGC TTGAGTTCCT CCCTGACTTC TTTGATAATG AACAOTGAIA 

1101 TOGAAGTGTA AGCOGAATTT TAAAAAAATC TAACCATTGC ATACACATTT TCTACATTPG CCAATGCTTT AGITCAAAAC ACTAACTGGC AGATCCCAAA 

1201 TGCTCAGTIA CACTTGCAAA CTTCTACAGA TAGAGAAGTT TAGCTIGCCT OSAATTCTTC CAAATGATGA CACTGATGTA AACCMACTA TA1QQCIM£.

1301 TOTTTTAGTT AGAGTTTCTA GTTGCTGTGA CCAACACCAT GACCAAAAAG CAAGTTGOGG A0GAAA3GAT TTATTTGACT TACACTTCCA lATAACTBTT 

1401 CATCATCAAA AGAAATCAOG ACAGAAACCC OOOOGCAGGG CNKGCAOOG CAGOGCAOOG CAOOGCAGGG CAOOGCAOOG OtfSGGCAOGG CAOOGOWZK 

1501 CAGGGCAOGG CAOGGCAGGG CMX3GCAOOG CTGATOIAOC GTCACTGAOG AGTCCTGCTT CCIACTTTGC TTCOCAITOOG TGGATCAGCC IG C T lT C m  

1601 TACATCCCAA AACCAGGGAT ACCACCOCCT ACAATGGCCT GGACCTTCCT CCATTGATCG CTCATTGAGA AAATGCOTA GAACTGACTC TCATAGAOX 

1701 A IT IC C IC A A CTGAOCCTCC TTCCICTCTG ATGACTCTAG C m TG TC AA GATGACAIAA AATCAACCAG PCACTCAOC 1ACCTGGGAT TOTTOTAACT 

1801 GTTGCCAXAT TG’rg tA T m  TTTTTTTCAA AGAAAGAACT AGAACATATT AGAATTGAAG GGGAGAAOGG AAGCTGOTCA AACCTOTITC TCTIATACAA 

1901 TAAAAACTOT TM3GTATCTG GTAATAGACC ATATTAATOT CTACATTOT ATTEAATXAC TAAAXATATT XAAGTTCAAG AAATIAAGAG AAQCACAOIT 

2001 CTCTGTGTGA GTAACTAGGA ATGAOGGATT GTGTCTCATC AAGAOGAAAG AGTAATGTOC TGTCAAATGG TGTATIAATT TCCATTAGOT AGAAGTTGAT 

2101 CATTGACCNG AA0GAW400G TTGTTAGTGT TTTTGICAAT TGAGACACCT GGGAGAGCAA CTCAÏTAAOG ATIOCTCAGC TGCCIATGGA AOONOOOG 

2201 CATGMjCCAG GAAGTGAGCA GCTCTTCTGA AAATCTTCTG AAATTICfGC TTCTGTCATT CCIGCTIGGG Tl'i'C'IGCTCT CACTICOCIC AOCAATGAAC 

2301 TATGACCTGA AGTGTGAGTC GATAAGCCCT CCCTCTCCTA AOCTGTrïTG GTCATGATOT TTACCACAOC AACAGAAAOC AAACAAOGAC AAATAC ÏT IC  

2401 TTCAACTACT AAAAAAATCA ACAGAOOGAT GATGCTAAGA GEATCTGCAC AAQGAGATTT OOGTGITITG AACATOCGIT ACAAOICAGG CTTICACAAC 

2501 AAGAGAACTG AGATIAOGTG GAAACTTTGA ATTGGAACAA GAAACATAAA AXATGCTGIT GGAGACCAGG GCCAXAGCTT ACCAOCTAGA AAGATCCTGA 

2601 TAOGTATACA OGCCAATATG GACAGAATAC AACCASGTTG TATTCTGIAT TCTAAAQGCT AGGTXATXAC CIGACAAAAT TGrOTATTIT GTOOCAAGAA 

2701 GACCAATTCT ATCTTCTCAC TGO«3GTTC TACACTIATG TAATAACXAC TTAGCTTGCA GAATGTGOGA GTCAAGEAAC TTCCAGTATC CCTTCTOCAA 

2801 GTAAGTAAGT GACTAGtAAC AATCAOGTTT TCTAATAGOG TCTCAAOGAG AAAACAAACA CTCTAATAOG OOGTGQCAAG OCAGAACAAC AACAAGAAGA 

2901 AGAAGAOGMS TAGGAQGCAG AAAGAAAAAA CAGACAAACA ACAAAAACAA AACAAAACAA AAAGCCCTCA GAACAXAGAG AOGIAAGAAC CTCAAAATCT 

3001 GCTTTAGACT CAAGGGCACT TACTGACCAC AOCAATAATG CTCTCTTCTC TCCTCTTCTT TCCCOOTQGA AAAGAAgGCT CTPCTACATT TTTTTIGIQG 

3101 GCTAGCAACT CATCATATCT TOTACCCTAA ATAGATTCCA GTTATCTGIT AACTAATGTC ATTrGGTTGC TOCXAATACT TAGCATTACT TACAGAGAOC 

3201 AOCAATTG . . .

. . .  AGACCTTCTT CTCTCTGTAT TAATTCCTGC TOTGACAATG AATGTCCIAA AAXACATTTA AGAOCATOTA AATICATTGT TCTGGAGCIC 451 

ACAOGTACAA AAAATAGATC TTACTGOOGC TGGTGAGATG OCTCAGTGOT AAGAOCACOG ACTGCTCTTC TGAAQGICOG GAGOICAAIC CCAGCAACAC 351 

ATOGTQGCTC ACAACCATCC GtAATOMAT CTGACTCCCT CITCTGGMTr GICTGAAGAC AGCTACAGTG TACTTACATA AAA33KAAXAA AOUUOAAAT 251 

AAATAAATAA ATCTGGTTTG TTTAAAATAA AAAAAAAAAT AGATCTTACT TTGCTGCAAA TCOCTGCATA GACAOCACAC ATTCCTTTIG GAGACICTOG 151 

GAATAGTXAT T m T A T A T T  TEAGAGICTA TACATGCTCT TCTOICOOCC CCACCCCACC TTTCCIACAT TTTAAAACCT AOCTATATTG GGCTAAATCT 51 

GCTPCATATT ATTCTCTCTG ATIGTCTTCC TGTCCCAOGT CTAAGGA30C
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was observed from  the 5bp repeat u n it GGGCA in  over 60 repeat u n its  sequenced (from  

subclone 2). GGGCA forms the central part o f the core sequence com mon to m any 

hypervariable hum an m inisatellite loci (GGAGGTGGGCAGGARG, Jeffreys et al., 1985), 

The 36bp repeat u n it o f probe 33 .6  (essentially composed of 3 core-like subunits) 

contains 3 copies of the perm utation AGGGC (underlined below), accounting for the  

cross-hybridisation between the two loci a t low stringency :

33 .6  AGGAAGGGCTGGAGGAGGGCTGGAGGAGGGCTCCGG

GGGCA resembles the repeat un its of a  num ber o f other tandem ly repeated loci, 

presum ably due to the independent expansion o f s im ilar sequences. O f note among 

these is a GGCA repeat found at the Ep hotspot in  the mouse m ajor histocom patibility  

complex (Kobori et al., 1986).

The EM BL and Genbank DNA sequence data bases were searched for entries 

related to sequences flanking Ms6-hm. This search revealed th a t there are three 

dispersed repetitive elem ents of the M T (mouse transcript) fam ily associated w ith  Ms6-hm  

(M T-1, M T-2, and M T-3). M T elem ents are 400bp long rodent-specific dispersed repetitive 

sequences which are represented 40 -90 ,00 0  tim es in  the mouse genome (H einlein  et al., 

1986; Bastien and Bourgaux, 1987). The central elem ent (M T-1, from  n t 1301-1775, 

Fig .3.8) shows approxim ately 75%  sim ilarity to the consensus M T sequence of Bastien  

and Bourgaux (1987) throughout its length, and of the three elem ents associated w ith  

Ms6-hm  is most sim ilar to the consensus. The m inisatellite lies w ith in  M T-1, starting  

135bp into the consensus sequence; at th is point in  the consensus there are two copies 

o f the m inisatellite repeat u n it (GCAGG) separated by 7bp. Beyond the m in isatellite M T- 

1 continues from  the second GCAGG repeat. This suggests th a t Ms6-hm  has expanded 

from  w ith in  M T -1.

The flanking M T elements, M T-2 and M T-3, are orientated in  the opposite 

direction to M T-1. M T-2 (the 5 ’ M T elem ent, from  approxim ately n t 770 -120 0 ) shows 

about 60%  sim ilarity  to the consensus sequence (F ig .3.9). This sim ilarity  increases to 

70%  if  the firs t 55bp are discounted, a stretch of T 7A4  preceding the s tart of strong 

sim ilarity. The 3 ’ elem ent (M T-3, from approxim ately n t 2000-2395) shows m uch less 

sim ilarity  to the consenus. However this is unam biguously an M T elem ent; w ith in  the 

firs t 135bp the sim ilarity is about 70% . A fter 135bp there is a  lO bp direct repeat 

(TTTCAGAAGA) beyond which there is no detectable sim ilarity  to the M T consensus 

sequence; this is precisely the point a t w hich the m inisatellite has expanded from  w ith in  

M T -1. Further evidence that th is represents a  particu larly  labile region w ith in  M T  

sequences is addressed in  the Discussion. Pairwise com parison of each M T sequence 

associated w ith  Ms6-hm  to the others did not reveal any sim ilarity  greater than  65%  over
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the entire best fit consensus regions. A ll three are identical a t 2 0 /3 Ib p  between n t 76  

and 105 of the consensus sequence (65% ). These data are illustrated  in  F ig .3.9.

Bastien and Bourgaux (1987) suggest th at M T elem ents have the structural 

features of retroposons. They found 8 -lO bp  direct repeats w ith  1-3 m ism atches flanking  

three genomic M T elements a t a variable distance 5 ’ (0-5bp) and 3 ’ (9-35bp) to the 

elem ent. O f the M T sequences associated w ith  Ms6-hm, only for M T -1 can short direct 

repeats (dr) be found. The sequence TAACTGTT overlaps w ith  the firs t four bp o f M T-1, 

and is found perfectly repeated 20bp 3' to the elem ent. The significance o f th is  is unclear 

because the integration mechanism  proposed for retroposons requires th a t the dr be of 

target site sequence only (see Rogers, 1985). None o f the three elem ents a t th is locus 

have an obvious poly(A) 3 ’ sequence typical o f retroposons. These features are in  

contrast to the long direct repeats and polytA) sequences associated w ith  other 

retroposon sequences in  the mouse genome.

A B2 dispersed repetitive elem ent was found 212bp from  the 3 ’ B am H I site of 

CB4, and shows 94%  identity to the consensus sequence o f Krayev et al. (1982) 

(Fig.3.10). The B2 elem ent is flanked by 1 Ib p  perfect d irect repeats, and the 3 ’ dr is 

preceded by an  1 Ib p  polytA) ta il. The 3' AT rich  block w hich precedes the poly(A) tad  is 

extended, and contains 8  tandem  copies of the u n it (AAAT). Thus two adjacent dispersed 

repetitive sequences contain an  am plified sim ple repeat.

O ther sequences of interest w ith in  CB4 include an  (A )-rich region starting  

approxim ately 200bp 3 ’ to the Pstl site. About 17 repeats of variations on (AGc(A)n) are 

found. The sequence (T )i2  is found 40bp 3 ’ to M T-1; as discussed above such sequences 

((A)n) m ay be associated w ith  the 3 ’ end of retroposons. In  fact an  8 bp sequence 

preceding th is is repeated 850n t fu rther 3 ’. The significance, if  any, o f this, and of 

several other oligonucleotide direct repeats w ith in  CB4, is unclear. Two short sequence 

elem ents (AAATGCTCA and GATGTAAA) separated by 70bp lie between M T-1 and M T-2  

(Fig.3.10); these are of interest because they are found a  sim ilar distance ap art adjacent 

to another mouse m inisatellite w ith  the repeat sequence GGGCT w hich was detected by 

cross-hybridisation to the term inal repeats of the Herpes Sim plex V iru s  (Gom ez-M arquez 

et a i., 1985). Again, the significance of this observation is questionable.

3 .9  Sum m ary

The unstable mouse m inisateUite Ms6-hm  was identified as a  highly variable locus 

w ith in  the 33 .6  DNA fingerprint of C 57B L /6J  mice. On cloning, M s6 -hm  was found to 

show extensive size variation between inbred strains of mice, and m ultia lle lism  and  

heterozygosity w ith in  inbred strains, consistent w ith  a high germ line m utation rate.



Figure 3 .10

DNA sequence of the B2 dispersed repetitive elem ent w ith in  CB4

DNA sequence of the B2 elem ent from CB4 (top line), com pared to the B2 

consensus sequence of Krayev et al., 1982. The sequences are aligned w ith  gaps (-) to  

m axim ise sim ilarity; nucleotides w hich differ from  the consensus are in  bold type. The 

3' direct repeat starts 200bp from  the 3 ’ end of CB4 (see F ig .3 .8 , note th a t the 

num bering in  th is  figure is different to F ig .3.8). The 1 Ib p  direct repeats are a t n t 7 -17  

and n t 236 -2 4 6  (underlined), and the 3' direct repeat is preceded by an  1 Ib p  poly(dA) 

ta il. There is a  6 bp overlap between the poly (dA) ta il and the direct repeat, which, if  

included, increases the dr to 17bp. Note th a t the sequence AAAT is repeated 8  tim es a t 

the 3 ’ end o f the elem ent.
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Alleles derived from this locus were also unstable in  both rec^ and rec~ strains of

E.coli, resulting in  the deletion of most of the GGGCA m inisatellite repeat u n its . DNA  

sequence analysis revealed th a t the m in isatellite has evolved by am plification from  w ith in  

a m em ber o f the M T fam ily of dispersed repetitive elem ents. Furtherm ore, the  

m in isatellite  is flanked by two additional diverged M T elem ents, and a  B2 elem ent is 

found in  the 3 ’ flanking sequences. This clustering o f m obile repetitive elem ents, 

com bined w ith  the hypervariability of the m inisatellite, suggests th a t Ms6-hm  lies in  a  

highly unstable region of the mouse genome.
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IV . CHROMOSOMAL LOCALISATION OF MS6-HM

4.1 Introduction

The developm ent o f a  specific DNA hybridisation probe for Ms6-hm  allows the  

allocation o f th is locus to a  mouse linkage group. A variety of techniques are used to 

m ap loci in  the mouse genome, from  classical linkage analysis, using intraspecific and 

interspecific backcrosses, and recom binant inbred strains, through screening mouse- 

chinese ham ster som atic cell hybrids containing whole or p artia l mouse chromosomes 

(Franke et al., 1977), to physical localisation by hybridisation to m etaphase 

chromosomes (Evans, 1987). The approaches used in  th is  study were linkage analysis 

using the BXD R I strains, and direct breeding to confirm  the localisation.

4 .2  BXD recom binant inbred strain  analysis

Under high stringency hybridisation conditions (O .lx  SSC, 6 5 °) M m 3-1 detected a  

wide range of allele lengths aeross the BXD R I strains (Fig.4 .1 ). On closer analysis the R I 

strains fa ll into two classes on the basis of edlele length; th is  bim odal allele d istribution  

centres on both C 57B L /6J  and D B A /2J  progenitor allele sizes. This is consistent w ith  

the strain-specific allele size ranges observed in  Chapter 3. O n the basis o f th is bim odal 

size d istribution a  provisional SDP was derived for Ms6-hm : a ll strains w ith  alleles of 

more than 1000 repeat un its were proposed to be inherited  from  the C 57B L /6J  

progenitor strain , and those w ith  sm aller alleles from  the D B A /2J  progenitor strain  

(F ig .4.1).

The polym orphic Alul site 3 ’ to the m in isatellite (see Chapter 3) was used to 

identify the progenitor allele for w hich each BXD R I stra in  was fixed. The R I DNAs were 

typed w ith  endonucleases A /uI and Sau3AI (F ig .4.1). Alul alleles w hich are trim m ed by 

Sau3AI are derived from  the C 57B L /6J  progenitor, whereas the opposite is true of 

D B A /2 J  derived alleles. The resulting Alul polym orphism -based SDP m atched the 

provisional size-based SDP w ith  one exception (BXD 31). This result suggests th a t most 

length changes a t Ms6-hm  which accum ulate during the breeding of the BXD  R I strains  

are sm all, such th a t alleles a t this locus in  a particu lar R I s tra in  are contained w ith in  a  

size range defined by the progenitor allele for which th a t s tra in  is fixed. Furtherm ore, 

th is suggests th at the strain-specific allele size ranges noted am ong d ifferent inbred  

strains are not defined by the different genetic backgrounds o f each stra in  (which are



Figure 4.1

Identification of Ms6-hm  alleles in  BXD recom binant inbred strains

A. B XD  R I and progenitor strain  DNAs digested w ith  Alul and hybridised w ith  

probe M m 3-1 a t high stringency. There is a wide range of allele sizes (from  3-15kb) 

across the B XD  R I strains; th is d istribution  is bim odal, the larger alleles (>5.5kb) 

centering on the C 57B L /6J  (B) progenitor allele size, and the sm aller alleles (<5.0kb) 

centering on the D B A /2 J  (D) progenitor allele size. Note th at the D B A /2 J  progenitors, 

and B XD  R I strains 2 and 28, are hetero^gous a t this locus, and th a t B XD  16 is 

mosaic for cells canying  a  som atic m utan t allele a t Ms6-hm  (see C hapter 6 ).

B. Ms6-hm  allele sizes scored across the BXD R I strains. The num ber o f repeat 

u n its  per allele (N) is related to Alul DNA fragm ent length (Lbp) by N = (L -4 0 0 )/5  for 

C 57B L /6J  alleles, and by N = (L -2 0 0 )/5  for D B A /2J  alleles. The allele sizes are 

grouped in  20 repeat u n it intervals. Note the bim odal d istribution o f allele size, 

centering on the allele size of each progenitor strain  (B and D).

C. DNA from  parental and selected BXD R I strains digested w ith  A lu l (A) and  

Sau3AI (S) and hybridised w ith  M m 3-1. The additional Alul site flanking Ms6-hm  in  

D B A /2J  mice provides a  polym orphic m arker which gives a strain  d istrib u tion  pattern  

across the R I strains for th is locus. The larger alleles (such as B XD  8 ) show the  

C 57B L /6J  pattern , and the sm aller alleles (such as BXD 25) show the D B A /2 J  pattern . 

BXD 16 is a  som atic mosaic a t Ms6-hm  (putative non-parental allele m arked •).
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heterogeneous among the RI strains), but rather by selection for a  common allele length  

imposed by the process of inbreeding.

It  is interesting to note the w ider range of allele size among C 57B L /6J  derived 

alleles. W hile D B A /2J  alleles vary w ith in  a  500 repeat u n it range, C 57B L /6J  alleles vary  

from  1000-2500 repeat un its (and alleles o f 3000 repeat un its  have been observed 

(F ig .3.1)). This spread may be due to either more frequent length changes, or m utation  

events involving larger length changes, w ith in  C 57B L /6J  alleles. E ith er or both o f these 

possibilities could be explained by the larger num ber of repeat un its  in  C 57B L /6J , 

relative to D B A /2J , alleles. The im plications o f a  relationship between the m utation  

process a t Ms6-hm  and allele length wUl be discussed in  the concluding chapter.

4 .3  S tra in  d istribution pattern  o f Ms6-hm

Analysis of the SDP of Ms6-hm, based on the polym orphic Alul site, showed 

significant linkage between Ms6-hm  and Ifa, the m urine in terferon-a gene cluster 

(Nadeau et al., 1986) (2 /2 6  recom binants. Fig.4.2). Ifa  m aps d istal to the brown coat 

colour gene (b), in terstitia lly  on mouse chromosome 4 (De M aeyer and Dandoy, 1987), 

and 5 /2 6  R I strains are recom binant between Ms6-hm  and fa. Two m inisateUite loci, 

Ms 15-1 and M s6-2, m ap distal to these loci on chromosome 4 (Jeffreys et al., 1987); 7 /2 5  

RI strains are recom binant between Ms6-hm  and Ms 15-1, and 1 2 /2 4  are recom binant 

between Ms6-hm  and Ms 6-2.

Taylor (1978) has shown how SDP data can be quantitated for linkage analysis. 

The probabfiity, R, th a t an R I strain  w ifi carry a  non-parental com bination o f aUeles a t 

two loci can be expressed as a function o f the recom bination frequency, r, in  a  single 

meiosis. For brother-sister matings:

R =  4 r /( l+ 6 r )

(Haldane and W addington, 1931). Thus r, w hich is also the m ap distance between the  

two loci in  centiM organs, can be estim ated from  R, the ratio  of recom binant strains  

relative to the to tal num ber of strains :

r  = R /(4 -6R )

for R lying in  the range 0 < R < 0 .5 . Values of r, and associated confidence lim its  (Silver, 

1985), can then be estim ated for each pair o f loci, to construct the linkage m ap  

iUustrated in  Fig. 4 .2 . The order cen - fa - Ifa  - Ms6-hm - Ms 15-1 m inim ises the num ber of 

double crossovers in  the RI strains.



Figure 4.2

S train  d istribution pattern  and linkage analysis of Ms6-hm

A. SDP across 26 BXD R I strains obtained for Ms6-hm  from  an Alul site flanking  

the m inisateUite w hich is polym orphic between C 57B L /6J  and D B A /2J  progenitor 

strains. An SDP is also obtained from  the bim odal d istribution  of allele sizes across the  

RIs (expressed in  100 repeat units). Large aUeles (>1000 repeat un its  (underlined)) 

center on the C 57B L /6J  progenitor aUele size, and smaUer aUeles (<1000 repeat units) 

on the D B A /2 J  progenitor aUele size. These two SDPs m atch in  aU b u t one strain , BXD  

31.

B. Com parison of the Alul polym orphism -based SDP for MS6-hm  and the SDPs of 

linked loci. C om puter analysis revealed two recom binant strains out o f 26 w ith  Ifa  

(Nadeau et al., 1986). Ms6-hm  and Ifa  Ue between b (Taylor and Shen, 1977) and M s l5 -  

1 (Jeffreys et al., 1987) on chromosome 4.

C. Linkage m ap around Ms6-hm  on chromosome 4. M ap distances in cM  were 

calculated from  B XD R I data according to standard m ethods (Taylor, 1978). The 95%  

confidence lim its  were taken  from  a  pubUshed table (SUver, 1985). The order is in  

agreem ent w ith  the minimad num ber o f cross-overs in  the R I strains.
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4 ,4  Linkage of Ms6-hm  to b and Ms 15-1

The placem ent of Ms6-hm  on mouse chromosome 4 was confirm ed by direct 

progeny analysis of C 57B L /6J  x D B A /2J  F2 mice, from  crosses designed prim arily  for 

m utational analysis (see Chapter 5), F% mice, heterozygous for C 57B L /6J  and D B A /2J  

Ms6-hm  alleles, were crossed w ith  F^ heterozygotes canying  a  d ifferent p a ir o f Ms6-hm  

alleles, such th at a ll four alleles a t th is locus could be distinguished in  the progeny. F2 

m ice were also scored for coat colour and typed w ith  m inisateUite probe 33 .15 .

DBA m ice are homozygous for dUute, brown, and non-agouti aUeles a t the d, fa, 

and a  loci respectively (Little and Tfyzzer, 1915). C 57B L /6J  m ice are also non-agouti, bu t 

are w ild-type a t the d and b loci. Thus whereas aU F% m ice are black (genotype + /d  + /b ), 

aUeles a t these two loci assort independently in  the F i germ line to generate four different 

coat colour phenotypes among the F 2 progeny. These are non-dUute black, dUute black  

(grey), non-dUute brown, and dUute brown (original DBA colour), and wiU be found in  the  

ratio  9:3:3:1. Both brown and dUute brown mice are homozygous b /b  and can be scored 

for the co-inheritance of D B A /2  J aUeles a t Ms6-hm  and Ms J 5-1 .

Sim Uarly aU F% mice are heterozygous for the C 57B L/6J-specific  linked haplotype 

a t Ms 15-1 (see Chapter 8). One quarter of F2  m ice wiU in h erit two D B A /2J  aUeles a t th is  

locus, and thus the C 57B L/6J-specific haplotype wiU be absent from  th eir DNA  

fingerprint. Such mice can be scored for the inheritance of two D B A /2J  alleles a t Ms6- 

hm, and two b aUeles a t the brown locus. D ue to the com plexity of the 33 .15  DNA  

fingerprint it was found d ifficu lt to ascertain w hether F2 mice canying  the C 57B L /6J - 

specific haplotype were heterozygous or homozygous, so for these data  only homozygous 

negative m ice were scored.

Exam ples of two famUies, and data for 18 such famiUes, can be seen in  F ig .4.3. 

Between 5 and 16 offspring were typed for each F i x  F i cross. The m ap distance in  

centiM organs between a  pair of m arkers, r, m ay be calculated from  the num ber of 

recom binant gametes over the to tal num ber of gametes scored :

r = n /2 N

where n  is the num ber of F2 mice which are recom binant for these m arkers among the  

inform ative F2 m ice scored (N). For b and Ms 15-1, only Fg mice homozygous for b and  

M sJ5-JD respectively were inform ative. Two estim ates o f r for each pair of m arkers can  

be calculated; for exam ple the genetic distance between b and Ms6-hm  can be estim ated  

either from  the num ber of b /b  mice which have not inherited both D B A /2J  aUeles a t 

Ms6-hm, or from  the num ber of mice w ith  two D B A /2J  alleles a t Ms6-hm  w hich are not 

b /b  (however in  th is case mice w ith  two recom binant chromosomes wUl not be detected, 

resulting in  an  underestim ate of n when r  is large). From  these data Ms6-hm  maps 1.3-



Figure 4.3

Segregation of alleles a t Ms6-hm, b, and M sl5-1  in  C 57B L /6J  x D B A /2  J pedigrees

A. Two C 57B L /6J  x  D B A /2J  F 2 fam ilies (A5 and A6), showing coat colour and ta il 

DNA digested w ith  HlnU  and hybridised w ith  either probe M m 3-1 a t high stringency, or 

probe 33 .15  a t low stringency. F 2  mice 48, 49, 50, 55 and 60 have a ll inherited  two 

D B A /2J  derived alleles a t Ms6-hm  (alleles C and D). These mice also have a  brown coat 

colour (i.e ., are b /b ), and are homozygous for the D B A /2  J allele a t Ms 15-1 (i.e ., lack the  

C 57B L/  6J-specific linked haplofype a t th is locus). F 2  mouse 57 is brown yet has not 

inherited two D B A /2J  alleles a t either Ms6-hm  or Ms 15-1; th is mouse is therefore 

recom binant between b and the two m inisatellites. Note th a t F2  mouse 52 has 

inherited a  new length m u tan t allele from  F i mouse 62 (see Chapter 5). B, black; G, 

grey; b , brown; f, faw n (DBA). A, A’, and B, C 57B L /6J  derived alleles a t Ms6-hm; C and  

D , D B A /2J  derived alleles a t Ms6-hm  (see Chapter 5).

B. Sum m ary of linkage data for Ms6-hm, b, and M sl5-1  from  C 57B L /6J  x  D B A /2J  

pedigree analysis, showing the num ber of F 2 mice homozygous for two D B A /2J  alleles  

a t each locus w hich were also scored a t the other two loci. For exam ple, 44 brown m ice 

(bb) were scored a t Ms6-hm, 42 of which were homozygous for D B A /2J  alleles a t both  

loci (i.e ., parental), and 2 of w hich were recom binant. Two estim ates of the m ap  

distance (r) in  cM  m ay be calculated for each pedr of m arkers (see text). These m ap  

distances are in  agreem ent w ith  those calculated from  the BXD R I stra in  d istribution  

patterns, and w ith  the m ap illustrated  in  F ig .4.2. bb, homozygous brown; CD, two 

D B A /2J  alleles a t Ms6-hm; 15^150, homozygous for the D B A /2J  allele a t M s !5-1.
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2,3cM  from b and 8 .1-9 .1cM  fom M sl5-1 , and M sl5-1  maps 10.5-13.0cM  from b. These 

distances are consistent w ith  the map produced using the BXD R I data (see Fig.4.2), and 

unequivocally confirm  the assignment of Ms6-hm  close to Ifa  on chromosome 4. W hile Ifa  

is syntenic w ith hum an chromosome 9p (Nadeau et al., 1986), both the origin of Ms6-hm  

w ithin a rodent-specific dispersed repetitive element, and the rapid evolution of allele 

length at Ms6-hm, make it im probable th at an orthologous minisateUite locus exists in  

m an (see Chapter 7).

4.5 Application of a highly inform ative m arker on chromosome 4

The construction of detaUed genetic linkage maps is criticaUy dependent on the 

availabiUty of inform ative DNA m arkers (Botstein et al., 1980). The discovery of highly 

polymorphic DNA m arkers in  m an (W yman and W hite, 1980, Goodboum et al., 1983, 

Jeffreys et al., 1985a) has greatly faciUtated both the construction of Unkage maps of 

whole hum an chromomsomes (Donis-Keller et al., 1987) and the localisation of disease 

loci segregating in  affected pedigrees (for example, Reeders et al., 1985, see Introduction). 

SimUarly, hypervariable m inisateUite loci in  mice provide valuable m arkers for linkage 

analysis.

The diabetes locus (db), one of two com plementary loci w hich cause heritable 

obesity in  mice (Coleman and Hum m el, 1967, 1969), maps close to Ifa  on mouse 

chromosome 4. The homozygous db  phenotype is thought to reflect the loss o f a  receptor 

for a circulating appetite suppressor. By a com bination of genetical and m olecular 

approaches it is hoped to isolate the db gene and characterise the biochem ical basis for 

this m utation (for example, see Friedm an et al., 1989).

Two mouse stocks in  which db and m isty (m, a recessive coat colour d ilution  

gene, which maps proxim al to db on chromosome 4 (Wooley, 1945)) are segregating in  

repulsion were analysed to investigate whether the m inisateUite loci Ms6-hm  or Ms 15-1 

were cosegregating w ith these m arkers. The stocks differ in  regard to the strain  

background (C 57B L/6J and C 57B L/K sJ). C arrier mice are bred to propagate both 

recessive aUeles, ensuring a predictable supply of sterile d b /d b  mice. Occasionally a 

crossover in  the db-m  interval disturbs this m ating system such th at one or other 

homozygous offspring is not produced. In  these cases the mice are further bred to test 

whether there has been a crossover, and if  so, which mouse carries the recom binant 

genotype. Characterisation of these recom binant genotypes wUl help form ally define the 

linkage map interval between the two m arkers. As the db and m m utations arose on 

different backgrounds (C 57B L/K sJ and DBA respectively) these loci should be flanked by 

strain-specific polymorphisms which continue to segregate in  these stocks. It was hoped



Figure 4.4

M apping the db locus

A. DNA from  two mouse stocks in  w hich db and m are segregating in  repulsion, 

either digested w ith  H in fl and hybridised w ith  probe 33 .15 , or digested w ith  Alul (A) and  

Sau3AI (S) and hybridised w ith  M m 3-1. The two m inisateUite loci do not appear to be 

segregating w ith  db or m in  either stock. Note th at C 57B L/K sJ m ice have a  D B A /2 J - 

fype signature a t Ms6-hm.

B. Linkage maps o f the region of chromosome 4 around db  and Ms6-hm.

(i) This m ap is adapted from  th a t of Davisson and Roderick (1989), and is based 

on data from  classical genetic crosses and recom binant inbred strains; recom bination  

distances are given as distance in  cM from  the centromere.

(Ü) This m ap is based on genetic crosses w ith  db m ice using a  variety of 

polym orphic m arkers in  th is region, ineluding Ms6-hm  (J.Friedm an, personal 

com m unication).
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that e ither Ms6-hm  or Ms 15-1 m ight detect such a polym orphism , and could then be 

used to screen recom binants, and help define the position of db.

The db and m genotypes in  both stocks carried the C57BL haplotype a t Ms 15-1 

(Fig.4.4). S im ilarly, Ms6-hm  was not segregating for the A lul polym orphism  w ith in  either 

stock; however w hile both C 57B L /6J  genotypes lacked the polym orphic A lul site linked  

to Ms6-hm, th is site was present in  the C 57B L/K sJ genotypes. M ice from  the 

C 57B L/K sJ stocks also had large and highly variable alleles a t Ms6-hm  (9 -20kb , F ig .4.4). 

These results suggested th at neither locus would be inform ative for fu rth er analysis of 

the db-m  recom binants.

In  another study Ms6-hm  has proved a  useful m arker in  orientating the search for 

db relative to Ifa  and other loci in  th is region, including c-Jun and Mup-1 (F ig .4.4). The 

results of linkage analysis using a  Mus spretus x  C 57 B L /6 J  interspecific backcross place 

db  5cM  d istal to Ms6-hm, and Ms6-hm  Ic M  proxim al to Ifa , in  contrast to the order 

consistent w ith  the m inim um  num ber of double crossovers relative to b in  the B XD  RIs 

(J.Friedm an, personal com m unication). Thus w hile Ms6-hm  and Ifa  are tightly  linked, 

the orientation of these two loci relative to the centrom ere is unclear.

4 .6  Sum m ary

Linkage analysis has localised Ms6-hm  near the brown coat colour gene (b) on 

chromosome 4, where the m inisateUite locus in  tu rn  provides a  h ighly polym orphic 

m arker for fu rther Unkage studies. The hypervariabiUty of Ms6-hm  m akes th is  one of the 

m ost inform ative DNA m arkers in  the mouse genome. However, the instabUity of th is  

locus in  the B XD R Is suggests th a t Ms6-hm  m ay be too unstable for linkage analysis in  

extended pedigrees. The congruence of the aUele size-based and linked polym orphism - 

based SDPs for Ms6-hm  across the BXD RIs suggests th a t m ost length changes a t th is  

locus are smaU. Correspondingly, the high degree of in tras tra in  variation  a t th is  locus 

tends to be contained w ith in  a  strain-specific size range.
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V. GERMLINE M UTATION AT MS6-HM

5.1 In troduction

The spontaneous m utation rate to new -length alleles a t the m ost variab le hum an  

m inisateUite loci is sufficiently high to be directly m easurable in  hum an pedigrees 

(Jeffreys et al., 1988a). Such m utation events, w hich m ay involve processes o f unequal 

exchange or strand sUppage, are responsible for m aintain ing variabiUty a t m inisateUite 

loci (see Introduction). The m echanism s involved in  aUele length change m ay be 

indirectly studied by analysing the rate a t w hich non-parental aUeles arise a t such 

extrem ely unstable loci, and by com paring new -length and progenitor parental aUeles. 

This chapter describes the characteristics of germ line m utation events a t Ms6-hm, and  

directly assesses the association between such events and unequal m eiotic exchange.

5.2  Ind irect estim ation of m utation rate from  heterozygositv levels in  inbred strains

U nder the random  d rift hypothesis, heterozygosity in  the num ber of repeat un its  

a t a tandem ly repeated array w ith in  a population is determ ined by both the m utation  

rate to new -length aUeles a t th a t locus and the effective size of the population. This  

hypothesis assumes that the length of the tandem  array is under no selective 

constraints. The level of heterozygosity a t Ms6-hm  w ith in  an  inbred strain  therefore 

provides an  ind irect estim ate of the m utation rate  a t th is  locus. Heterozygosity (H) and  

m utation rate (pi) for neu tra l aUeles are related by the equation

H = 4N epi/(l + 4NeH),

where Ng is the effective population size (K im ura and Crow, 1964). Ng is related to the 

rate of inbreeding AF such th at Ng = 1/2A F (see Falconer, 1960). For fuU-sib m ating the 

rate of inbreeding settles down to a constant value of 0.191 after four generations, giving 

a value for Ng o f 2 .6 . Thus w ith in  an inbred mouse stra in  the m utation rate m ay be 

estim ated from  the equation

H = H / 10.4(1 - H).

M any suppliers m ay propagate inbred mouse strains by m ating stud males w ith  

seveal fem ales, under the assum ption th at the mice are already com pletely inbred. This 

departure from  fuU-sib m ating elevates the effective population size o f the inbred strain; 

recom binant inbred strains, however, are bred under a  regim en of strict brother-sister 

m ating, and m ay be used to estim ate heterozygosity. O f 26 mice exam ined in  the BXD RI
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series (see Chapter 4), 5 individuals, each from  one strain , are heterozygous a t Ms6-hm  

(H  = 0 .19 ). This gives a germ line m utation rate to new length alleles a t Ms6-hm  o f 0 .023  

per gamete. This rate is com parable to th a t estim ated from  the BXH R I series (see 

C hapter 7) where 3 individuals from  12 strains tested were heterozygous, giving pi =

0 .0 3 2  per gamete.

5 .3  G erm line m utation in  mouse pedigrees

The germ line m utation rate a t Ms6-hm  has been directly m easured by scoring for 

new -length alleles in  mouse pedigrees. A six-generation C 57B L /6J  pedigree was bred by 

successive rounds of strict brother-sister m ating (G .B ulfield, Edinburgh) and liver DNA  

scored for germ line m utation a t M s6-hm . 8 new -length m utations were observed among 

71 inform ative m ice (i.e., m o ther/fa ther/o ffsp rin g  trios). In  the fourth  generation  

(F ig .5.1) tw o m utation events, involving changes o f approxim ately 2 and 1.75kb (or 400  

and 350 repeat units) generated heterozygotes 61 and 63 respectively. These new  

m utan t alleles were stably transm itted to the next generation, confirm ing th at the  

germ line of these m ice also carries the m utant allele, to produce several m ice w hich  

departed com pletely from  the original allele size. In  F ig .5.1 it can be seen th a t another 

m utation  event caused an additional increase of approxim ately 150 repeat un its in  

mouse 72.

In  order to fu rther investigate m utation events a t Ms6-hm  a  large num ber of 

C 5 7 B L /6 J  and D B A /2 J  F j and F 2 mice were scored for new-length alleles a t th is  locus. 

These strains were chosen for several reasons; the fine structure of M s6-hm  had been 

analysed in  detail in  these two strains (see C hapter 3), both strains have d istinct yet 

easily scorable allele size ranges, and these strains can y  genetic m arkers m aking such a  

cross useful for linkage analysis (Chapter 4). In  addition, there is an  advantage to 

scoring F2 m ice in  th a t the hybrid vigour o f the Fp fem ales m akes them  particu larly  

suited to produce large num bers of offspring. By scoring ta il DNA for new -length alleles 

it  is possible to design the structure of the pedigree to study the subsequent inheritance  

o f m u tan t alleles.

C 57B L /6J  and D B A /2J  ’founder’ m ice were obtained from  several different 

sources in  order to find mice of each strain  which were homozygous for d ifferent alleles. 

The allele size ranges of these m ice were consistent w ith  those observed in  the B XD RI 

analysis (C hapter 4). C 57B L /6J  mice w ith  alleles AA’ and BB were crossed w ith  D B A /2J  

m ice w ith  alleles CC and D D  respectively (see F ig.5.2). Thus two sets o f Fp heterozygotes 

were obtained carrying alleles A and C or B and D . Fp heterozygotes were then crossed 

w ith  Fp m ice carrying a different pair o f alleles such th a t a ll four alleles a t Ms6-hm  could



Figure 5.1

New-length m utation a t Ms6-hm  in  mouse pedigrees

A. Ms6-hm  alleles in  a  six-generation C 57B L /6J  pedigree. Mice were bred by 

successive rounds of brother-sister m ating. Liver DNA was digested w ith  Hinü  and  

hybridised w ith  M m 3-1 a t high stringency. DNA from  the original fem ale was 

unavailable. M ice 61 and 63 have new-length m utant alleles at Ms6-hm  (•) absent from  

either m aternal (50) or paternal (53) DNAs. These alleles are transm itted to the next 

generation, one subsequently m utating further in  mouse 72 (o). As th is mouse has 

inherited  a  norm al m aternal allele, the m utant allele is of paternal origin.

B. G erm line m utation  a t Ms6-hm  in  C 57B L /6J  x D B A /2J  pedigrees.

i. Breeding strategy. C 57B L /6J  mice w ith  alleles AA’ (w hich differ by 

approxim ately 50 repeat units) and BB were m ated w ith  D B A /2J  mice w ith  alleles CC 

and D D  respectively, to generate two sets of F \ heterozygotes, carrying alleles A and C 

or B and D . F i AC heterozygotes were then crossed w ith  F i BD heterozygotes to enable 

a ll four alleles a t Ms6-hm  to be distinguished among the progeny. 25 F2 fam ilies were 

analysed. Approxim ate allele length in  repeat units is given; the num ber o f 5bp repeat 

u n its  per allele is related to the Hinü  DNA fragm ent length (L bp) by N = (L - 1 0 7 0 )/5 .

h. Ms6-hm  alleles in  a three-generation pedigree. TaU DNA was digested w ith  

Hinü  and hybridised w ith  M m 3-1 a t high stringency. F2 mouse 52 has a new -length  

 ̂allele (•) not seen in  parental DNAs (44 and 62). In  th is mouse the non-m utant allele is 

inherited  from  the m other and the m utant allele is therefore of paternal origin. The 

presum ed m utation event is a sm all (0.3kb) length change from  the larger paternal 

allele in  the father’s germ line. M M  (8) and FF (2), m other’s m other and father’s father, 

C 57B L /6J; M F (21) and FM  (11), m other’s father and father’s mother, D B A /2J; M  (44), 

m other, and F (62), father, F% hybrid mice; 48-54 , F2 hybrid mice.
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be distinguished among the progeny. In  such fu lly  inform ative pedigrees the origin of 

any m u tan t allele in  an F2 mouse could be clearly determ ined. 76 F i and 221 F 2  mice 

were scored in  th is way, yielding a total of 11 germ line m uations.

An exam ple of such a  fam ily is illustrated  in  F ig .5.1. F2  mouse 72 has a  new- 

length m utation  a t Ms6-hm  th at is paternal in  origin, as the no n-m utant allele in  th is  

mouse comes from  the m other. If  the progenitor allele in  th is case is assum ed to be the 

larger paternal allele (closest in  size to the m utant), then the m utation event involves the 

loss of about 300bp (60 repeat units). Each m utant allele has been characterised in  th is  

way to generate inform ation on the rate and other features o f spontaneous germ line 

m utation a t Ms6-hm.

5 .4  G erm line m utation rate

A to ta l o f 19 new m utant alleles a t Ms6-hm  have been observed in  373  

m o th er/fa th er/o ffsp rin g  trios (Fig.5.3), giving a  germ line m utation  rate of 0 .0 2 5  per 

gamete (95%  confidence lim its 0 .017 -0 .037 ). This rate is in  agreem ent w ith  the indirect 

estim ate based on heterozygosity levels in  inbred strains and is s im ilar to th a t o f the  

m ost unstable hum an m inisatellite loci so far described (Jeffreys et al., 1988a). As 

m utation events involving very sm all length changes (p articu larly  a t large edleles) w ill not 

be resolved due to the short repeat u n it of Ms6-hm, the observed germ line m utation  rate 

is likely to underestim ate the true m utation rate.

The progenitor parental allele could be accurately determ ined only w hen the 

parent transm itting  the m utant allele was homozygous a t Ms6-hm. A lternatively, if  this  

parent was heterozgous a t Ms6-hm, the m utant allele was assumed to be derived from  

the closest parental allele. This assum ption was previously m ade for m u tan t alleles 

derived from  heterozygous parents a t the hum an m in isatellite locus XMSJ (Jeffreys et at., 

1988a); m arkers flanking this m inisatellite were found in  the parental com binations 

predicted on the basis of the closest parental allele in  1 1 /1 1  new -length alleles 

(A. Jeffreys, Leicester, personal com m unication). In  the case of C 57B L /6J  x  D B A /2 J  F 2 

m ice w ith  non-parental alleles a t Ms6-hm  the m utant allele was shown by the signature  

test to in h erit the flanking Alul polym orphism  of the predicted progenitor allele. 

However, if  a process of unequal meiotic recom bination is responsible for germ line 

m utation  events a t Ms6-hm  neither parental allele can be described as the sole progenitor 

o f a  m utant allele.

The 19 m utan t alleles are described in  Table 5.1 and F ig .5 .2 . M utation  events a t 

Ms6-hm  involve either gain or loss of repeat units, each w ith  approxim ately equal 

frequency (11 and 8, respectively). The m ajority of m utation events a t Ms6-hm  involve



Table 5.1

Sum m ary of germ line m utation data a t Ms6-hm

Table sum m arising the data from  nineteen mice carrying germ line m utant 

alleles a t Ms6-hm, showing the sex of each mouse (m, m ale; f, fem ale), and the direction  

and size of each m utation event. The progenitor parental allele could be accurately  

determ ined only w hen the parent transm itting  the m utant allele was homozygous a t 

Ms6-hm  (see text). In  cases where th is parent is heterozygous, the parental allele  

closest in  size to the m utan t allele (which is m ost likely to be the progenitor allele) is 

indicated by an  asterisk. For F 2 mice 8, 52 and 126 th is  assignm ent has been shown to  

be correct using flanking polym orphism s (see text).

The parental origin of the progenitor allele could not be determ ined in  cases 

where the parents were both either homozygous (for exam ple, C 57B L /6J  16) or 

heterozygous (for exam ple, F2 8) for indistinguishable alleles. The parents of F2 m ice 8 

and 17 both carried the same sets of alleles (B and D , see F ig .5.1). For the relationship  

between the num ber of repeat un its per allele and the Hinfl DNA fragm ent length see 

the legend to F ig .5 .1 . F i, C 57B L /6J  x  D B A /2J  F i; F 2 . C 57B L /6J  x  D B A /2J  F2 ; P. 

paternal; -, could not be determ ined.



Germline mutation at Ms6-h jn

No. repeat units 
Mouse Sex in progenitor Repeat unit %

allele (origin) change change

C57BL/6J 16 m 1240 (-) + 100 8.1
32 f 1240 (-) - 20 1.6
36 f 1240 (-) + 30 2.4
46 m 1240 (-) + 20 1.6
49 f 1240 (-) + 100 8.1
61 f 1240 (-) + 400 32 .2
63 m 1240 (-) + 350 28.2
72 m * 1590 (P) + 150 9.4

1240 (P) + 500 40.3

Fl 36 m « 1640 (P) + 110 6.7
1590 (P) + 160 10.0

50 m 690 (P) - 80 11.7
55 f * 1640 (P) + 350 21.3

1590 (P) + 400 25.2
63 m * 1590 (P) - 100 6.3

1640 (P) - 150 9 .2

72 m 690 (P) - 20 2.9
218 f 690 (P) + 20 2.9

F2 8 f 1240 (-) 250 20.2
690 (-) + 300 43.5

17 m 690 (-) + 10 1.4
1240 (-) - 540 43.5

52 f 1640 (P) - 60 3.6
750 (P) + 830 110.7

126 m 1240 (P) - 250 20.2
690 (P) + 300 43.5

242 _ 1240 (P) - 570 46.0
* 750 (P) - 80 10.7
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sm all length changes (<200 repeat units); the m ean change in  allele repeat copy num ber 

is 10%. However, large length changes can also occur a t Ms6-hm, as inbred individuals 

heterozygous for very different sized alleles are found (for exam ple, BXD 32, F ig .3.1). 

These characteristics are consistent w ith those of germ line m utation events observed a t 

hum an m inisatellite loci (Jeffreys et al., 1988a), and w ith  the hypothesis th at random  

genetic d rift accounts for the size distribution of m in isatellite  alleles. Six of these mice 

were m ated, and in  aU cases the non-parental allele was stably transm itted to the next 

generation.

M utations a t Ms6-hm  arise sporadically, w ith  no significant clustering in  fam ilies; 

the 19 m utant alleles were distributed over 15 out of 35 fam ilies. This is the expected 

num ber for a random  distribution of m utant offspring; the m ean incidence of m utant 

offspring per fam ily is 1 9 /3 5  or 0.543, and the chance th at a  fam ily would have no 

m utant offspring is given by the Poisson d istribution as e-0 543 or 0 .58 . Thus the num ber 

of fam ilies out of 35 w ith no m utant offspring is 35x0 .58 , or 20 .3  (assum ing th a t a ll 

fam ilies are o f equal size). Furtherm ore, there were no common non-parental alleles 

among the m utant offspring in  the four fam ilies w hich had two m u tan t offspring, 

indicating th at there is no significant level of germ line m osaicism  for m utant alleles at 

Ms6-hm.

There is no clear association between parental allele size and the rate  or num ber 

of repeat un its gained or lost in  germline m utation events a t Ms6-hm  (F ig .5.3). However a 

wider range of length changes is observed among large alleles (>1000 repeat units). 

Fewer m utant alleles have been scored which are derived from  sm all alleles (<1000 repeat 

units, 4 /1 9 ), and therefore it is not possible to say w hether large length changes never 

occur for sm all alleles, or rather have ju s t not been observed in  th is study. Alleles 

greater than  1000 repeat units are C 57B L /6J derived, and those less than  1000 repeat 

units are D B A /2J  derived (above, and Chapter 4). Therefore the observation th a t large 

length changes appear to be confined to large alleles m ay be explained by a  strain  

difference between C 57B L /6J  and D B A /2J alleles, rather than  sim ply on the basis of 

parental allele size. The observation that less m utant alleles are scored among D B A /2J  

alleles than C 57B L /6J  alleles is not significant (0.5>p>0.25) because a  larger num ber of 

C 57B L /6J  alleles were scored for m utation.

It  is not possible to determ ine the parental origin of a ll 19 m utant alleles (for 

exam ple, both parents of the m utant offspring m ay be share alleles a t Ms6-hm). However 

in  every case in  which the parental origin of the m utant allele could be determ ined (10  

out of 19 cases), the new-length allele was paternal in  origin (the probability o f th is  

occuring by chance is 1/2^ , or 0.002). This contrasts w ith  the observation th a t the



Figure 5.2

Characteristics of germ line m utation events a t Ms6-hm

A. Diagram s sum m arising the num ber of repeat un its gained and lost, and the  

percentage change in  allele length, during 19 germ line m utation events a t MsG-hm. The 

progenitor allele is taken to be the closest parental allele (m arked by an  asterisk in  

Table 5 .1) in  cases where the parent transm itting  the m u tan t allele is heterozygous. 

The m ean change in  allele repeat copy num ber is 10%.

B. Size d istribution  o f parental Ms6-hm  alleles sampled for m utation in  C 57B L /6J  

and C 57B L /6J  x  D B A /2J  pedigrees. For the relationship between the num ber o f repeat 

un its  per allele and the H in fl DNA fragm ent length see the legend to F ig .5 .1 . The size 

distribution  is given in  125bp intervals, though each size in terval contains m ultip le  

resolvable alleles.

C. Relationship between the num ber o f repeat un its gained or lost in  m u tan t MsG- 

hm  alleles and the num ber of repeat un its in  the parental allele. As in  A, the closest 

parental allele (m arked by an  asterisk in  Table 5 .1) is taken to be the progenitor allele in  

cases where the parent transm itting the m utant allele is heterozygous. * , m u tan t allele  

w ith  gain of repeats; t, m utant allele w ith  loss of repeats. The dotted line represents the  

approxim ate resolution lim it of the gel; any m utations below this line are not resolvable 

from  the parental allele.
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m utation rate a t hum an m inisatellite loci is indistinguishable in  sperm and oocytes 

(Jeffreys et al., 1988a).

5 .5  M utation  processes a t Ms6-hm

The mechanism s responsible for m utation a t m in isatellite  loci rem ain unknow n. 

Two processes w hich are likely to be involved are unequal exchange (either between 

homologues or sister chrom atids) and strand slippage (see Introduction). By analysing  

parental and new -length m utant alleles a t Ms6-hm  it  is possible to test predictions 

associated w ith  different models of m inisatellite m utation.

One model suggests that new-length alleles are generated by unequal exchange 

between homologous chromosomes a t meiosis or m itosis. This predicts th a t m arkers  

flanking the m inisatellite w ill be recom binant following the m utation event. W olff et al. 

(1988) exam ined one m utant allele a t a hum an m in isatellite  w hich differed by a  single 

repeat u n it from  the parental allele, and showed by DNA sequence analysis th a t flanking  

m arkers were not exchanged. Subsequently W olff et al. (1989) characterised 12 new- 

length alleles a t the hypervariable hum an m inisatellite XM Sl, and found th a t m utation  

events were not obviously associated w ith the exchange o f m arkers 6 .8  and 3.9cM  either 

side of the m inisatellite. The two polym orphisms between C 57B L /6J  and D B A /2J  mice 

im m ediately flanking Ms6-hm  (see Chapter 3), provide the opportunity of investigating  

w hether flanking m arkers are exchanged during m utation events a t th is highly unstable  

locus.

New -length alleles scored in  C 57B L /6J  x  D B A /2J  F2 mice have presum ably 

arisen in  the germ line of F i m ice, where C 57B L /6J  and D B A /2J  chromosomes pair 

during meiosis. Thus it is possible to investigate w hether the F2  m utan t alleles are 

parental or recom binant for the flanking polym orphism s between C 57B L /6J  and D B A /2J  

alleles. Using the restriction endonucleases PvuU, Pvull and EcoRl, Hinfl, A lul, and  

Saii3A l, three F2 m utant alleles have been shown to be parental for the 5 ’ 

insertion /deletion  event and the + /-  Alul polym orphism  (F2  m ice 126, 52 (Fig.5,4), and 

8). A ll three m utant alleles are derived from C 57B L /6J  parental alleles. This result rules  

out in ter-a lle lic  unequal exchange at meiosis or m itosis associated w ith  the exchange of 

flanking m arkers, as a  possible model for a ll m utation events a t Ms6-hm. Furtherm ore, 

these results indicate th at no more than 63%  of m utation events a t Ms6-hm  could be 

associated wdth unequal exchange of flanking m arkers (p>0.95).



Figure 5.3

Flanking m arkers and new -length m utant alleles a t Ms6-hm

A. DNA from  three C 57B L /6J  x  D B A /2J  F 2 mice digested w ith  Puull (P), PuuII and 

EcoRI (PE), H in fl (H ), Alul (A) and Sau3AI (S), and hybridised w ith  M m 3-1 a t high  

stringency. F 2 mouse 125 has two C 57B L /6J derived parental alleles a t Ms6-hm  

(m arked •); F2  m ice 126 and 52 each have one new-length m utant allele (m arked  o) and  

one D B A /2 J  derived parental allele (•) at Ms6-hm. Compare the PuuII and Puull/EcoR l 

digests, and the H infl, Alul, and Sau3A  signature of the different alleles.

B. R estriction m aps o f four Ms6-hm  alleles from  the blot illustrated  in  A (compare 

w ith  the m ap in  F ig .3.5). Tandem  repeated m inisatellite sequence is denoted by an  

open box. The C 57B L /6J  allele (B) is the lower allele of mouse 125, and the D B A /2J  

allele (D) is the lower allele o f mouse 126. Note th at the new-length alleles in  m ice 126 

(M l 26) and 52  (M 5 2 ) are non-recom binant for both the 5 ’ insertion /deletion  event and  

the 3 ’ polym orphic A lu l site, and th a t both m utant alleles are C 57B L /6J  derived.
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5 .6  Sum m ary

M ultiallelism  and heterozygosity at Ms6-hm  w ith in  inbred strains of m ice resu lt 

from  a  high germ line m utation rate to new-length alleles (2.5%  per gamete). M utation  

events a t Ms6-hm  are sporadic, and show no substantial bias towards allele expansion or 

contraction, although larger alleles may be associated w ith  larger size changes. 

M utatio n  events a t Ms6-hm  preferentially occur in  the m ale germ line, w hich m ay reflect 

the large num ber o f cell divisions during spermatogenesis com pared w ith  oogenesis. This  

suggests th a t m itotic events m ay be involved in  the generation o f new -length alleles a t 

Ms6-hm. Furtherm ore, m utation  events a t th is locus are not accom panied by the  

exchange of flanking m arkers in  three m utant alleles analysed.
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V I. SOMATIC M UTATION AT MS6-HM

6.1 Introduction

Hypervariable m inisatelüte loci detected by probes 33 .6  and 33 .15  in  hum an DNA  

appear to be som atically stable (Jeffreys et al., 1985b). In  addition, a ll new -length allele  

m utations observed a t five o f the most unstable hum an m inisateUite loci in  344 offspring 

are thought to be germ line in  origin (Jeffreys et at., 1988a). In  common w ith  germ line 

m utation events a t Ms6-hm  (Chapter 5), the m utant offspring are clonal, w ith  no trace of 

the orig inal parental allele in  addition to the new m utan t allele. M u tan t alleles were 

never shared by more than  one offspring in  a  sibship, and the new m u tan t alleles are 

transm itted fa ith fu lly  from  parent to offspring. In  contrast to these observations, m ice 

have been found w hich are mosaic for cells carrying a  common non-parental allele a t 

Ms6-hm  in  somatic tissue, and in  some cases also in  the germ line. This suggests th a t 

additional m utation events occur a t Ms6-hm  in  early mouse developm ent w hich precede 

the separation of the som atic and germ cell lineages.

6 .2  Evidence for somatic and germline mosaicism a t Ms6-hm

W hile screening C 57B L /6J  and C 57B L /6J  x  D B A /2J  pedigrees for germ line 

m utation  events a t Ms6-hm, a  sm all num ber o f m ice were found to have a  th ird , non- 

parental, allele a t th is locus in  somatic tissue. The HinfL, Alul, and Sau3Al locus-specific 

signature was used to confirm  th a t the non-parental DNA fragm ent in  each mosaic 

mouse was an allele of Ms6-hm, rather than  a new -length fragm ent derived from  a  cross- 

hybridising locus (Fig.6.1). Thus mouse C 57B L /6J  x  D B A /2J  F i 52 has two parental 

alleles and one non-parental allele a t Ms6-hm  in  ad u lt ta il DNA. The flanking  signature  

of the new -length m utant allele shows th at it is derived from  the D B A /2 J  (paternal) allele  

(Fig.6.1). The ta il of this mouse m ust therefore be a  mosaic of two lypes of cells, those 

w hich contain the two parental alleles, and those w hich contain the m aternal a lle le  and a 

common new-length m utant allele.

The Ms6-hm  alleles of mosaic mouse 52 underw ent non-M endelian three way 

segregation into her offspring (Fig.6.1 ). Thus the germ line o f th is mouse m ust be mosaic 

for cells containing the same new-length allele a t Ms6-hm  w hich was found in  ta il DNA, 

and each germ cell m ust exclusively contain either one o f the two parental alleles or the 

new length m utant allele a t this locus. Mouse C 57B L /6J  22 sim ilarly transm itted  any



Figure 6.1

Som atic and germ line m osaicism at Ms6-hm

A. Exam ples o f mice w ith  an additional allele a t Ms6-hm, showing the characteristic  

signature for MsG-hm w ith  restriction endonucleases Hinü  (H), Alul (A), and SauSAI (S). 

Parental alleles (•) and non-parental alleles (o) are m arked. Mouse 52 is a  C 57B L /6J  x  

D B A /2J  F i; the D B A /2 J  allele (lower) has m utated som atically a t an early stage of 

development. In  m ice C 57B L /6J  22 and 26, the th ird  allele has presum ably arisen  

from  the closest parental allele.

B. T a il DNA from  a  C 57B L /6J  x  D B A /2J  pedigree digested w ith  H in fl and  

hybridised a t high stringency w ith  M m 3-1. C 57B L /6J  x  D B A /2J  F i mouse 52 has a  

somatic m u tan t allele (•) derived from her paternal allele. The germ line o f th is mouse is 

also mosaic; e ither o f the parental alleles or the non-parental allele can be transm itted  

to her progeny. This suggests th at the som atic m utation event preceded the separation  

of the germ line and soma. M F (21), D B A /2J  father of 52; M M  (8), C 57B L /6J  m other of 

52; 36 (F, father) and 52 (M , m other), C 57B L /6J  x  D B A /2J  F i mice; 151 - 158, F 2 mice.

C. B rain  DNA from  a C 57B L /6J  pedigree digested w ith  Hinfl and hybridised a t high  

stringency w ith  M m 3-1. C 57B L /6J  22 has three alleles a t Ms6-hm  (•). Each of these 

can be transm itted  to the next generation, showing th at the germ line o f th is mouse is 

also mosaic. A subsequent som atic m utation event generates another mosaic mouse 

(Ç 57B L /6J  26) w ith  a  non-parental allele (o). This m utan t allele is presum ably derived 

from  the lower (paternal) parental allele.
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one o f three alleles to the next generation, one allele subsequently m utating fu rther in  

one o f the offspring to generate another mosaic mouse (C 57B L /6J  26, F ig .6 .1).

6 .3  C haracteristics of somatic m utation events

The degree o f mosaicism in  somatic mosaic m ice m ay be estim ated by 

densitom etric scanning of allele intensities. The relative in tensity of any m inisateUite 

band on an  autoradiograph is proportional to aUele size (the num ber o f repeat units) and  

dosage; whereas the aUele dosage is 2 for a  homozygous fragm ent, and 1 for a  

heterozygous fragm ent, the dosage o f a  mosaic fragm ent m ust lie  in  the range 0 -1 . The 

dosage of a  som atic m utant aUele can be estim ated by com paring the in tensity  of the  

new -length fragm ent in  DNA from  a mosaic mouse w ith  the same am ount o f DNA from  a  

heterozygous offspring to w hich the m utant aUele has been transm itted . A lternatively, 

dosage m ay be estim ated by com paring the intensities of the parental and non-parental 

aUeles in  DNA from  a  mosaic mouse and correcting for aUele length (see legend to Table 

6 . 1).

O f 471 mice typed, 13 were dem onstrably som atic mosaics a t Ms6-hm, giving a 

frequency of 0 .028  (Table 6.1). The dosage of the m u tan t aUele in  these m ice ranged from  

0 .08  to 0 .6  indicating th at 8-60%  of cells in  the mosaic tissue typed contain the new  

m u tan t allele rather than  the progenitor aUele. Four out of the five m osaic m ice w hich  

were m ated transm itted the new-length allele to the next generation. As w ith  germ line 

m utation  events a t Ms6-hm, somatic m utation events tend to involve smaU length  

changes (<200 repeat units); the m ean change in  aUele repeat copy num ber is 13% 

(F ig .6.2). A lthough 10 of the 13 m utation events involve a  loss o f repeat un its , th is is not 

a significant bias (p=0.09, tw o-tailed binom ial); aU som atic m utation  events involving 

length changes of m ore than 40 repeat units, however, are deletion events (F ig .6 .2). Two 

o f these events involve the loss of >500 repeat units, whereas the largest germ line length  

change observed a t th is locus involves the gain o f 400 repeat un its.

Som atic m utation events appear to be sporadic; the 7 mosaic m ice w hich were 

scored in  pedigrees were distributed over 5 out of 35 fam ilies (for a  random  d istibution 7 

mosaic m ice would be expected to occur in  6 fam ilies ou t o f 35 (see Chapter 5)). 

However no som atic mosaic mice were observed among 221 C 57B L /6J  x  D B A /2  J F2 mice 

scored; this represents a significant deviation from  the frequency of m osaicism  among 

C 57B L /6J  and C 57B L /6J  x D B A /2J  F% mice (0 .025>p>0.01), and suggests th a t somatic 

m utation  events m ay be influenced by additional unknow n factors.

The parental origin of the progenitor allele o f 6 som atic m utant alleles could be 

determ ined either by the signature test (in  the 4 F% mosaic mice), or by the closest



Table 6.1 Sum m ary of somatic m utation data at Ms6-hm

This table sum m arises the data from  th irteen  mice cariying som atic m utan t 

alleles a t MsG-hm, showing the sex of each mouse (m, male; f, fem ale), the direction and  

size of the m utation  events, the dosage of the mosaic allele in  DNA from  ad u lt tissue (t, 

ta il; 1, liver; b, b rain ), and the germ line transm ission ratio  for those mosaics w hich were 

bred from , expressed as the num ber of offspring inheriting  the m u tan t allele over the  

to ta l num ber o f offspring, and as the transm ission frequency. Those m ice w hich were 

dissected are m arked (D). In  the case of heterozygous mosaic m ice both parental alleles 

are included.

The firs t 7 som atic mosaic mice were identified during analysis of C 57B L /6J  

and C 57B L /6 J  x  D B A /2 J  pedigrees, and the parental origin o f the non-m utant alleles 

in  these m ice is know n. For heterozygous mosaic m ice where it has been possible to  

determ ine the progenitor parental allele, th is is indicated by an asterisk; in  the case of 

C 57B L /6 J  X D B A /2 J  F% mice th is was determ ined by the Hinfl, Alul, SauSAI signature  

test, and in  other cases where the m utant allele is clearly closer to one parental allele  

by the sm aller length change. In  C 57B L /6J  67 and 52 the two parental alleles are very 

close in  size, and therefore the parental origin o f the m u tan t allele is uncertain . SJL 

F 2 . I  was identified among the progeny o f a  cross between a  C 57B L /6J  x  D B A /2 J  F 2  

mouse and an  SWR x  SJL F i mouse (see Chapter 7); in  th is  mouse the allele m arked by 

an  asterisk is C 57B L /6J  derived.

The degree o f m osaicism (m) in  ad u lt tissue was estim ated by densitom etric 

scanning o f autoradiographs to determ ine the dosage o f the m u tan t allele relative to  

each o f the parental alleles. For homozygous mosaic m ice m is related to fragm ent 

in tensity by the equation m = ijn /(I(Sm /2S)) where im is the intensity o f the m utan t 

allele; I is the in tensity o f the parental fragm ents; s^ is the size of the m u tan t allele (in  

repeat units); and S is the size o f the parental alleles. For heterozygous m osaic m ice m  

is related to the intensities o f the progenitor (A) and the non-progenitor (B) parental 

alleles by the equations m = im /(U(Sm /SA) + im) = im /iefSm /SB)- For m ice w ith  equal 

som atic and germ line mosaicism , the relationship between the degree o f m osaicism  in  

som atic tissue (m) and the germ line transm ission frequency (t) is t = m /2 . B L /6 J , 

C 57B L /6J ; F%, C 57B L /6J  x  D B A /2J  F i; P, paternal; M , m aternal; -, could not be 

determ ined.



Som at ic  mosaic ism a t  Ms6-hm

No.
r e p e a t  u n i t s  
i n  p a r e n t a l  Repeat

M osa ic  G e r m l i n e  
a l l e l e  t r a n s m i s s i o n

Mouse Sex a l l e l e
( o r i g i n )

u n i t
change

%
change

dosage
( t i s s u e )

r a t i o
( f r q )

B L /6 J  67 m * 1590 (P) -  260 1 6 .4 0 . 1 0 1
1640 (M) -  310 1 8 .9

BL /6 J  52 m * 1640 (M) + 20 1 .2 0 . 1 5 1
1740 (P) —  80 4 . 6

F l  37 f * 1590 (P) -  360 2 2 . 6 0 . 4 0 t 1 / 3 9 D
750 (M) + 480 6 4 . 0 ( 0 . 0 2 )

F i  52 f 1240 (M) -  590 4 7 . 6 0 . 4 5 t 5 / 1 6 D
* 690 (P) -  40 5 . 8 ( 0 . 3 0 )

F l  213 m * 1590 (P) -  40 2 . 5 0 . 0 8 t 0 / 3 7
750 (M) + 800 106 .7

F l  207 f * 750 (M) -  160 2 1 . 3 0 . 1 5 t 4 / 2 8
1640 (P) -  1050 6 4 . 0 ( 0 . 1 5 )

BL /6 J  26 f 3190 (M) -  2460 7 7 . 1 0 . 4 5 b D
* 790 (P) —  60 7 . 6

BL/6J  22 m * 2240 -  550 2 4 . 6 0 . 2 0 b 1 / 5 D
790 + 900 1 1 4 .0 ( 0 . 2 0 )

BXD 16 m 860 + 40 4 . 6 0 . 2 0 1 -

BXH 2 m 1290 -  160 12 .4 0 . 3 0 1 -

BXH 12 m 1230 — 600 4 8 . 8 0 . 6 0 1 -

BL/6J  A m 1240 + 20 1 . 6 0 . 1 5 b -

SJL F 2 - 1 m 2790 (M) -  1570 5 6 . 3 0 . 6 0 t _
* 1240 (P) -  20 1 . 6



Figure 6.2

Characteristics of som atic m utation events a t Ms6-hm

A. D iagram s sum m arising the num ber of repeat un its gained and lost, and the  

percentage change in  allele length, during som atic m utation events a t MsG-hm. The 

progenitor allele in  heterozygous mosaic m ice was determ ined either by the H in fl, Alul, 

SauSAI signature, or is taken  to be the closest parental allele (m arked by an  asterisk in  

Table 6 .1). The m ean change in  allele repeat copy num ber is 1S%.

B. Size d istribu tion  o f Ms6-hm  alleles sam pled for som atic m utation in  C 57B L /6J , 

D B A /2J , C 57B L /6J  x  D B A /2J , CSH, B XD and BXH inbred mice. For the relationship  

between the num ber of repeat un its and the Hinfl DNA fragm ent length see the legend 

to F ig .5 .1 . The size d istibution  is given in  125bp intervals, though each size in terval 

contains m ultip le  resolvable alleles.

C. Relationship between the num ber o f repeat un its gained or lost in  som atic 

m utant Ms6-hm  alleles and the num ber of repeat un its in  the progenitor allele. The 

progenitor allele for heterozygous mosaic m ice was determ ined either by signature, or is 

taken to be the closest parental allele (m arked by an  asterisk in  Table 6 .1). m utant 

allele w ith  gain o f repeats; t ,  m utant allele w ith  loss of repeats. The dotted line  

represents the approxim ate resolution lim it o f the gel; any m utations below th is line are 

not resolvable from  the parental allele.
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parental allele in  cases where the two parental alleles were d ifferent in  size (e.g., 

C 57B L /6J  26, F ig .6 .1). Furtherm ore, if  the level o f mosaicism  is high, the progenitor 

parental allele w ill be visibly under-represented in  mosaic mice. In  5 of these 6 mosaic 

mice the new-length allele is derived from  the paternally inherited allele, w hich does not 

represent a  significant bias (p=0.22, tw o-tailed binom ial).

Som atic length change events a t Ms6-hm  are sum m arised in  F ig.6 .2  as a  function  

o f a ll alleles scored for m utation. In  common w ith  germ line m utations a t th is locus, 

there is no clear association between parental allele size and m utation  rate, although no 

large length changes (>160 repeat units) are observed for alleles o f <1000 repeat un its  

(D B A /2J  alleles, F ig .6 .2). It  is evident that there is a  w ider range o f length change events 

associated w ith  larger alleles; however no simple relationship emerges between parental 

allele size and either the rate or length change associated w ith  som atic (or germ line) 

m utation  events a t Ms6-hm.

6 .4  Som atic m utation events a t Ms6-hm  occur in  earlv developm ent

M ice which are mosaic for cells carrying non-parental alleles a t Ms6-hm  in  both  

the soma and the germ line suggest th at som atic m utation events a t th is locus precede 

the separation of these lineages, and therefore occur in  early developm ent. In  order to  

investigate the distribution of som atic m utant alleles a t Ms6-hm  in  different ad u lt tissues, 

four mosaic mice were dissected (C 57B L /6J  m ice 22, 26, and C 57B L /6J  x  D B A /2 J  F% 

m ice 37 , 52). O f these m ice three transm itted the non-parental allele to the next 

generation, and one (C 57B L /6J  26) was not tested. In  each case the dosage of the 

m utan t allele was compared in  a range o f different som atic tissues (including b rain , lung, 

kidney, liver, uterus, ta il, and muscle and bone from  the lim bs, vertebral and sternal 

regions, F ig .6.3). In  a ll four mice the progenitor and new -length m utant alleles were 

found to be present in  indistinguishable ratios in  a ll tissues tested. The different som atic 

tissues of each of these mice m ust therefore contain an  equal proportion o f cells carrying  

the non-parental allele; in  addition, the somatic m utation event in  each of these mice 

m ust have preceded the allocation of somatic lineages.

The dosage of the non-parental allele in  the germ line is not always equivalent to 

th a t in  the soma. C 57B L /6J  x D B A /2J  F% mouse 37, w hich is 40%  mosaic for a  non- 

parental allele in  ad u lt ta il DNA, transm itted the m u tan t allele to only one o f 39 offspring 

(Table 6 .1). As th is transm ission frequency is significantly lower th an  th a t expected for 

40%  mosaicism (p=0.002), the degree of mosaicism in  the germ line of th is mouse is likely  

to be m uch lower than  that in  somatic tissues. C 57B L /6J  x  D B A /2J  F% mouse 213 (8%  

mosaic in  adu lt ta il DNA) did not transm it the m u tan t allele to any of 37  offspring.



Figure 6.3

D istribution o f som atic m utant alleles of Ms6-hm  in  adult tissues

A. DNA prepared from  different regions of mouse C 57B L /6J  22 digested w ith  Hinü  

and hybridised a t high stringency w ith  M m 3-1. 1, lower jaw ; 2, brain; 3, m idvertebral 

region; 4, sternal region; 5, liver; 6, left kidney; 7, right kidney; 8 -11 , ta il sections. The 

dosage o f the m u tan t allele is approxim ately equivalent in  a ll 11 DNA preparations.

B. DNA prepared from  different regions of C 57B L /6J  x  D B A /2J  F% mouse 37  

digested w ith  H in fl and hybridised a t high stringency w ith  M m 3-1. Parental (•) and  

non-parental (o) alleles a t Ms6-hm  are m arked. 1, left lung; 2, righ t lung; 3, sternal 

region; 4, fron t (1) leg muscle; 5, front (r) leg muscle; 6 , heart; 7 , liver; 8, uterus; 9, ta il.

C. DNA prepared from  different regions of C 57B L /6J  26 digested w ith  H in fl and  

hybridised a t h igh stringency w ith  M m 3-1. Parental (•) and non-parental (o) alleles a t 

Ms6-hm  are m arked. 1, liver; 2 , kidney; 3, lower jaw ; 4, m idvertebral region; 5, sternal 

region; 6 and 7, ta il sections.
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however th is is not a significant deviation from  the expected transm ission frequency

(p=0.22).

6 .5  Som atic m utation events in vitro

C ell lines derived from  embryonic carcinom as (EC cell lines) provide an  in vitro 

model for differentiation in  the early mouse embryo (Hogan et at., 1983). The F9 EC cell 

line is derived from  a teratocarcinom a isolated from  a  129 /sv  mouse (Bem stine et al., 

1973). F9 cells can be induced by retinoic acid to d ifferentiate into cells sim ilar to the  

extraem bryonic endoderm of the parietal and visceral yo lk sacks w hich surround the 

developing mouse embryo (Hogan et al., 1983). Since som atic m utation  events a t MsG- 

hm appear to be selectively restricted to the early embryo, the stab ility  of th is locus was 

studied in  F9 and related cell lines.

F9 and PCC4 cell lines were isolated from  different explants of the same in vivo 

transferred tum our. The cell lines PCC4.IRA, PCC4.Neo, M CP-6, and M P2H 4 were 

derived from  PCC4 cells as illustrated in  F ig .6 .4; the num ber o f generations between 

cloning and DNA preparation in  these cell lines was unknow n. DNA from  F9 cells, and  

PCC4 derived cell lines, was hybridised w ith  M m 3-1 (F ig .6 .4). This analysis was 

com plicated by the presence of a second locus in  the DNA of 129 m ice w hich cross

hybrid ises strongly to M m 3-1 a t high stringency. Using the three enzyme locus-specific 

signature test it was shown that alleles a t Ms6-hm  are indistinguishable and therefore 

stable in  the 5 DNA samples screened. This may reflect both the sm all MsG-hm allele size 

in  129 mice (325 -375  repeat units) and the lim ited sam ple of cell lines.

The second locus, in  contrast, was highly unstable (Fig. 6 .4). Both alleles differ 

between F9 and PCC4.IRA cells (perhaps the result of in vivo m utation events), and one 

allele fu rther m utated in vitro in  M CP-6 EC cells. Hinfl alleles a t th is  locus (J29-LL) lie  in  

the range 3-5kb , and are recom binationally seperable from  Ms6-hm  alleles. 129-LL is 

fu rth er described in  C hapter 7.

6 .6  Application of the Polymerase Chain Reaction to the analvsis of som atic m utation

events a t Ms6-hm  in  earlv development

E arly som atic m utation events a t Ms6-hm  precede the allocation of som atic and  

germ  cell lineages; however the precise tim e in  developm ent a t w hich such events occur 

rem ains unknow n. It  is possible that these events are confined to the first few cell 

divisions of the fertilised egg. By screening for non-parental alleles a t Ms6-hm  in  

products of the m orula additional to the em biyo, such as the trophectoderm  and



Figure 6.4

Som atic m utation in  em bryonic carcinom a cell lines

A. H istory o f F9, PCC4 and PCC4 derived embryo carcinom a (EC) cell lines. The F9 

and PCC4 EC cell lines were established in  cu lture from  different explants of the in vivo 

transferred tum our O TT6050, itse lf derived from  a  6 -day m ale embryo transplanted in to  

the testis (see Hogan et al., 1983). A ll the derived cell lines are EC lines except for 

M P2H 4 w hich is  a  differentiated (parietal endoderm) clone from  M C P-6. HPRT, 

hypoxanthinephosphoribosyltransierase; aza^ ,̂ 8-azaguanine resistant.

B. DNA from  F9, PCC4 and PCC4 derived cell lines digested w ith  Hinü  and  

hybridised a t h igh stringency w ith  M m 3 -1. Two strongly hybridising DNA fragm ents are  

seen in  129 /S v  DNA; the sm aller fragm ent (o) is derived from  Ms6-hm, and the larger 

fragm ent (•) is derived from  a  second locus, 129-LL. As th is DNA is not from  the orig inal 

129 /S v  mouse from  w hich the F9 and PCC4 EC cells were derived, and alleles a t MsG- 

hm  and 129-LL  are polym orphic am ong 129 mice, fragm ents derived from  these loci 

differ beteen lane 1 and the cell line DNAs. WhÜe Ms6-hm  alleles are stable in  the  

different cell lines, fragm ents derived from  129-LL are extrem ely unstable.

C. H in fl (H), Alul (A), and Sau3A I digests of 129 /S v , F9 and PCC4.Neo DNA  

hybridised a t high stringency w ith  M m 3-1. 129 m ice have a  D B A /2J-typ e signature a t 

Ms6-hm  (i.e ., the polym orphic Alul site adjacent to the m inisateUite is present). The 

signature o f DNA fragm ents derived from  129-LL (•) is d istinct from  th a t of alleles a t 

Ms6-hm  (o), aUowing each locus to be distinguished in  the different ceU Unes DNAs.
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extraem bryonic tissues, it should be possible to define m ore precisely the developm ental 

window w ith in  w hich som atic length changes a t th is locus m ay take place. The 

polym erase chain reaction (PCR) enables the am plification of DNA fragm ents from  very 

sm all quantities o f DNA (down to a  single cell, S aik l et al., 1988), and m ay be used to  

exam ine alleles a t Ms6-hm  in  m inute DNA samples from  different zygotic tissues.

Tandem  repeated m in isatellite sequences m ay be successfully am plified by PCR 

(Jeffreys et at., 1988b). PCR am plification, however, is efficient only for sm all alleles 

(<5kb). Two prim ers flanking Ms6-hm  were synthesised. Each was 24  nucleotides long; 

one ended 5bp 5 ’ to M T-1, the M T elem ent w ith in  w hich Ms6-hm  is embedded, and the 

other lay w ith in  M T-1, a t a sequence divergent among M T elem ents (F ig .6.5). Alleles a t 

Ms6-hm  were am plified using these prim ers w ith  dénaturation  a t 9 6 ° for 1.2 m inutes due 

to the high GC content (80% ) o f the tandem  repeat sequence. Am plified alleles were 

detected by hybridisation w ith  a  (GGGCA)n probe to reduce interference from  spurious 

am plification products. This probe was synthesised by annealing and ligating two 

overlapping oligonucleotides o f eom plem entaiy sequence w hich each contained 4 repeat 

u n its  of 5 nucleotides. In  addition, by specifically am plifying alleles from  Msô-hm, cross- 

hybridising loci (which would norm ally be detected in  restriction endonuclease digests of 

genomic DNA) w ill not com plicate the analysis.

In itia l experim ents using a pool of d ifferent inbred mouse stra in  DNAs 

dem onstrated the range of Ms6-hnn allele sizes w hich m ay be am plified by PCR (Fig.6.5). 

AKR (l.S k b ), B A LB /c (2.2kb), CBA (2,7kb), and D B A /2 J  (3 .2  and 3.7kb) alleles could be 

am plified, b u t C 57B L /6J  alleles (6 and 9kb) were too large to be detected even after 25  

cycles. A m plifications of Ms6-hm  were not highly efficient; th is  m ight be im proved if  both  

prim ers lay outside the M T elem ent. A lternatively, GC rich  sequences m ay not denature  

efficiently even a t 90o, causing reduced am plification of alleles a t th is  locus.

AKR and B A LB /c m ice containing sm all (l-2 .5 k b ) and m ore efficiently am plified  

M s6-hm  alleles were chosen for fu rther experim ents. T a il DNA was am plified from  an  

AKR fam ily. Am plified alleles were ju s t visible on an  eth id ium  stained gel after 24  cycles 

(in p u t lOOng genomic DNA), and hybridisation confirm ed th a t these represented alleles 

a t Ms6-hm  (F ig.6.5). Prelim inary experim ents were carried out to investigate w hether th is  

approach would be suitable to exam ine early zygotic tissues. As the embryo is derived 

from  a subset o f blastom eres, a higher frequency of m osaicism  m ight be expected if  DNA  

isolated from  the whole blastocyst was screened. 2 -3  m onth old B A LB /c fem ales and  

AKR m ales were m ated, and the females checked for vaginal plugs. 7 days after 

fertilisation  the im planted blastocysts were removed from  pregnant fem ales for DNA  

preparation. Blastocyst and parental ta il DNA was am plified for 20 -2 5  cycles, and  

S outhern blot hybridised w ith  a synthetic (GGGCA)„ probe.



Figure 6.5

A m plification of Ms6-hm  alleles using the polymerase chain reaction

A. The DNA sequence and position o f the 5 ’ and 3 ’ flanking 24m er oligonucleotide 

prim ers used to am plify alleles a t Ms6-hm  by PCR, showing the m in isatellite repeat 

u n its  (arrows) and position of M T -1 (filled box).

B. A m plification o f Ms6-hm  alleles by PCR. 0.5-50ng aliquots of DNA from  5 

individual inbred m ice, each from  a  different strain  (AKR, B A LB /c, CBA, D B A /2 J  and  

C 57B L /6J), together containing 7 d ifferent Ms6-hm  alleles ranging from  1.5 to 9 .0kb  

were pooled and simplified for 15 cycles in  lO pl reactions containing 1 u n it o f Taq 

polym erase plus the flanking prim ers illustrated in  A. PCR products were 

electrophoresed in  a  1% agarose gel and Southern blot hybridised w ith  a  synthetic 

(GGGCA)n probe. S, 2 pig o f each mouse DNA digested w ith  SaitBAI; Sau3AI sites 

flanking Ms6-hm  are positioned such th a t each Sau3Al allele is 0.1 kb longer th an  its  

corresponding PCR product. 1 and 2, am plifications of 50ng aliquots of each mouse 

DNA w ith  polym erase extention tim e a t 70® for lOm in, prim er annealing a t 6 0 ° for 

Im in , and dénaturation  a t 9 5 ° for 1.5m in (1) and 2m in (2). 3, as (1), except prim er 

annealing was extended to 2m in. 4, 5, and 6, 50, 5 and 0.5ng of each DNA pooled and  

am plified for 15 cycles w ith  dénaturation a t 9 6 ° for 1.2m in, prim er annealing a t 6 0 ° for 

Im in , and polym erase extention a t 7 0 ° for 5m in.

C. A m plification o f Ms6-hm  alleles in  an  AKR pedigree by PCR. 0. Ipig of each DNA  

was am plified for 24  cycles (as in  B .l, above), reaction products electrophoresed on a  

1.2% agarose gel, and Southern blot hybridised w ith  a  synthetic (GGGCA)n probe. 

These fragm ents were ju s t visible on the agarose gel. Autoradiography was for 30m in.

D . A m plification o f alleles a t Ms6-hm  in  AKR x  BALB /c 7 day blastocysts. 5ng of 

parental ta il DNA and 1 /1 0  DNA prepared from  each isolated blastocyst (l-5 n g ) was 

am plified for 20 cycles as in  B .4 -6  above. M , B A LB /c mother; F, AKR father; 1-4, 7 day 

blastocysts.
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The result from  one such experim ent is illustrated  in  F ig.6.5; parental alleles, and  

a subset of blastocyst alleles, were clearly am plified to a  detectable level. However it  

would be necessary to achieve more efficient am plification to ensure th a t a ll Ms6-hm  

alleles in  each sample are successfully am plified, and to reduce the background  

hybridisation sm ear, before carrying out a larger analysis using th is approach. It  should  

then be possible to compare Ms6-hm  alleles in  trophoblast, embryo, and yolk sack DNA  

from  the same blastocyst. However as only 2.8%  of m ice have a  non-parental allele a t 

Ms6-hm  (and it rem ains to be seen w hether this frequency m ay be enhanced by screening 

the whole blastocyst rather than  ju s t the embryo) a large num ber o f experim ents may 

need to be carried out to observe even a few mosaic blastocysts. It  is also possible th a t 

the rate of som atic m utation for large alleles (e.g., C 57B L /6J  and D B A /2J ) is higher th an  

th a t for sm all alleles (e.g., AKR and B ALB/c), thus detracting from  the advantages of 

using PCR.

6 .7  Sum m ary

M utation  events a t Ms6-hm  are not confined to the germ line b u t can also occur 

during early mouse development. Such somatic m utation  events result in  m ice which  

are mosaic for cells carrying a common non-parental allele a t Ms6-hm. These m utation  

events are sim ilar in  rate and average length change to germ line events a t Ms6-hm. It  

should be possible to study somatic m utation events in  cell cu lture, and in  post

im plantation  embryos, using the polymerase chain reaction; a t present, however, the 

significance and precise tim ing of somatic m utation events a t Ms6-hm  rem ain unknown. 

As yet no sim ilar early som atic m utation events have been observed a t any hum an  

m inisatellite  loci, despite screening of DNA from thousands of individuals w ith  several 

locus-specific probes.
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V II. M M 3-1 : A M ULTI-LO CUS PROBE

7.1 Introduction

DNA fingerprinting probes 33 .6  and 33 .15  are each derived from  a  single hum an  

m inisatellite locus (Jeffreys et al., 1985a). Both loci contain a common G -rich  ’core’ 

sequence embedded w ith in  each repeat un it; probe 33 .15  is comprised of 29 repeats of a  

16bp varian t of the core sequence, and the 36bp repeat u n it o f probe 33 .6  contains three  

core-like subunits and is repeated 18 tim es (Jeffreys et al., 1985a). The difference in  

sequence and repeat length of these probes results in  th e ir detecting different patterns of 

hypervariable m in isatellite fragm ents in  hum an DNA a t low stringency. W hile essentially 

any tandem ly repeated oligonucleotide probe m ay, to a  varying extent, detect m ultip le loci 

in  hum an DNA (Vassart et al., 1987, Vergnaud, 1989), the m ost inform ative and variable  

DNA fingerprints are those generated by G -rich  probes related to the core sequence 

(GGAGGTGGGCAGGARG, Jeffreys et al., 1985a). Correspondingly, the GGGCA repeat 

u n it o f Ms6-hm  cross-hybridises to m any highly variable m in isatellite loci in  the mouse 

genome to generate a novel and highly individual specific mouse DNA fingerprint.

7 .2  A novel DNA fingerprint in  mice

Subclone M m 3-1, derived from  Ms6-hm, contains 19 GGGCA repeat un its and  

cross-hybridises w eakly to other variable DNA fragm ents in  the mouse genome, under 

conditions o f high stringency (filters washed in  O .lx  SSC, 6 5 °). This requires th a t the  

Hinfl, Alul, and Sau3AI locus-specific signature test be used to confirm  w hether novel 

DNA fragm ents observed in  pedigree analysis are alleles a t MsS-hm  or are derived from  

cross-hybridising loci (see Chapter 3). However M m 3-1 m ay also be used as a  m u lti

locus probe; under low-stringency washing conditions ( Ix  SSC, 65 °), M m 3-1 detects 

m ultip le variable loci in  mouse genomic DNA to produce a novel DNA fingerprint (Fig.7.1).

The DNA fragm ents detected by M m 3-1 a t low stringency segregate w ith in  

pedigrees in  a  M endelian fashion, and assort independently a t meiosis suggesting th at 

they are derived from  recom binationally separable m in isatellite  loci (see section 7.3); 

several o f these fragm ents are also highly unstable (see sections 7 .4  and 7 .5 ). The M m 3- 

1 DNA fingerprint is d istinct from those generated by probes 33 .6  and 33 .15 , and is 

therefore essentially comprised of a novel subset of mouse m inisatellite loci. However, 

the loci detected by the three sequence-related probes overlap to some extent under the



Figure 7.1

Segregation analysis of m ini satellite fragm ents in  BXH RI strains

A. Liver DNA from  BXH R I and progenitor strains (C 57B L /6J  and C 3H /H eJ) 

digested w ith  H infl and hybridised w ith  M m 3-1 a t low stringency ( Ix  SSC, 65 °). Under 

these œ nditions M m 3-1 detects m ultip le variable loci to produce a novel DNA  

fingerprint. The pattern  of cross-hybridising fragm ents is d istinct from  th a t detected by 

probes 33 .6  or 33 .15  (compare w ith  B, below). Note th a t most of the DNA fragm ents 

larger th an  4kb are transm itted to only one or a  few R I strains, and th a t m any new- 

length fragm ents are present in  only one R I strain , such th a t no strain  d istribution  

patterns can be determ ined for these fragm ents. Alleles a t Ms6-hm  are m arked (•).

B. Liver DNA from  B XH R I and progenitor strains digested w ith  H in fl and  

hybridised w ith  33 .6  or 33 .15  a t low stringency ( Ix  SSC, 65 °). Note th a t the m ajority of 

fragm ents detected by these probes are stably transm itted to approxim ately h a lf the R I 

strains. S tra in  d istribution  patterns were obtained for the 16 progenitor fragm ents 

indicated; — , fragm ent present in  C 57B L /6J  stra in  DNA; — , fragm ent present in  

C 3H /H eJ  stra in  DNA. A dditional fragm ents were either poorly resolved, shared by the  

progenitor strains, or absent from  most or a ll R I strains, and were not scored. The 16 

scored fragm ents define 6 different loci term ed Ms6-a, Ms6-b, Ms6-c, Ms6-J, M s l5 -a , and  

M sl5-b . A llelic and linked fragm ents are joined by vertical lines. Locus Ms J5-a is also 

term ed Ms 15-1 and is described in  C hapter 8.

C. Table showing the strain  d istribu tion  patterns of m in isatellite lœ i in  the B XH R I 

strains, œ rresponding to the cross-hybridising variable fragm ents shown in  B, and  

linkage between these loci and other genetic m arkers typed in  B XH  strains. A llelic  

fragm ents were detected only for M s6-a  and M sl5 -a ;  each other locus was resolved in  

only one of the two progenitor strains. The estim ated m ap distance between linked loci 

was calculated according to standard methods (Taylor, 1978), and 95% confidence 

lim its were taken from a  published table (Silver, 1985). References for the linked  

m arkers; (1) D ’Eustachio, 1984; (2) B .Taylor, The Jackson Laboratory, personal 

com m unication; (3) Lusis et al., 1987; (4) M ishkin  et al., 1976; (5) Jenkins et al., 1982.
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hybridisation conditions used in  th is study, i.e., in  the absence of com petitor DNA (apart 

from  high m olecular weight hum an or herring sperm carrier DNA used to recover labelled  

probe, a t approxim ately 1 .5 )ig /m l in  overnight hybridisations). Very approxim ately 10- 

25%  of loci detected by M m 3-1 in  H infl digests o f mouse DNA are also detected by probe 

33 .6 , and approxim ately 25-40%  by 33 .15  (Fig.7.1). These estim ates are based on the 

num ber of bands larger than  4kb which are detected by both probes w ith in  the DNA  

fingerprints o f ind ividual mice, and are likely to overestim ate the num ber of loci held in  

common due to chance co-m igration o f fragm ents detected by different probes. One 

locus in  p articu lar, Ms6-hm, is detected by a ll three probes under these hybridisation  

conditions.

The 12 B XH  recom binant inbred strains are derived from  C 57B L /6J  and  

C 3H /H eJ  progenitors, and have been strictly brother-sister m ated for 71 -86  generations 

(Taylor, 1989). The DNA fingerprints of these R I strains, and the two progenitor strains, 

detected by probes 33 .6 , 33 .15  and M m 3-1 a t low stringency, are illustrated  in  F ig .7.1. 

The m ajority of loci detected by probes 33 .6  and 33 .15  in  the progenitor DNAs are stably 

transm itted  to approxim ately h a lf the R I strains, and the stra in  d istribution  patterns of 

the most clearly resolved fragm ents (and putative linkage assignments) are illustrated  in  

F ig .7 .1 . In  contrast, most of the DNA fragm ents larger th an  4kb detected by probe M m 3- 

1 in  C 57B L /6J  and C 3H /H eJ  DNA are transm itted to only one or a  few R I strains. M any  

new -length fragm ents are present in  only one R I strain , such th at no SDPs can be 

assigned to these DNA fragments. This result suggests th at m any of the cross- 

hybridising fragm ents Eire associated w ith  a  high rate of germ line m utation to new-length  

alleles during  the breeding o f the BXH R I strains.

The low stringency hybridisation of M m 3 -1 to the B XD  R I panel is illustrated  in  

Fig .7 .2 . The M m 3 -1 DNA fingerprints of both the B XH  smd BXD R I panels Eire as variable  

as those o f a  series o f unrelated inbred strains. In  contrast, probes 33 .6  Eoid 33 .15  (Eind 

Eilmost EÜ1 other conventional polymorphisms tested) detect, in  the same R I panels, w ith  

few exceptions, loci which are stably inherited from  the progenitor strains (Jeffreys et al., 

1987, Taylor, 1989). Thus M m 3-1 detects a more unstable subset o f m in isatellite loci in  

the mouse genome than  either probe 33 .6  or 33 .15 . The same DNA fingerprints are 

detected by a  synthetic (GGGCA)n repeat probe, suggesting th a t the cross-hybridising loci 

are detected solely by the GGGCA tandem  repeat com ponent o f M m 3 -1 (F ig.7.2).

7 .3  Segregation analvsis of m ultiple DNA m arkers in  mouse pedigrees

Inbred mouse pedigrees, designed for m utational and linkage analyses a t Ms6-hm  

(see C hapter 5), were used to study the segregation of ind ividual m inisatellite fragm ents



Figure 7.2

(GGGCA)„ DNA fingerprints

A. Com parison of DNA fingerprints generated by probes M m 3-1 and (GGGCA)n- 

DNA from  C 57BL/6J x  D B A /2J Fi mouse 37 digested w ith  H in fl and hybridised w ith  

M m 3-1 or (GGGCA)n- Differences in  hybridisation intensity o f p articu lar DNA 

fragm ents are routinely observed in  different hybridisations w ith  either individual 

probe; for exam ple, the fa in tly  hybridising second largest fragm ent detected by M m 3-1  

is detected to a  vaiying  extent by both probes, although not clearly visible in  the  

(GGGCA)n track illustrated . A part from  such fluctuations in  hybridisation intensity, 

these probes detect an  indistinguishable set o f m in isatellite loci in  the mouse genome.

B. Liver DNA from  the B XD R I and progenitor stradns (C 57B L /6J  and D B A /2J) 

digested w ith  H in fl and hybridised w ith  M m 3-1 a t low stringeny ( Ix  SSC, 65°). Note 

th a t m ost of the DNA fragm ents larger than  4kb are transm itted  to only one or a few R I 

strains, and th a t m any new -length fragm ents are present in  only one R I strain , such 

th a t no stra in  d istribu tion  patterns can be determ ined for these fragm ents.
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detected by probe M m 3 -1 a t low stringency. Any individual inbred mouse is likely to be 

homozygous a t most m inisatellite loci, including even the highly unstable loci detected by 

probe M m 3-1 . Thus every C 57B L /6J  x D B A /2J  F% mouse has a complex H in fl DNA  

fingerprint composed of alm ost aU the bcinds present in  each parent (Fig.7 .3). A m inority  

of the m ore unstable loci (such as Ms6-hm) m ay be heterozygous in  the founder inbred  

m ice and wiU segregate to approxim ately h a lf the F i m ice. However, as each F i mouse is 

heterozygous for a  C 57B L /6J  and a D B A /2J  allele a t every locus, the F% x  F i crosses 

provide inform ative segregation data for any DNA fragm ents not shared by the two 

ind ividual F% m ice m ated (Fig.7.3).

The segregation o f paternal and m aternal bands was analysed in  two of the larger 

F 2 fam ilies. O nly those DNA fragm ents larger th an  6kb were clearly resolved and were 

used in  th is analysis (8-12 bands per F i parent). O f these DNA fragm ents, 3 -6  were 

specific to each F% parent (the rem ainder were shared). Paternal and m aternal specific 

fragm ents were transm itted to approxim ately h a lf the offspring, consistent w ith  1:1 

segregation (see Fig .7.3). The num ber of F 2 m ice receiving each DNA fragm ent followed 

the expected binom ial d istribution, in  which the proportion of parental fragm ents th a t 

are transm itted  to precisely r  o f n  F2 mice is nC r/2n  (F ig .7.3). This observation is 

consistent w ith  the M endelian inheritance of these m inisatellite loci.

By pairw ise com parison o f the segregation patterns for the large paternal and  

m aternal specific DNA fragm ents in  these fam ilies it is possible to identify allelic pairs of 

fragm ents, as w ell as fragm ents showing tight linkage in  coupling (see Jeffreys et al., 

1986). No evidence for allelism  among either paternal or m aternal fragm ents larger than  

6kb was found. Presum ably the fragm ents w hich are allelic to those scored are among 

the m any unresolved fragm ents sm aller th an  6kb. This is the case for Hinfl alleles a t 

Ms6-hm-, C 57B L /6 J  alleles (of 7-8kb) are scored in  th is analysis, w hile D B A /2J  alleles (4- 

5kb) are not.

The observed pairwise segregation d istribution  was consistent w ith  th a t expected 

if  the loci were unlinked, in  which case the num ber o f pairw ise comparisons giving r 

concordant offspring (out of n  offspring) for two fragm ents is given by the binom ial 

distribu tion  " C r / 2 n . [ L ( L - l ) / 2 ] ,  (where L  is the num ber o f paternal (or m aternal) specific 

fragm ents scored, Jeffreys et al., 1986). The num ber of loci contributing to the entire  

M m 3-1 DNA fingerprint, including unresolved and therefore unscored fragm ents, is 

related to the num ber of fragments, and the num ber of linked and allelic pairs of 

fragm ents, w hich are scored. This cannot be estim ated from  the present data, because 

no alleles were detected among the large fragm ents scored. However it  is likely th a t there  

are a t least 30 contributing loci, which is the num ber of heterozygous loci estim ated by 

sim ilar pedigree analysis to be detected in  hum an DNA by probe 33 .6  or 33 .15  (Jeffreys



Figure 7 .3

Segregation analvsis of m inisatellite fragm ents detected by M m 3 -1 in  mouse pedigrees

A. T a il DNA from  C 57B L /6J  (father), D B A /2J  (m other) and F i mice digested w ith  
Hinfl and hybridised w ith  M m 3-1 a t low stringency ( Ix  SSC, 65 °). The 10 F j m ice have 
complex DNA fingerprints composed o f most of the fragm ents present in  each parent, 
confirm ing th a t the parents are homozygous a t m ost cross-hybridising m in isatellite  loci. 
Mouse 34  has a  new -length m u tan t fragm ent (•) derived from  the largest paternal 
fragm ent.

B. TaÜ DNA from  a  three generation C 57B L /6J  x  D B A /2J  pedigree digested w ith  
H in fl and hybridised w ith  M m 3-1 a t low stringency ( Ix  SSC, 65 °). F j mice 44  and 62  
are heterozygous a t most cross-hybridising loci and the segregation of paternal and  
m aternal fragm ents can be followed in  th e ir offspring. Those DNA fragm ents larger 
than  6kb w hich were analysed in  the F 2 m ice are indicated; fragm ents sm aller th an  6kb  
are poorly resolved. DNA fragm ents m arked (•) are paternal-specific, and those m arked  
(o) m aternal-specific; other fragm ents were shared by the F% parents.

Note th a t the largest paternal-specific fragm ent is not transm itted to any o f 8 F2 

mice; th is fragm ent is absent from  the DNA of the father’s parents (2 and 11 ) and has 
been shown by signature to be a somatic m utant allele a t Hm -2 (derived from  the largest 
cross-hybridising fragm ent shared by 44 and 62, see F ig .7.6). 8 (M M , m other’s m other), 
C 57B L /6J; 21 (M F, m other’s father), D B A /2J; 11 (FM , father’s m other), D B A /2  J; 2 (FF 
father’s father), C 57B L /6J; 44 (M , m other), 62 (F, father), C 57B L /6J  x  D B A /2J  F i mice; 
48-55 , F 2  m ice.

C. Segregation o f m inisateUite fragm ents in  two C 57B L /6J  x  D B A /2J  F 2  pedigrees, 
showing the num ber of paternal and m aternal loci scored, the transm ission frequency 
of paternal and m aternal fragm ents, and linkage between pairs of fragm ents. The 
num ber o f fragm ents detected by M m 3 -1, out of those scored as specific to each parent, 
w hich were transm itted to precisely r  of n  offspring is compared w ith  the expected 
num ber given by the binom ial d istribution "C r/2n , assum ing 50%  transm ission. The 
m ean transm ission frequencies (+ /- SEM ) are also given. The paternal fragm ent in  
pedigree A5 w hich is transm itted to none of 8 offspring is a  som atic m utant allele a t 
Hm -2 (and is  therefore expected to be transm itted to less than  50%  of the offspring).

Linkage between pairs of fragm ents AB was investigated by scoring the num ber 
of offspring w hich were concordant for AB (either AB or --), using a ll possible pairw ise  
com parisons o f paternal or m aternal fragm ents (giving L (L -l) /2  pairw ise com parisons 
for L fragm ents analysed in  each parent). Pairs of fragm ents falling  into zero- or a ll- 
offspring classes represent alleles or tighly linked pairs, respectively. The observed 
d istribution  is com pared w ith  th a t expected if  a ll L fragm ents are derived from  unlinked  
loci, in  w hich case the num ber of pairw ise comparisons giving r  (AB or —) offspring is 
given by the b inom ial d istribution  (”C r/2 n .[L (L -l)/2 ). The fragm ents analysed in  
pedigree A5 are those illustrated in  B above.
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et al., 1986), Furtherm ore, as these loci assort independently, they are likely to be 

substantially d istributed in  the mouse genome, providing highly inform ative DNA  

m arkers for linkage analysis.

7 .4  In tras tra in  variation w ith in  the M m 3-1 DNA fingerprint

The B XD and BXH R I analysis (see section 7 .2) suggests th a t M m 3-1 detects a  

more unstable subset of m inisatellite loci in  mouse DNA th an  probes 3 3 .6  or 33 .15 . As a 

result, highly individual-specific DNA patterns can be obtained w ith  M m 3-1 , even for 

m ice from  w ith in  an inbred strain  (Fig.7.4).

Hinfl DNA fingerprints of different inbred strains are illustrated  in  F ig .7 .4 . DNA  

fragm ents larger th an  4kb show a  high level o f variation  between inbred strains, 

com parable w ith  probe 33 .6  and 33 .15  DNA fingerprints (Jeffreys et al., 1987). However, 

a  higher level o f in trastra in  variation is observed w ith in  M m 3-1 DNA fingerprints than  

w ith in  33 .6  or 33 .15  DNA fingerprints, such th a t 6 D B A /2J  mice obtained from  the same 

source could a ll be distinguished on the basis of th e ir M m 3-1 DNA fingerprin t (F ig .7.4). 

There is a  range o f variab ility  among the cross-hybridising fragm ents, from  those, like  

Ms6-hm, w hich are extrem ely unstable, to others, generally <4kb in  length, w hieh are  

shared between different inbred strains.

M m 3 -1 therefore detects unprecedented levels o f variation  stmong m ice w hich are 

generally considered to be isogenic. This variation  presum ably arises due to high  

germ line m utation rates a t the cross-hybridising loci. The ab ility  to distinguish  

ind ividual m ice w hich are otherwise alm ost entirely inbred m ay be useful in  m any areas 

o f research where inbred mouse strains are used, including the m onitoring of genetic 

divergence in  isolated stocks of the same strain .

7 .5  New -length m utation events w ith in  the M m 3-1 DNA fingerprint

In stab ility  w ith in  the M m 3 -1 DNA fingerprint has been d irectly observed. In  the

C 57B L /6J  X D B A /2J  pedigree analysis (see section 7 .3), new -length fragm ents have been 

scored among both F% and F2 mice which are absent from  either parental DNAs (F ig.7.5). 

Under high stringency washing conditions (O .lx  SSC, 6 5 °) these novel fragm ents 

disappear, and therefore cannot be somatic m u tan t alleles a t Ms6-hm. In  several cases 

the m utant allele in  an F i mouse was stably transm itted  to the next generation fF ig .7.5). 

In  most instances the origin of the new-length fragm ent cannot be determ ined due to the 

large num ber of cross-hybridising loci.

M u tan t alleles a t one locus, however, could be clearly observed. This

m inisatellite, term ed Hm -2 (second hyperm utable locus), is defined by 15-20kb  Hinfl



Figure 7 .4

In trastra in  variation w ith in  the M m 3 -1 DNA fingerprint

A. DNA from  four pairs of m ice from  difierent inbred strains digested w ith  Hinfl and  

hybridised w ith  M m 3-1 a t low stringency ( Ix  SSC, 65°). Fragm ents varying am ong 

individuals from  one s tra in  are m arked (•).

B. Com parison o f high (O .lx  SSC, 6 5 °) and low ( Ix  SSC, 6 5 °) stringency 

hybridisation w ith  M m 3-1 . D B A /2  J ta il DNA was digested w ith  Hinfl. The six D B A /2 J  

mice were obtained from  the same source. Under conditions o f high stringency (O .lx  

SSC, 6 5 °) Ms6-hm  alleles are prim arily  detected (•); M m 3-1 hybridised to the same filte r 

at low stringency ( Ix  SSC, 6 5 °) detects m ultip le fragm ents, m any of w hich are shared, 

b u t of w hich a t least three (o) are variable, allowing the six inbred m ice to be 

ind ividually distinguished.
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Figure 7.5

New-length m utation events w ith in  the M m 3-1 DNA fingerprint

A. H /n fl DNA fingerprints of a C 57B L /6J  x D B A /2J  mouse pedigree detected by 

probe M m 3-1 a t low stringency ( Ix  SSC, 65 °). A new m u tan t fragm ent (•) seen in  F j 

fem ale 38 is absent from  her m aternal (38M ) or paternal (38F) DNAs. This fragm ent is 

transm itted to two of her progeny (o); as th is band is not seen a t high stringency it  

cannot be a  som atic m u tan t allele a t Ms6-hm. A second m utational event is seen in  F2  

mouse 86 « ) . 38M , 33F , D B A /2J; 38F , 33M , C 57B L /6J; 38 , 33, C 57B L /6J  x  D B A /2J  

F i mice; 8 4 -9 0 , F2  mice.

B. S ignature analysis o f three C 57B L /6J  x  D B A /2J  F 2 m ice carrying non-parental 

alleles a t Hm -2  using Hlnü  (Hf), Alul (A), M bol (M), and H a e lll (H). Parental (•) and non- 

parental (o) alleles a t Hm -2  are m arked. Mouse 47 has a  germ line m utant allele a t Hm-2 

while m ice 41 and 121 have three alleles a t th is locus and are therefore som atic 

mosaics a t H m -2. Note th a t in  both mosaics the progenitor parental allele, w hich  

hybridises to M m 3-1 w ith  reduced intensity, is likely to be th a t furthest in  length from  

the m utant allele. Gel and hybridisation by M .Gibbs, Leicester.
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alleles in  C 57B L /6J  mice which are large enough to be easily scored in  the F j and F 2 

pedigrees (F ig .7.5). A four enzyme locus-specific signature test was used to distinguish  

alleles a t th is locus (H infl, Alul, SauSAI, and H a e lll, F ig .7.5). M ice carrying three alleles 

a t Hm -2  were also identified (Fig.7.5); somatic mosaicism a t Hm-2 was confirm ed by the  

signature test, and, for certain  F% mosaics, by segregation analysis.

Hm -2  has been cloned into a Charom id vector from  the DNA of a C 57 B L /6 J  

mouse (M .G ibbs, Leicester, unpublished data). This clone (CM m 9), like those derived 

from  Ms6-hm, underw ent a large deletion on cloning, such th a t a 20kb  genomic allele  

resulted in  a  4kb insert. CM m 9 specifically detects Hm -2 in  mouse genomic DNA a t high  

stringency (O .lx  SSC, 65°), in  addition to m ore stable fragm ents of s im ilar hybrid isation  

in tensity  (one of 3 .2kb  common to C 57B L /6J  and D B A /2J  mice, and one D B A /2 J - 

specific fragm ent of 4.0kb , Fig.7.6). Hm -2 D B A /2J  H in fl alleles lie  in  a  sim ilar size range 

to Ms6-hm  D B A /2J  alleles (3-6kb , F ig .7.7). CM m 9 also detects sm aller, monom orphic, 

fragm ents s im ilar to those detected by M m 3-1 a t high stringency. A t low stringency ( Ix  

SSC, 6 5 °) CM m 9 weakly cross-hybridises to a  set of loci indistinguishable from  those 

detected by M m 3 -1 under the same conditions.

DNA sequence analysis has revealed th a t Hm -2 contains the 4bp repeat u n it 

GGCA, contained w ith in  both the hum an core sequence and the repeat u n it sequence of 

Ms6-hm. The sim ilarity  of this sequence to the GGGCA repeat u n it of Ms6-hm  accounts 

for the low stringency cross-hybridisation between these loci. The repeat sequence of 

Hm -2  is identical to th at o f the tandem  array a t the Ep M HC m eiotic recom bination  

hotspot (see Introduction).

CM m 9 detects a continuous size d istriubution  of Hm -2 alleles across the B XD R I 

strains such th a t no allele size-based SDP can be assigned to Hm -2. The stable D B A /2 J - 

specific cross-hybridising DNA fragm ent of 4 .0kb  can be assigned an  SDP across the 

B XD R I series, b u t th is does not show tight linkage to any other loci typed across the  

panel (B .Taylor, The Jackson Laboratory, personal com m unication). Thus a t present the  

chrom osom al localisation of Hm -2 is unknown; however, from  the segregation of alleles a t 

th is locus in  C 57B L /6J  x  D B A /2J  pedigrees, Hm -2 is know n to be recom binationally  

separable from  Ms6-hm.

Screening C 57B L /6J  x D B A /2J  pedigrees w ith  CM m 9 revealed 14 germ line 

m utations among 206 F i and F 2 mice (M .G ibbs, Leicester, personal com m unication); 

thus the germ line m utation rate a t this locus is 0 .034  per gamete, sim ilar to th a t of Ms6- 

hm. 18 o f the mice scored appeared to be mosaic for non-parental alleles a t Hm-2, 

suggesting th a t as m any as 8.8%  of mice show detectable levels of somatic m osaicism  a t 

H m -2. The m ajority of the m utation events a t Hm -2 have involved large (C 57B L /6J) 

alleles; since distinguishing sm all length changes a t these alleles is d ifficu lt, im proved



Figure 7.6

Identification of Hm-2 alleles in  C 57B L /6J  and D B A /2J  DNA

A. T a il DNA from  8 C 57B L /6J  and 8 D B A /2J  m ice digested w ith  H in fl and  

hybridised w ith  CM m 9 a t high stringency (0. Ix  SSC, 6 5 °). Alleles a t Hm -2  are m arked  

(o). CM m 9 detects additional stable fragm ents in  mouse DNA; a  3.2kb  fragm ent 

common to C 57B L /6J  and D B A /2J  mice, and a  4 .0kb  D B A /2J-specific  fragm ent. M ice 

3 and 4 are likety to be som atic mosaics a t Hm-2. H ybridisation by M .G ibbs, Leicester.

B. T a il DNA from  a  C 57B L /6J  x  D B A /2  J pedigree digested w ith  H in fl and  

hybridised w ith  CM m 9 a t high stringency (O .lx  SSC, 65 °). Alleles a t Hm-2 are meirked 

(o). Com pare th is blot w ith  the low stringency hybridisation of probe M m 3-1 to the  

same mouse pedigree (A5, F ig .7.3). Hybridisation by M .G ibbs, Leicester.
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resolution m ay reveal even higher levels of germ line m utation and mosaicism. No mice 

w ith  two non-parental alleles a t Hm-2  have yet been observed.

7 .6  A double mosaic mouse

As w ith  Ms6-hm, mosaicism at Hm-2 is likely to be due to som atic m utation  

events confined to early mouse development; firstly, there is no evidence th a t there is an  

equal probability o f a somatic m utation event occurring a t Hm -2  a t every m itotic cell 

division throughout developm ent (which would resu lt in  large num bers of less intensely  

hybridising non-parental bands). Secondly, m ice are found w hich are m osaic for the  

same non-parental Hm -2  allele in  both ad u lt ta il DNA and the germ line, suggesting th a t 

the m utation  event precedes the separation o f the som atic and germ cell lineages (see 

Chapter 5).

It  is expected, a t a  low frequency (2.8%  x  8.8%  of mice, or approxim ately 1 in  

every 400 mice), to find m ice w hich are mosaic for a non-parental allele a t both Ms6-hm  

and Hm-2. By exam ining the segregation of a ll 6 alleles in  the offspring of such a  double 

mosaic mouse the relative tim ing of the two somatic m utation events can be studied. 

C 57B L /6 J  X D B A /2J  F j 52 (fem ale) was such a double mosaic mouse (in  ad u lt ta il DNA); 

a t M s6-hm  a  non-parental allele o f 650 repeat un its was likely to be derived by a 40  

repeat u n it deletion from  the paternally inherited D B A /2J  allele (tested by signature, see 

C hapter 6). A t H m -2 a 25kb non-parental allele was likely to be derived from  a  20kb  

m aternally inherited  C 57B L /6J  allele (the closest parental allele, F ig .7.7).

The segregation o f parental and non-parental alleles a t Ms6-hm  and Hm -2  was 

analysed in  the 16 offspring of mouse 52 (F ig.7.7). As non-parental alleles from  both loci 

segregated into the F 2 m ice, the germ line of mouse 52 was also mosaic for the same non- 

peirental alleles a t Ms6-hm  and Hm-2 w hich were detected in  ad u lt ta il DNA. Among 

these 16 F2  m ice, 2 inherited the non-parental allele a t both loci. Thus both som atic 

m utation  events m ust have occurred in  the same m itotic lineage to give rise to a  gamete 

cariy ing  both non-parental alleles. No progeny were scored in  either of the two classes 

w hich would perm it the order of the two events to be elucidated; i.e ., offspring inheriting  

the m utan t allele a t one locus and the progenitor parental allele a t the other (see Fig .7.7). 

However, an  approxim ately equal ratio  of offspring were found w hich had inherited either 

tw o non-parental alleles, the non-parental allele a t Ms6-hm  and the stable parental allele  

a t the Hm-2, or the stable parental allele a t Ms6-hm  and the non-parental allele a t Hm-2. 

2, 3 and 4 offspring (out of 16) were found in  these three classes, respectively (see 

Fig .7 .7). Assum ing th a t the germ line founder cells are represented equally among the  

progeny o f th is mouse, either of the last two classes would be expected to be 2" tim es



Figure 7.7

C 57B L /6J  X D B A /2J  F? 52 ; a double mosaic mouse

A. Low stringency hybridisation o f M m 3-1 to mouse ta il DNA digested w ith  Hinfl. 

F i mouse 52 has inherited a m aternally derived allele a t Hm-2 (•), and carries a  non- 

parental fragm ent derived from  th is locus (m arked o). Som atic and germ line m osaicism  

a t Ms6-hm  in  mouse 52 are illustrated  in  F ig .6.1. 21 , father of 52, D B A /2J; 8, m other 

o f 52, C 57B L /6J; 36, 52 F% mice, 151,152, F 2 mice.

B. S ignature analysis of mouse 52 using Hinfl (H), Alul (A), and SauSAl (S), 

confirm ing th a t the new -length m u tan t fragm ent is derived from  Hm-2. A lleles a t Hm -2  

are m arked; (•), parental, (o), non-parental.

C. Low stringency hybridisation o f M m 3-1 to ta il DNA from  F j mice 52 and 36 and  

nine F 2  progeny, illu stratin g  the transm ission o f parental (•, to 151 and 153) and non- 

parental (o, to 152, 155 and 158) alleles a t Hm -2 in to  the progeny of mouse 52.

D . D iagram  and table to illustrate  the segregation of alleles a t Ms6-hm  and Hm -2  

in to  the progeny o f mouse 52, showing the four possible germ line precursor cells 

(depending on the order of the two som atic m utation  events), and a ll possible classes of 

gametes resulting from  these cells, w ith  the num ber of progeny (out o f 16) scored for 

each class (see text). As no offspring are scored carrying alleles (M+) or (Dm ), the order 

of the two m utation events cannot be determ ined. Alleles a t Ms6-hm  are B, non

progenitor C 57B L /6J  parental allele, D , progenitor D B A /2J  parental allele (shown by  

signature), M , non-parental som atic m utan t allele. Alleles a t Hm -2  are +, progenitor 

C 57B L /6J  parental allele (closest parental allele, • , in  A, B, and C above), -, non

progenitor D B A /2J  parental allele (not scored, b u t detected on high stringency 

hybridisation w ith  CM m 9, data  not shown), m, non-parental som atic m utan t allele, (o, 

in  A, B, and C above).
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more abundant than  the other classes for every n cell divisions separating the two 

m utation events (precisely which class would be more abundant depending on w hich  

m utation event occurred first).

This resu lt suggests th at either the two m utation  events occurred a t the same cell 

division (the m utant alleles a t both loci segregating in to  the same daughter cell), or the  

two m utation events occurred in  closely following cell divisions w ith in  th e  same m itotic  

lineage (see F ig .7.7). The num ber of cells from  w hich the germ line is allocated m ust be a t 

least two (as a ll three alleles in  a mosaic mouse can contribute to the gametes, see 

C hapter 5 and F ig .7.7), however the precise num ber of germ line progenitor cells, the tim e  

o f germ line allocation, and the relative degree to w hich germ  cells contribute to the  

gametes after adlocation are largely unknown. The actual stage o f early developm ent a t 

w hich the som atic m utation events occurred in  mouse 52 is therefore unclear; it rem ains 

form ally possible, however, th a t both m utation events occurred as early as the firs t 

zygotic cell division.

7 .7  H um an DNA fingerprints obtained w ith  M m 3 -1

Core-related m in isatellite sequences are found in  the genomes o f m any species; 

hum an m in isatellite  probes 33 .6  and 33 .15  cross-hybridise to mouse DNA (Jeffreys et al., 

1987), and sim ilarly  M m 3-1 cross-hybridises to hum an DNA (Fig .7.8). The patterns of 

m inisatellite  fragm ents in  H infl digests of hum an DNA detected by M m 3-1 are d ifferent to 

those detected by probe 33 .6  (Fig.7.8). Furtherm ore, a  synthetic GGGCA repeat probe 

detects a  d ifferent set of m inisatellite loci to either probe 33 .6  or 33 .1 5  in  a  hum an  

genomic DNA lib rary  o f 4-8kb  Sau3AI fragm ents (J.Arm our, Leicester, personal 

com m unication).

W hile the DNA fingerprints generated in  m ice by hum an probes 3 3 .6  and 33 .15  

are as com plex and variable as those of m an, the hum an DNA fingerprints obtained w ith  

mouse probe M m 3-1 are less complex than those o f m ice, although the larger fragm ents 

are highly variable between unrelated individuals (F ig .7.8). The m ajority  o f HinÜ 

fragm ents cross-hybridising to M m 3-1 in  hum an DNA are sm aller th an  6 .5kb , and  

hybridise less intensely than fragm ents detected in  an  equivalent am ount o f m ouse DNA  

(w hich range in  size up to 20kb). Complex M m 3 -1 DNA fingerprints are also observed in  

w ild mice and ra t {Rattus norvégiens) DNAs (Fig.7.8). The cross-hybridising loci detected 

by probe M m 3-1 in  mouse DNA may therefore represent a  relatively rodent-specific 

subset of m in isatellite sequences.



Figure 7 .8

Com parison of hum an and mouse DNA fingerprints obtained using probes M m 3 -1 and

33.6  a t low  stringency

A. 3ng of hum an and mouse DNA digested w ith  H infl and Southern blot hybridised  

w ith  either probe M m 3-1 or probe 33 .6  a t low stringency ( Ix  SSC, 65 °). Individuals 1- 

10 are sibs from  CEPH fam ity 14.13, and individuals 11 and 12 are unrelated. Note 

th a t M m 3-1 detects a  d ifferent set o f m in isatellite loci In  hum an DNA to probe 33 .6 . 

Compare the in tensity o f the mouse and hum an DNA fingerprints in  each hybridisation.

B. DNA fingerprints of w ild  m ice and a ra t generated by probe M m 3-1. A ll digests 

are HinÛ. The pairs o f w ild m ice were trapped from  the same local populations; the  

three Peruvian m ice are sibs. Note th at the ra t DNA fingerprint contains cross- 

hybridising fragm ents ranging in  size up  to a t least 20kb.
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7 .8  O ther loci detected by M m 3-1 at high stringency in  inbred strains of m ice

In  individual DNAs from  a m inority of inbred mouse strains a larger num ber of 

m inisatellite fragm ents hybridise strongly to probe M m 3-1 a t high stringency (O .lx  SSC, 

650) th an  the expected one, two, or three allelic fragm ents a t Ms6-hm. In  SW R and SJL 

m ice veiy large DNA fragm ents of 10-20kb are observed (see F ig .3.4), whereas stra in  129 

m ice have 2 -4  DNA fragm ents in  the 2-5kb  range (see F ig .6.4). Using the H in fl, Alul, and  

S aii3A I locus-specific signature test it has been shown for these strains th a t DNA  

fragm ents derived from  other m in isatellite loci are present in  addition to M s6-hm  alleles 

(see F igs.6.4 and 7 .9). To explain the high stringency hybridisation signal these loci 

presum ably contain perfect GGGCA repeats, and are thus distinct from  those 

m inisatellites which cross-hybridise w ith  M m 3-1 a t low stringency (such as Hm -2).

7 .8 .a  A second locus in  SWR mice

SWR mice are an albino strain  of Swiss origin, and have have been inbred since 

1929 (see Festing, 1979). Taylor (1982) showed th a t SWR mice, ou t o f 27  inbred strains, 

had the largest num ber of rare alleles a t 16 polym orphic loci; thus SWR mice are thought 

to be genetically d istinct from other inbred mouse strains. Ms6-hm  alleles in  SW R m ice 

have a  D B A /2J-type signature (i.e., the polym orphic AZuI site flanking the m in isatellite is 

present, see Chapter 3, section 4), and are found in  a  3 -6kb  size range. The additional 

large m inisatellite fragm ents observed in  SWR DNA are derived from  a  single ’large locus’ 

iSWR-LL), which has a  different locus-specific signature to Ms6-hm  and is extrem ely 

variable w ith in  a  10-20kb size range among SWR m ice (F ig .7.9). Furtherm ore, m ice have 

been found w ith  more than  two alleles a t this locus, im plying th at SWR-LL is also 

som atically unstable (Fig.7.9). It  is possible that SWR-LL is the resu lt of a  sequence 

duplication, including Ms6-hm, on chromosome 4 in  SW R mice, in  w hich case SWR-LL 

w ould be expected to be closely linked to Ms6-hm. A lternatively SWR-LL m ay have arisen  

through am plification of a  GGGCA array a t a  second site in  the mouse genome. To 

distinguish between these two possibilities, experim ents were designed to investigate 

w hether SWR-LL is linked to Ms6-hm.

Fig .7 .9  illustrates that the two loci in  SWR DNA can be resolved on fragm ents a t 

least 20kb  in  length using 6bp target site restriction endonucleases, and are thus  

u n like ly  to be the result o f a local duplication involving only the m inisatellite and a sm all 

am ount o f flanking DNA. Furtherm ore, at least two point m utations would be required to  

interconvert the locus-specific signatures of Ms6-hm  and SWR-LL. However, SWR-LL 

m ight s till be tightly linked to Ms6-hm, and two approaches were used to test for linkage 

between these loci.



Figure 7.9

O ther loci detected by M m 3-1 in  mouse DNA at high stringency

A. S ignature analysis of C 57B L /6J , SWR and SJL DNA digested w ith  HinÜ  (H), Alul 

(A), Sau3AI (S), and Neil (N), and hybridised w ith  M m 3-1 a t high stringency (O .lx  SSC, 

6 5 °). Alleles a t Ms6-hm  are m arked (•); SWR and SJL mice have a  D B A /2J-typ e  

signature a t th is  locus. Alleles a t SWR-LL are m arked (o), and have a d istinct signature  

to Ms6-hm  alleles; note th a t the firs t SWR mouse has three alleles a t SWR-LL, and is 

therefore like ly  to be mosaic for a  non-parental allele a t th is locus. Note also th a t Ms6- 

hm  and SWR-LL are resolved on separate fragm ents even w ith  the six bp target site 

endonuclease Neil. Alleles a t both Ms6-hm  and SWR-LL lie in  a  10-20kb size range in  

SJL DNA.

B. T a il DNA from  the parents and four progeny o f an SWR x  (C 57B L /6J  x  D B A /2 J  

F i) cross digested w ith  HinÜ and hybridised w ith M m 3-1 a t high stringency (O .lx  SSC, 

650). Alleles a t Ms6-hm  and SWR-LL are indicated; —, SWR derived Ms6-hm  alleles; =  , 

SWR derived SWR-LL alleles; —-, C 57B L /6 J  x  D B A /2J  derived Ms6-hm  alleles. Alleles 

a t each locus are jo ined  by vertical lines. The SWR father is heterozygous a t both Ms6- 

hm  and SWR-LL; in  the 4 offspring each SWR-LL allele is transm itted w ith  either Ms6- 

hm  allele, thu s dem onstrating th at the two loci are recom binationally separable.
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The firs t approach involved a  direct breeding experim ent. A m ale SWR mouse, 

w hich was heterozygous a t both SWR-LL and Ms6-hm, was m ated w ith  a  C 57B L /6 J  x  

D B A /2J  F i fem ale carrying Ms6-hm  alleles o f a  size d istinct from  a ll 4 SW R fragm ents 

(Fig.7.9). The segregation of the SWR fragm ents was analysed in  4 offspring. A ll four 

allele com binations were observed in  the progeny, dem onstrating th a t the two loci are  

recom binationally separable (r>0.1 , p>0.95).

SWR-LL and Ms6-hm  were also dem onstrated to be unlinked using the SW XL 

recom binant inbred series. There are 7 SW XL R I strains w hich are derived from  S W R /J  

and C 5 7 L /J  progenitor strains, and have been inbred for 56 -84  generations (Taylor, 

1989). C 5 7 L /J  inbred mice (a, b, and In) have a grey coat colour (due to the leaden  

m utation), and are derived from  a  brown subline of the orig inal C57 cross w hich also 

produced the C 57 black subline (see Festing, 1979). The 7 R I and progenitor s tra in  

DNAs were digested w ith  Hinfl, Alul, and S au3M  (to distinguish C 5 7 L /J  and SWR Ms6- 

hm  alleles), and hybridised w ith  M m 3-1 (F ig .7.10).

As observed in  the BXD R I analysis (see C hapter 4, section 2), the size 

distribution  o f Ms&-hm alleles in  SW XL R I strains is consistent w ith  the signature of each  

strain . Thus three strains w ith  Ms6-hm  alleles larger th an  1000 repeat u n its  have the 

C 57L /J -typ e  signature, and three strains w ith  sm aller alleles have the SW R-type 

signature. S W X L-12 is an exception to this, and in  th is stra in  an Ms6-hm  allele of 

approxim ately 1200 repeat units has an SWR type signature. Both SWR-LL and Ms6-hm  

show extrem e instab ility  across the SWXL R I strains; no two strains share the same Ms6- 

hm  allele (three are heterozygous), and the single strain  inheriting  an  SW R-derived allele  

is heterozygous a t SWR-LL. A t low stringency M m 3-1 cross-hybridises to other 

m inisatellite fragm ents showing instab ility  across the SW XL R I strains, and for w hich no 

SDPs can be obtained (Fig.7.10).

Ms6-hm  and SWR-LL have d istinct SDPs (based on signature), w ith  5 (out o f 7) 

discordant R I strains, although only the SW R allele a t SWR-LL could be scored. This  

resu lt confirm s th a t these two loci are recom binationally separable. The SDP of Ms6-hm  

differs from  th a t o f the brown locus (b) by a single stra in  (SW XL-4), and the SDP of SWR- 

LL is identical to th a t of the T-cell receptor p chain locus on chromosome 6, suggesting 

possible linkage to th a t chromosome (B .Taylor, The Jackson Laboratory, personal 

com m unication).

A fragm ent in  C 5 7 L /J  DNA (H infl alleles 1.5-3kb) shares both the signature and  

segregation pattern  o f SWR-LL (F ig .7.10). This fragm ent was cdso highly unstable across 

the R I panel, and is not seen in  C 57B L /6J  DNA; th is m in isatellite m ay be derived from  

SWR-LL. It  therefore appears th a t the sequence GGGCA has expanded independently a t 

two different points in  the mouse genome. Alleles a t SWR-LL in  C 5 7 L /J  mice m ay



Figure 7 .10

Segregation analysis of DNA fragm ents cross-hybridising to M m 3-1 in  SW XL R I strains

A. SW XL R I and progenitor stra in  (C 57L /J  and SWR) DNAs digested w ith  Hinfl, 

Alul, and SauSAl, and hybridised w ith  M m 3-1 a t high stringency (O .lx  SSC, 65°). 

Alleles a t Ms6-hm  (o) and SWR-LL (•) are m arked. The strain  d istribution  patterns of 

these two loci are d istinct. Note th a t the larger Ms6-hm  alleles tend to have the C 57- 

type signature (w ith  the exception o f SW XL 12). DNA fragm ents derived from  a  second 

locus in  C 5 7 L /J  DNA are m arked « ); the signature and SDP o f th is locus m atch those 

o f SWR-LL. H infl and Sau3AI alleles a t th is locus in  SWXL 17 are sm aller th an  2kb.

B. S tra in  d istribu tion  patterns of Ms6-hm  (o above), SWR-LL ( •  above), and the  

lower C 5 7 L /J  locus (<] above) in  SW XL R I strains.

C. SW XL R I and progenitor s tra in  (C 57L /J  and SWR) DNAs digested w ith  Hinfl and  

hybridised w ith  M m 3-1 a t low stringency ( Ix  SSC, 65 °). Note th a t most o f the DNA  

fragm ents larger than  4kb are transm itted to only one or a  few R I strains, and th at 

m any new -length fragm ents are present in  only one R I strain , such th a t no stra in  

distribution  patterns can be determ ined for these fragm ents.
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The firs t approach involved a direct breeding experim ent. A m ale SW R mouse, 

w hich was heterozygous a t both SWR-LL and Ms6-hm, was m ated w ith  a  C 5 7 B L /6 J  x  

D B A /2 J  F i fem ale carrying Ms6-hm  alleles o f a  size d istinct from  a ll 4 SW R fragm ents 

(F ig .7.9). The segregation of the SWR fragm ents was analysed in  4 offspring. A ll four 

allele com binations were observed in  the progeny, dem onstrating th a t the two loci are 

recom binationally separable (r>0.1 , p>0.95).

SWR-LL and Ms6-hm  were also dem onstrated to be un linked using the SWXL 

recom binant inbred series. There are 7 SW XL R I strains w hich are derived fi*om S W R /J  

and C 5 7 L /J  progenitor strains, and have been inbred for 5 6 -8 4  generations (Taylor, 

1989). C 5 7 L /J  inbred mice (a, b, and In) have a grey coat colour (due to the leaden 

m utation), and are derived from  a  brown subline of the orig inal C57 cross w hich also 

produced the C57 black subline (see Festing, 1979). The 7 R I and progenitor strain  

DNAs were digested w ith  Hinfl, A lul, and SauSAI (to distinguish C 5 7 L /J  and SW R M s6- 

hm  alleles), and hybridised w ith  M m 3-1 (F ig .7.10).

As observed in  the B XD R I analysis (see Chapter 4, section 2), the size 

d istrib u tion  of Ms6-hm  alleles in  SW XL R I strains is consistent w ith  the signature o f each 

strain . Thus three strains w ith  Ms6-hm  alleles larger th an  1000 repeat un its  have the 

C 57L /J -typ e  signature, and three strains w ith  sm aller alleles have the SW R-type 

signature. S W X L-12 is an exception to th is, and in  th is stra in  an  Ms6-hm  allele of 

approxim ately 1200 repeat un its has an  SWR type signature. Both SWR-LL and Ms6-hm  

show extrem e instab ility  across the SW XL R I strains; no two strains share the sam e Ms6- 

hm  allele (three are heterozygous), and the single strain  inheriting  an SW R-derived allele 

is heterozygous a t SWR-LL. A t low stringency M m 3 -1 cross-hybridises to other 

m in isatellite  fragm ents showing instab ility  across the SW XL R I strains, and for w hich no 

SDPs can be obtained (Fig.7.10).

Ms6-hm  and SWR-LL have d istinct SDPs (based on signature), w ith  5 (out of 7) 

discordant R I strains, although only the SWR allele a t SWR-LL could be scored. This  

resu lt confirm s th a t these two loci are recom binationally separable. The SDP of Ms6-hm  

differs from  th a t of the brown locus (b) by a single stra in  (SW XL-4), and the SDP of SWR- 

LL is identical to th a t o f the T-cell receptor p chain locus on chromosome 6, suggesting 

possible linkage to th a t chromosome (B .Taylor, The Jackson Laboratoiy, personal 

com m unication).

A fragm ent in  C 5 7 L /J  DNA [Hinfl alleles 1.5-3kb) shares both the signature and  

segregation pattern  o f SWR-LL (Fig.7 .10). This fragm ent was also highly unstable across 

the R I panel, and is not seen in  C 57B L /6J  DNA; th is m in isatellite m ay be derived from  

SWR-LL. I t  therefore appears th a t the sequence GGGCA has expanded independently a t 

two d ifferent points in  the mouse genome. Alleles a t SWR-LL in  C 5 7 L /J  m ice m ay



Figure 7 .10

Segregation analysis of DNA fragm ents cross-hybridising to M m 3-1 in  SW XL R I strains

A. SW XL R I and progenitor strain  (C 57L /J  and SWR) DNAs digested w ith  HinÜ, 

Alul, and Sau3AJ, and hybridised w ith  M m 3-1 a t high stringency (O .lx  SSC, 65 °). 

Alleles a t Ms6-hm  (o) and SWR-LL (•) are m arked. The strain  d istribu tion  patterns of 

these two loci are d istinct. Note th at the larger Ms6-hm  alleles tend to have the C 57- 

type signature (w ith  the exception of SWXL 12). DNA fragm ents derived from  a  second 

locus in  C 5 7 L /J  DNA are m arked « ); the signature and SDP o f th is locus m atch those 

o f SWR-LL. HinÜ  and SauSAl alleles a t this locus in  SW XL 17 are sm aller th an  2kb.

B. S tra in  d istribu tion  patterns of Ms6-hm  (o above), SWR-LL ( •  above), and the 

lower C 5 7 L /J  locus (<] above) in  SWXL R I strains.

C. SW XL R I and progenitor strain  (C 57L /J  and SWR) DNAs digested w ith  HinÜ  and  

hybridised w ith  M m 3-1 a t low stringency ( Ix  SSC, 65 °). Note th a t m ost o f the DNA  

fragm ents larger than  4kb are transm itted to only one or a  few R I strains, and th a t 

m any new -length fragm ents are present in  only one R I strain , such th a t no stra in  

d istribu tion  patterns can be determ ined for these fragm ents.



C57L/J SWR

SWXL RI
7 12 14 15 16 17

kb

2 0  r

10

8

B
SWXL

4 7 12 14 15 16 17

Mse-hm o L S L S S L S L S  
SWR-LL • S — — — — — S —
C57L/J <• L L L L L L - L

.  SWXL RI
4 7 1214 151617

w #

miilli



87

represent an interm ediate stage between the sm all unresolved SWR-LL alleles of 

C 57B L /6J  m ice (and other strains), and the very large SWR-LL alleles found in  SWR 

mice.

7 .8 .b  A second locus in  SJL mice

SJL m ice are also of Swiss origin, and have been inbred since 1955 (see Festing, 

1979). 2 -4  hypervariable HinÜ  DNA fragm ents in  the 10-20kb size range hybridise

strongly w ith  M m 3-1 in  SJL DNA (Fig.7.9). The locus-specific HinÜ, A lul, and Sau3AI 

signature test suggested th at these fragm ents m ay be alleles of Ms6-hm  and SWR-LL. In  

order to confirm  w hether these fragm ents are derived fi*om Ms6-hm  and SWR-LL, an  SJL  

fem ale w ith  four large m in isatellite fragm ents was crossed w ith  an  SWR m ale w hich was 

heterozygous a t both Ms6-hm  and SWR-LL (F ig .7 .11). Each o f four offspring had three  

fragm ents in  the 8 -20kb  size range, and one or other o f the SWR Ms6-hm  alleles. Three 

of these large fragm ents were non-parental, presum ably arising by m utation  in  the  

parental germ line; of these, two were shared by two offspring, suggesting germ line  

mosaicism  (F ig .7 .11).

An SWR X SJL F% fem ale (A 11.4) cariying  4 parental fragm ents was m ated w ith  a  

C 57B L /6J  X D B A /2J  F2 mouse which had two Ms6-hm  alleles d istinct in  size from  a ll 4  

cross-hybridising DNA fragm ents in  A 1 1.4 (F ig .7 .11). The segregation of the SW R x  SJL 

F 1 fragm ents was exam ined in  the progeny of this cross. Each of 8 offspring had three  

strongly hybridising DNA fragments; in  each mouse two fragm ents were inherited  from  

A 1 1.4, and one was a paternal Ms6-hm  allele. From  A l l . 4, each mouse inherited  either 

the largest DNA fragm ent or the SWR derived SWR-LL allele, and either the th ird  largest 

DNA fragm ent or the SWR derived Ms6-hm  allele (F ig .7 .11). This segregation data  

suggests th a t the large 10-20kb DNA fragm ents observed in  SJL mice are ciUeles a t Ms6- 

hm  and SWR-LL.

In  one mouse (SJL F2 . 1), a non-parental allele a t SWR-LL was observed; th is  

mouse is also mosaic for a new-length fragm ent derived from  the paternal Ms6-hm  a llele  

(F ig .7 .11).

7.8.C A second locus in 129 mice

Fragm ents derived from  two strongly hybridising hypervariable loci were detected  

by M m 3-1 in  DNA from  129 mice while screening em bryonic carcinom a cell lines for In 

vitro som atic m utation events (Chapter 6, section 5). The HinÜ, A lu l and SauSAl 

signature of one of these loci matched th at of Ms6-hm  (D B A /2J-type). The signature of



Figure 7.11

Segregation analysis of loci cross-hybridising to M m 3 -1 a t high stringency in  DNA from  

SWR. SJL and 129 inbred mice

A. Analysis of cross-hybridising loci in  SJL DNA; ta il DNA from  SWR x SJL 

F i and F 2 m ice digested w ith  HinÜ  and hybridised w ith  M m 3-1 a t high stringency (O .lx  

SSC, 650). SWR derived alleles a t Ms6-hm  (4) and SWR-LL (•), and SJL derived alleles a t 

Ms6-hm  ( »  and SWR-LL (o) are m arked. Two non-parental alleles in  the F i m ice are  

m arked (□). A 1 1 F i mouse 4 (female) was crossed w ith  a  C 57B L /6J  x  D B A /2J  F2  m ale, 

producing 8 F2 m ice. Paternally derived alleles a t Ms6-hm  are m arked (■). The 

segregation o f the SWR and SJL derived alleles a t Ms6-hm  and SWR-LL can be followed 

in  the F2 mice. SJL F 2  mouse 1 has a  germ line m utant allele a t SWR-LL and a  som atic 

m utant allele a t Ms6-hm  (which is presum ably derived from  the paternally inherited  

allele, closest parental allele).

B. Analysis o f cross-hybridising loci in  129 DNA; ta il DNA from  129 x  SJL F% and  

F2  m ice digested w ith  H in fl and hybridised w ith  M m 3-1 a t high stringency (O .lx  SSC, 

650). SWR derived alleles a t Ms6-hm  (4 ) and SWR-LL (•) and 129 derived alleles a t Ms6- 

hm  ( »  and 129-LL (o) are m arked. A lO  F% mouse 1 (fem ale) was crossed w ith  a  

C 57B L /6J  X  D B A /2J  F2  m ale, producing 1 1  F2 mice. Paternally derived alleles a t Ms6- 

hm  are m arked (■). The segregation of the SWR derived alleles a t Ms6-hm  and SWR-LL, 

and the 129 derived alleles a t Ms6-hm  and 129-LL, can be followed in  the F 2 m ice.



% i
■

1
■ ▼ 0

1 1
h
%
; • I
2 t t 1
®• •
00 • •

. N<0 0
CD 1 1
lA •

CO 1 1
CM # I
- # t i
%1 1 «

1

1
su? O  00 (0

U-

f

CÛ 8̂

X Î
•  V

1 1

oo • I
#

<0 t 1
5 « e

#
CO # #
CM • t

1 1
1 » #

. 1______
CO

I

I
#

#
#

S 8

e e

#
#



88

the second locus (term ed 129-LL) was d istinct from  th at o f either Ms6-hm  or SWR-LL, and 

would require a t least two point m utations to resemble the signature of e ither locus.

A m ating was set up in  order to investigate w hether th is locus was alle lic  to SWR- 

LL, or linked to either Ms6-hm  or SWR-LL. A 129 fem ale w ith  two strongly hybridising  

fragm ents (i.e., homozygous a t Ms6-hm  and 129-LL) was crossed w ith  an  SW R m ale 

w hich was heterozygous a t Ms6-hm  and SWR-LL (F ig .7 .11). Both 129 fragm ents were 

transm itted  to each o f 2 offspring, w hich also each inherited an  SWR derived allele a t 

Ms6-hm  and SWR-LL. One of these offspring, fem ale A 10.3 , was m ated w ith  a  C 57B L /6J  

X D B A /2J  F 2 mouse which had Ms6-hm  alleles d istinct in  size from  the 4 cross- 

hybridising DNA fragm ents of A lO .3.

The segregation of the SWR x  129 F i DNA fragm ents was studied in  the 11 

progeny of th is cross (F ig .7 .13). Each mouse inherited a paternal Ms6-hm  allele, and  

either a  129 or SWR derived m aternal Ms6-hm  allele, confirm ing the results o f the 

signature test outlined above. The SWR derived SWR-LL allele was transm itted  to 9 of 

the 11 offspring, and the fragm ent from the second 129 locus to none o f 11. The 

explanation for the apparent segregation distortion of th is J 29-LL allele in  the F2  m ice is 

unclear. There are 2 /1 1  discordancies between SWR-LL and 129-LL suggesting th at 

these two loci are not allelic, although they m ay be loosely linked in  repulsion (r=0.2, 

95%  confidence lim its  0 .03 -0 .47 ). A lternatively it  is possible th a t SWR-LL and 129-LL are 

allelic, and th a t non-parental (eind unresolved) alleles a t 129-LL were transm itted  to the 

tw o m ice not inheriting  the SWR derived SWR-LL allele. 129-LL and Ms6-hm  segregate 

independently and are therefore not closely linked.

7 .9  Sum m ary

U nder low stringency hybridisation conditions the GGGCA repeat o f M m 3-1 cross- 

hybridises to m any m inisatellite loci in  the mouse genome to generate a  novel and highly 

ind ividual specific DNA fingerprint. These m inisatellite loci have been shown by pedigree 

analysis to be inherited in  a MendeUan fashion, and to be dispersed in  the mouse 

genome. M any of the larger loci detected by M m 3 -1 are highly unstable : there is a  high  

level o f in tras tra in  variation  w ith in  the DNA fingerprint, SDPs cannot be obtained for 

these loci using R I strains, and in  some cases new-length m utation events have been 

directly observed. In  addition, somatic m utant alleles arising in  early mouse 

developm ent have been observed a t one of these loci, Hm-2.

A dditional highly unstable loci are detected by M m 3-1 even under conditions of 

high stringency; such loci appear to be specific to particu lar inbred strains. These loci 

are unlinked to Ms6-hm, and m ay result from the expansion of GGGCA repeats a t
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different points in  the mouse genome; such loci are also som atically unstable. The 

germ line and somatic hypervariability of these cross-hybridising loci contrasts w ith  the 

stab ility  of loci detected by probes 33 .6  and 33 .15 , suggesting th a t long m inisateUite 

arrays related to the sequence GGGCA show preferential instab ility  in  the mouse 

genome. GGGCA-related loci are poorly represented in  m an, and m ay represent a  

relatively m ouse-specific sequence-related subset of hyperm utable m inisateUites.
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V III. TANDEM  REPETITIVE LOCI IN  TH E M OUSE GENOM E

8.1 Introduction

Sim ple tandem  repeat sequences are a  ubiquitous com ponent o f m am m alian  

genomes (see Chapter 1). D uring the course o f th is  study several tandem  repeated 

sequences in  mouse DNA were characterised, in  addition to Ms6-hm  and the loci to w hich  

M m S -l cross-hybridises. The examples of tandem  repeat loci described in  th is  chapter 

illu s tra te  the com plexity of the sim ple sequence com ponent o f the mouse genome.

8 .2  M sl5 -1

Ms 15-1 is one of the m in isatellite loci detected in  mouse genomic DNA digested 

w ith  Hinfl by hum an probe 33 .15  (Jeffreys et al., 1987). 10 fragm ents detected in

C 57B L /6 J  DNA by probe 33 .15  showed complete linkage across the BXD R I panel, being 

either a ll present or a ll absent in  each BXD strm n (Jeffreys et al., 1987). These 

fragm ents are therefore likely to be a ll derived from a single m inisateUite locus, Ms 15-1, 

containing in ternal Hinfl cleavage sites. By sum m ing the sizes o f these fragm ents, 

Jeffreys et al. (1987) estim ated th at the C 57B L /6J  aUele of M sl5 -1  m ust be a t least 90kb  

in  length. This locus is therefore com parable w ith  the 250-500kb  ’m idisateUite’ locus 

w hich has been described on hum an chromosome 1 (N akam ura et al., 1987a).

The length and in tern al organisation o f Ms 15-1 varies between inbred mouse 

strains. Two fragm ents in  D B A /2J  DNA cosegregate to those BXD strains w hich do not 

contain the C 57B L /6J  Ms 15-1 haplotype. These fragm ents define a  m inim um  D B A /2J  

aUele length of 19kb. The com plem entary SDPs of B and D  aUeles a t Ms 15-1 aUowed the  

assignm ent o f th is locus to mouse chromosome 4 (see Chapter 4). In  C 3H /H e J  DNA a  

large (approxim ately 30kb) fragm ent is detected by probe 33 .15 . Across the BXH R I 

panel, th is large fragm ent segregated to those strains not containing the C 57B L /6J  

Ms 15-1 haplotype (see F ig .7 .1). O ther inbred strains (SWR, B A LB /c) contain large 

(>30kb) hybridising fragm ents detected by probe 33 .15 . In  the SWXL R I strains the large 

SWR fragm ent segregates to those strains lacking the C 5 7 L /J  haplotype of a t least 8 

cosegregating fragm ents (m inim al allele length 70kb, F ig .8.1). In  SWR DNA a 5 .5kb  

fragm ent cosegregates w ith  the large Ms 15-1 fragm ent.

C 57 B L /6 J  and AKR strains, w hich were originaUy inbred from  separate mouse 

stocks, have sim ilar DNA fingerprints w ith  probe 33.15; th is sim Uarity is prim arily  due to



Figure 8.1 

M sl5 -1  and Mm 1

A. SW XL and progenitor s tra in  (C 57L /J  and SWR) and C 57B L /6J  DNAs digested 

w ith  H infl and hybridised w ith  probe 33 .15  a t low stringency ( Ix  SSC, 65 °). Fragm ents 

derived from  M s l5 -a  are indicated; —, C 5 7 L /J  derived fragm ents; —-, SW R derived 

fragm ents. The m in im al allele length of the 8 cosegregating C 5 7 L /J  fragm ents is 70kb.

B. DNA from  inbred and w ild m ice digested w ith  Sau3AI and hybridised w ith  M m l 

a t high stringency (O .lx  SSC, 6 5 °). Alleles a t M m l are stable w ith in  inbred strains, 

although variab le among wUd mice. F, female; M , m ale.

C. B XH  R I and progenitor (C 57B L /6J  and C 3 H /H e /J ) stra in  liver DNAs digested 

w ith  Hinfl and hybridised w ith  M m l, showing the segregation of M m l alleles across the  

B XH RIs. Note th a t the progenitor stra in  alleles are stably inherited  in  each R I strain . 

The SDP o f M m l is identical to th a t o f Mod-2 on mouse chromosome 7 (B .Taylor, The  

Jackson Laboratory, personal com m unication).
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the presence in  AKR DNA of 8 of the 10 Ms 15-1^  haplotype fragm ents. The conservation  

of th is haplotype suggests th at it m ay not be rare in  mouse populations, and furtherm ore  

th a t Ms 15-1 is stable in  the mouse genome. There is no evidence for the loss o f any  

cosegregating Ms 15-1 fragm ents in  any R I strains exam ined, fu rth er suggesting th a t 

Ms 15-1 shows substantial germ line stability. In  the absence of a  locus-specific probe for 

Ms 15-1 the repeat u n it sequence and detailed organisation o f th is presum ed m id isatellite  

locus rem ain  unknow n.

8 .3  M m l , Mm6, and M m l 6 : three mouse m inisatellites

The clone M m 3-1, derived from  Ms6-hm, was isolated by hybrid isation to probe

33 .6  from  a  C 57B L /6J  genomic lib rary of size-selected SauSAl DNA fragm ents cloned in  

X.L47.1 (see C hapter 3, section 3). W hile screening th is lib rary, two clones derived from  

loci other th an  Ms6-hm  were also isolated {Mml and M m l 6). A  clone derived from  a  th ird  

locus (Mm6) was isolated by cross-hybridisation to probe 33 .6  from  a  second lib rary  

resulting from  a control ligation of sm aller size selected DNA fragm ents (5 .5 -6 .0kb ).

8 .3 .a  M m l

15 o f the 28 plaques hybridising positively w ith  33 .6  in  the lib rary  from  w hich  

X,Mm3 was isolated were derived from  M m l. Isolates of M m l contained a  stable 6 .2kb  

SauSAl insert w hich was trim m ed to 5.6kb  by Alul (see C hapter 3, section 3). The 

Sau3AI insert from  XM m l was subcloned in  pUC13; two independent subclones had  

sim ilar 6 .2kb  plasm id inserts. W hen used as a hybridisation probe, the insert from  one 

of these subclones, p M m lj, detected a single locus in  mouse genomic DNA a t high  

stringency (0. Ix  SSC, 6 5 °, Fig.8 .1). The Hinfl, Alul, and Sau3AI signature o f th is  locus in  

C 57B L /6J  DNA was distinct from  th at o f Ms6-hm.

M m l is variable among w ild mice, w ith  SauSAl alleles in  a  1 .5-3kb  size range. 

Every ind ividual mouse exam ined w ith in  a  particu lar inbred strain  was homozygous for a  

strain-specific M m l allele; there is therefore no evidence for variation  a t th is  locus w ith in  

inbred strains. AKR, CBA, C 57B L /6J , C 57B L /10 , D B A /2 J  and CE m ice share a  6 .2kb  

Sau3AI allele a t M m l.  Therefore no SDP could be obtained for M m l across the B XD  R I 

strains on the basis of allele length. C 3H /H eJ , B A LB /c, A, and SWR m ice have alleles 

between 2 .5  and 3kb in  length. An SDP for M m l was obtained from  the B XH  R I strains  

(F ig .8.1), and revealed 0 /1 2  discordancies w ith  Mod-2, a  gene encoding a  m itochondrial 

m alic enzym e, on mouse chromosome 7 (B. Taylor, The Jackson Laboratory, personal 

com m unication; the 95% confidence lim its for the distance between M m l and Mod-2  are  

0 and 1 IcM ). The progenitor strain  M m l alleles were stably inherited in  the B XH  R I



Figure 8.2

DNA sequence of M m l

The DNA sequence of three M 13 subclones containing random  fragm ents from  

w ith in  a  6 .2kb  Sau3AI fragm ent derived from  M m l. Clone 1 contains flanking and  

m inisatellite DNA sequence, w hile clones 2 and 3 contain only repeat un its from  the  

tandem  array. The 40bp m inisateUite repeat u n it consensus sequence is also shown; 

deviations from  th is sequence in  the M 13 m inisateUite subclones are either underlined  

or indicated by gaps (-). The 1 Ib p  sequence w ith in  th is consensus w hich precisely 

m atches the core-like sequence of probe 33 .6  is also underlined. The consensus repeat 

sequence is com pared to th a t of probe 33 .6  and the hum an m inisateUite core' 

sequence.



Mml

C lo n e  1

AG TCTG G TC CAG A C G A G C A G C A G C C TTA TC G C C A A C A C C C C C TG G A G TG A G G A A G G C A A A C A C A G G A C

C lo n e  2

C lo n e  3

-TA C A G TC TG TC C C A TG G G C TG G

-G G G C T G G A G G A C TG A C C TA G T G C -

A G T G T T

A TA C A G TC TG TC C C A TG G G C TG G A G G A C TG A C C TA G TG TT

A TA C A G TC TG TC C C A TG G G C TG G A G G A C TG A C C TA G TG TT

A T A C A G TC TG TC C C A TG G G C TG G A G G A C TG A C C TA G TG C -

-TA C A G T C TA TC C C A TG G G C TG G A G G A C T G A C C TA G TG TT

A TA C A G A C TG TC C C A TG G G C TG G A G G A C TG A C C TA G TG TT

A TA C A G TC TG TC C C A TG G G C TG G A G G A C TG A C C TA G TG TT

A TA C A G

C C T A G T G T T

A TA C A G TC TG TC C C A TG G G C TG G A G G A C TG A C C TA G TG TT

A TA C A G TC TG TC C C A TG G G C TG G A G G A C TG A C C TA G TG TT

A TA C A G TC TG TC C C A TG G G C TG G A G G A C TG A C C TA G TG TT

A T A C A G TC TG TC C C A TG G G C TG G A G G A C TG A C C TA G TG C -

-TA C A G TC TG TC C C A TG G G C TG G A G G A C T G A C C TA G TG Ç -

-TA C A G TC TG TC C C A T G G G C TG G A G G A C TG A C C TA G TG Ç -

-TA C A G TC TG T C C C A TG G G C TG G A G G A C TG A C C TA G T G TT

A TA C A G

Consensus

3 3 . 6

c o re

A TA C A G TC TG TC C C A TG G G C TG G A G G A C TG A C C TA G TG TT

AGGAAGGGCTGGAGGAGGGCTGGAGGAGGCTCCGG

GGAGGTGGGCAGGARG
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strains, suggesting th a t th is is a  relatively stable locus in  the mouse genome; the  

observation that M m l alleles are held in  common by different inbred strains supports 

th is conclusion.

The 6 .2kb  insert from  p M m lj was sonicated, and subcloned in to  M 1 3 m p l9  for 

DNA sequence analysis (F ig .8.2). Three clones were sequenced, two hybridising strongly 

w ith  probe 33 .6  (containing only tandem  repeats), and one hybridising weakly w ith  probe

33 .6  (containing predom inantly flanking DNA sequence). M m l has a  40bp repeat un it, 

containing 1 Ib p  w hich precisely m atch the core-hke sequence o f 3 3 .6  (of w hich each  

repeat u n it is a  trim er, see Fig.8.2). 13 complete and 6 p artia l repeat un its were

sequenced (Fig.8.2). 5 of these were varian t repeat units; 4 contained a  TTA replaced by 

a C, o f w hich 3 were adjacent, the fourth  also containing a single nucleotide change. The 

other varian t repeat u n it contained a single nucleotide change. The DNA sequence of 

these repeat un its  and 70bp of flanking DNA is illustrated  in  F ig .8 .2 . The flanking  

sequence shows no significant sim ilarity  to other DNA sequences in  the EM BL DNA 

sequence database.

8 .3 .b  M m 6

Two plaques from the lib rary  of 5 .5 -6 .0kb  DNA fragm ents hybridised to probe 

33 .6 , both of w hich were stable isolates of Mm6. The 5 .5kb  insert of XMm6 was 

subcloned in  pU C 13 (to generate pM m 6), and used as a  hybridisation probe a t high  

stringency (O .lx  SSC, 6 5 °) against mouse genomic DNA. This probe detected a  5.5kb  

fragm ent in  C 57B L /6J  DNA digested w ith  Sau3Al, b u t no cross-hybridising fragm ent was 

seen in  Alul digested DNA, suggesting th a t most, or a ll, Mm 6  repeat un its  contain a  

cleavage site for Alul.

DNA from  one m ale and one femaile mouse from  each o f several inbred strains was 

digested w ith  SauSAl and hybridised w ith  the insert from  pM m 6 ; alleles were observed in  

a 4 .5 -6 .5 k b  size range (F ig .8.3). A background sm ear indicated th a t the insert of pM m 6 

contained a  sequence w hich was highly repeated in  the mouse genome. C 57B L /6J  and  

D B A /2 J  m ice shared a  5 .5kb  DNA fragm ent and therefore no SDP could be obtained for 

th is locus from  the BXD R I strains. This appears to be a stable m inisateUite allele. In  

other mouse strains (B A LB /c and AKR) the insert from  pM m 6 detected two strongly 

hybridising fragm ents. It  is not clear in  these cases w hether both mice are heterozygous 

a t M m 6  or w hether there is a  second sequence-related locus in  the genomes of these 

strains.



Figure 8.3

M m6  and M m l6

DNA from  selected inbred mouse strains digested w ith  Sau3AI and hybridised  

w ith  either M m 6 or M m  16. W hile alleles a t Mm 6  are variable between inbred strains, 

M m  16 detects two monom orphic DNA fragm ents common to aU strains tested 

(m arked*). The hybridisation sm ear visble on each blot suggests th a t both probes 

contain DNA sequences w hich are highly repeated in  the mouse genome. F, female; M , 

m ale.
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8.3.C M m l 6

A t least three of the positive plaques in  the lib rary  from  w hich XMm3 was isolated  

were derived from  a th ird  locus, M m l6 . Two isolates, X M m l6 and XMm22 contained  

differently sized inserts (S.Okb and 5.7kb respectively). These inserts were subcloned 

into pU C 13, and used as hybridisation probes; both inserts detected the same fragm ents 

in  genomic DNA. In  C 57B L /6J  DNA digested w ith  Sau3AI two fragm ents o f 5 .8kb  and  

4.2kb  were detected; in  addition, a  background hybridisation sm ear was observed, 

suggesting th a t the probe contains sequences w hich are highly repeated in  the mouse 

genome (Fig.8.4). No DNA fragm ents were detected in  Alul or Hinü  digests. These 

fragm ents were shared by a ll inbred strains investigated, w ith  no sign of variation  or 

additional bands.

Neither M m l6  nor Mm6  were localised in  the genome, and the m in isatellite  repeat 

sequence of these loci rem ains unknown.

8 .4  B IO  : a. locus rich in  simple tandem  repeat sequences

A X.L47.1 lib rary of large (15kb) size-selected B am HI DNA fragm ents from  a  

C 57B L /6J  mouse homozygous for a  15kb B am HI Ms6-hm  allele, was screened w ith  M m 3- 

1 in  an  attem pt to isolate more flanking DNA from  Ms6-hm  (see Chapter 3, section 7). 12 

plaques w hich hybridised strongly w ith  M m 3-1 were picked, replated and hybridised w ith  

probe 3 3 .6  a t low stringency, since isolates of Ms6-hm  should hybridise strongly w ith  

both M m 3-1 and 33 .6 . However, none of these 12 clones were positive w ith  33.6 ; 4 of 

these, those w hich hybridised most strongly w ith  M m 3-1, were fu rth er analysed by 

restriction m apping, and 3 were shown to be derived from  the same locus (BIO). In  order 

to fu rth er characterise the cross-hybridising sequence in  these 3 clones, a  3 .6kb  B am H I- 

EcoRI fragm ent which cross-hybridised w ith  M m 3-1, and contained presum ptive 

m inisateUite sequence, was purified from one of the m ultip le isolates (XBIO) and  

subcloned in to  pU C 13 to generate pB lO .

A 1.6kb SauSM  fragm ent, which cross-hybridised w ith  M m 3-1, was isolated from  

the insert o f pB lO  and used as a hybridisation probe against mouse genomic DNA. 

Under low stringency washing conditions ( Ix  SSC, 650) th is probe detected m ultip le  

fragm ents in  H in fl digested DNA (Fig.8.4). There were two components to the B IO  DNA  

fingerprint pattern . F irst, a fa in t DNA fingerprint indistinguishable from  th a t detected by  

M m 3 -1 was observed in  DNA from m ale and fem ale mice. In  DNA from  m ale m ice th is  

was superim posed on a complex pattern of cross-hybridising fragm ents ranging in  length  

up to >30kb. The m ale-specific fragments were highly variable between different inbred  

strains, showing m uch less variation w ith in  inbred strains; two BXD R I m ales had an



Figure 8 .4  

B IO

A. DNA from  m ice of several inbred strains digested w ith  Hinfl and hybridised a t 

low stringency ( Ix  SSC, 6 5 °) w ith  a 1.6kb SauSAI fragm ent derived from B IO . This 

probe contains three sim ple repetitive elements; a GGGCA array w hich generates the 

DNA fingerprin t most clearly observed in  female (F) mice; a  GATA array which generates 

the com plex DNA fingerprint specific to m ale mice (M); and a GAAAAA array. Note th a t 

the cross-hybridising DNA fragm ents of BXD R I and D B A /2J  m ale m ice are sim ilar.

B. C 5 7 B L /6 J  (m ale) b ra in  DNA digested w ith  a variety of restriction endonucleases 

and hybridised a t high stringency (O .lx  SSC, 65 °) w ith either a  1.6kb SauSAI probe 

(used in  A) or a  350bp EcoR I-H indlll probe derived from  BIO . Genomic fragm ents 

derived from  B IO  (•) and cross-hybridising fragm ents a t Ms6-hm  (o) are m arked. Note 

th a t in  th is  mouse 15kb B am H I hybridising fragm ents are detected a t both Ms6-hm  and  

B IO . The EcoR I-H fndlll probe detects fragm ents a t B IO  only, although in  digests w ith  

H in d lll the fragm ents observed are different to those detected by the 1.6kb SauSAI 

probe (see F ig .8 .5).

C. DNA from  inbred mice of four different strains digested w ith  EcoRI and  

hybridised w ith  an  E coR I-H /ndlll fragm ent from  B IO . This probe detects a  single 

m onom orphic DNA fragm ent common to m ale (M) and female (F) mice of each strain .
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alm ost identical pattern to a D B A /2J  m ale, suggesting th at the m ajority of m ale-specific 

fragm ents detected by th is probe show substantial germ line stab ility. The striking sex- 

difierence in  hybridisation pattern obtained w ith  pB lO  suggests th a t the 1.6kb SauSAI 

fragm ent contains sequences which cross-hybridise to satellite sequences on the mouse 

Y chromosome, and resembles the pattern  obtained in  mouse DNA using a (GATA)n 

oligonucleotide probe (Shafer et cd., 1986).

Under high stringency washing conditions (O .lx  SSC, 6 5 °) the DNA fingerprint 

disappeared, and the only fragm ents detected by pB IO  in  Hinü, A lu l or SauSAI digested 

genomic DNA were alleles a t Ms6-hm  (in  addition to a  fa in t hybrid isation sm ear a t the 

exclusion point and throughout the DNA track of m ale mice). This resu lt suggests th at 

Ms6-hm  is the only large sequence-related locus detected by pB IO  under these 

hybridisation conditions which is not cleaved by these three enzymes. In  B am H I, H in d lll 

and EcoRI restriction digests a second locus, B IO  itself, was detected (F ig .8.4). The 

restriction m ap of B IO  in  C 57B L /6J  genomic DNA (from the mouse whose DNA was 

used to construct the library) precisety m atched th at of the insert from  XBIO . In  th is  

mouse B am H I alleles a t both Ms6-hm  and B IO  are I5 k b  in  length, explaining the 

presence o f fragm ents derived from  B IO  in  the size-selected lib rary. Both Hinü  and A lu l 

cleave the I.6 k b  SauSAI DNA fragm ent from  pB IO  to fragm ents less than  400bp in  

length; B IO  alleles are therefore not resolved in  a  Hinü  M m S -I DNA fingerprint.

The genomic lib rary  from  w hich XBIO  was isolated was constructed from  the DNA  

o f a  m ale mouse; B IO  itself m ight therefore be a  Y  linked locus. A S50bp EcoR I-H indlll 

fragm ent from  outside the I.6 k b  SauSAI fragm ent of pB IO  was used as a  single-locus 

hybrid isation probe for B IO  (F ig.8.4). This probe detected the same 4 .5kb  EcoRI 

fragm ent in  DNA from  m ale and fem ale m ice of several inbred strains; a  hybridisation  

sm ear was also detected, in  DNA from  both sexes, suggesting th a t the probe contains 

sequences w hich are highly repeated in  the mouse genome (F ig.8.4). B IO  is therefore 

autosom al or pseudoautosom al in  location, and, as th is EcoRI fragm ent includes the 

tandem  repeat region, is not itse lf highly variable.

The I.6 k b  SauSAI fragm ent of pB IO , and several in ternal A lu l p a rtia l digest 

fragm ents, were subcloned into M lS m p IG  to exam ine w hether the sequences responsible 

for the GATA-type and M m S -I-typ e DNA fingerprints were com ponents o f the same 

tandem  array. The DNA sequence of th is region is illustrated  in  F ig .8 .5 . Three m ajor 

tandem  arrays were found:

a. 4 perfect GGGCA tandem  repeat un its  in  a  40-50bp  GO rich  region (80% ). 

This accounts for the strong cross-hybridisation to M m S -I, and is presum ably not long 

enough to hybridise to probe SS.6 (w hich hybridises only very w eakly to the 19 GGGCA 

repeats of p M m S -lIi (see Chapter S)).



Figure 8.5

S tructure and DNA sequence of B IO

A. S tructure of the 3.6kb  Bam HI-EcoRI fragm ent derived from  B IO  (insert o f pB lO ),

showing the EcoR I-H indill and SauSAI fragm ents used as probes in  the experim ents 

illustrated  in  F ig .8 .4 . E, EcoRI; H , H ind lll; S, SauSAI; N, Ncol; B, B am HI.

B. S tructure of the I.6 k b  SauSAI fragm ent derived from  B IO , showing the position

o f the three tandem  repetitive arrays (denoted by open boxes) and the diverged B I 

elem ent (closed box). The M IS  sub-clones constructed for DNA sequence analysis o f 

th is  fragm ent are also illustrated; these contained either the entire SauSAI fragm ent, or 

in tern al p artia l A lu l fragm ents, cloned in to  M IS m p IG  linearised w ith  either B am H I, or 

Sm al, respectively. A, Alul; N, Ncol; S, SauSAI.

B. DNA sequence o f the I.6 k b  SauSAI fragm ent determ ined from  the sub-clones

illustrated  above. DNA sequences im m ediately adjacent to the SauSAI sites were not 

obtained. The three tandem  repeat arrays are underlined; nucleotides showing identity  

to the B I repeat sequence of Kalb et al. (I9 8 S ) are in  bold type (5’ end a t position 544). 

The precise position o f the d irect repeats flanking the B I elem ent is unclear; however, 

6 /7  of the nucleotides im m ediately preceding the B I elem ent are found repeated a t n t 

860 and n t 1 1 10, suggesting th a t the GATA tandem  array (n t 695-8S4), and possibly 

also the (GAAAAA)n array (n t 901-996 ), have expanded from  w ith in  the S’ ta il o f the B I 

elem ent.
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201 TACGUGACA tttvxîaqgt TTGCmAGG GATGATTCTT CCTACCTTCA TTCATCAGTA AAATA1TTGT ATGTTTTCAA CACAGTGTOG GGTTGCATTT

301 GAATTMOCn’ TGTTIAAAGT GGGGCTTCCA ATGAAGCTGA AAAAAGAGGG ATTCTAC3GTA GOGAOOGAAT CACAATOGTC TAGCTTAAAA GATTCTAAGA

401 CnAGATXîr AXAIM7IAAT TIAAAAATGA ACCTCAACAA TGTATTCAGC AAATTATTTA AAGTTGAATT ATGAATACCT CTTATGTGAC ACCTACCTGC
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601 CCTOTGkATC CAAQOCMJTC TOOCOGACKT AAAGAATIAT AGATAATOCA T0C3CTATCCT CTAGAGCTCT OPCmAAAAG AAAAGGCTAA ATAGTATCTA

701 TCIATCTATC TATCTATCTA TCTATCTATC TATCTATCTA TCTATCTATC TATCTACCTA CCTACCTACC TACCTATCTA TCTATCTATC TATCTATCTA

801 TCTATCTATC TATCTATCTA TCTATCTATC TATCTAGATA AAACAAAAAT TTAAGTAACA TITAAATCTT ATAACAATTG TTCAAGCTCC ACTTTAAAAA

901 GAAAAAGAAA AAGAAAAAGA AAAAGAAAAA GAAAAAGAAA AAGAAAAAGA AAAAGAAAAA GAAAAAGAAA AAAAAAAAGA AAAAGAAAAA GAAAAATGCT

1001 GTCATCTOGA AACmAGTC CAGAACAAAG AAGGTTATTC TATTCCTTCC TCTCTCCAGA TGACTGACTT CATTCCTACT CGTTAAAAGA TGACTCTCCC

1101 ACCCATATTC ACTTCCACCC ACAACCATAT ATTGTTTAAC AATCCTAGAC TTOTCTGrc GTAATATATA GAGTCAATAA CAAAGCTAAC TGTAGTTACC

1201 AiœCTGAOT GCACTIAGCA OOOCACTATT TAATATC3TAG TAAGTATTCA AAGACAGAAC TGACTCATTA CAGTGCAAGA AATATTTTCC CTTATAACAT

1301 CCAAATAACA GTCAAAAATT ATTTCAAATG TTAAAOCTAA AATTTGAACC AATCCAGTTC TCTGTGTATC ACTCCTACTC TTTTTT'CT'IA AATCATTOTC

1401 rrcccTiAAC TCTGAATOGC TEATCTCAIA TTTCATEAAA OTiriATGGC AOGTTTTCCT CTCAGCTTTA TGOGATTTTT TAAATATATA ATAAGAGTTG

1501 TAAAAXAAG CTAGTGACAT A3A7ACT1AA ATICATACTG TITATAAAAT ACAAAATAAA AAT
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b. Approxim ately 540bp from  the GGGCA array is a sim ple quadruplet tandem  

repeat array. This consists (on the same strand as the GGGCA array) o f 15 GATA repeat 

u n its  either side o f 5 varian t GGTA repeat units. This sequence accounts for the m ale- 

specific hybridisation signal. The GATA array is in  tu rn  flanked on either side by an  

extrem ely T  rich  region (2 4 /3 5  adjacent nucleotides).

c. A th ird , unexpected, sim ple sequence array was found 59 nucleotides beyond 

the GATA repeat, composed o f 16 TTTTTC tandem  repeat un its (on the same strand as 

the GATA and GGGCA arrays). One repeat u n it had a C to T  nucleotide difference. The 

59bp between the GATA and TTTTTC arrays are 80%  AT rich.

The non-tandem ly repeated sequences w ith in  th is  clone were used to search the 

EM BL and GenBank DNA sequence databases. A diverged B 1 elem ent lies between the 

GGGCA and GATA arrays (Fig.8.5). This elem ent shows approxim ately 65%  sim ilarity  to  

the consensus sequence of Kalb et al. (1983) over the entire 130bp, and approxim ately 

80%  over the first 50bp. The (A )-rich ta il starts 2 Ont before the GATA array, suggesting 

th a t th is array (TATC) has expanded from  w ith in  the 3 ’ sequences o f the B I elem ent. 

There are no obvious long direct repeats flanking th is elem ent, and it  is therefore unclear 

w hether the GAAAAA array has also expanded from  w ith in  the 3 ’ ta il. Short repeats of 

sequences im m ediately preceding the elem ent are found either side of the GAAAAA array  

(6 /7 n t, a t positions 860 and 1110 in  F ig.8.5). This complex collection of repetitive  

elem ents suggests th a t BIO , like Ms6-hm, is prone to the accum ulation o f both simple 

£uid retroposon dispersed repeat sequences (see Discussion).

The autosom al localisation of B IO  rem ains unknow n. It  is possible th a t the  

tandem  arrays w ith in  this sequence exhibit m icroheterogeneity, w hich could be exploited 

using the polymerase chain reaction to provide strain-specific m arkers. This m ight in  

tu rn  allow  the assignm ent of an SDP to th is  locus.

8 .5  TTAGGG-related sequences in  mouse DNA

The tandem  repeat sequence TTAGGG is found a t the telom eres o f hum an  

chromosomes (see A llshire et al., 1988, R ichards and Ausubel, 1988, Moyzis et al., 1988). 

Probes based on this sequence also detect in ters titia l loci w hich are highly variable in  

hum an DNA. A TTAGGG repeat probe was synthesised from  two com plem entary 

oligonucleotides by annealing, ligation, and am plification using the polym erase chain  

reaction (N.Royle, Leicester). This probe was hybridised to A lu l digested DNA from  the 

BXD  R I strains, in  order to investigate the organisation of TTAGGG-related loci in  the 

mouse genome (Fig. 8.6).



Figure 8.6

Segregation analysis o f TTAG GG-related loci in  the BXD R I strains

A. BXD R I and progenitor strain  (C 57B L /6J  and D B A /2J) DNAs digested w ith  Alul 

and hybridised w ith  a  synthetic (TTAGGG)n probe. The very large (>15kb) cross- 

hybridising DNA fragm ents m ay correspond to mouse telom eric sequences, w hile the 

discrete fragm ents (<10kb) m ay represent in ternal TTAGGG-related tandem  arrays. 

W hile some o f the sm aller fragm ents are found in  only one or a few R I strains such th a t 

they cannot be assigned an SDP, others are m ore stably inherited , in  particu lar 

fragm ents T -E  and T -F , scored in  the D B A /2J  progenitor strain , for w hich SDPs have 

been obtained. H ybrid isation by N.Royle, Leicester.

B. S tra in  d istribu tion  patterns of TTAGGG-related DNA fragm ents T -E  and T-F  

from  A, above. The C 57B L /6J  allelic fragm ents could not be resolved for these loci.
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The telom eric arrays a t the ends of hum an chromosomes are heterogeneous in  

length, resulting from  the addition o f different num bers of term inal repeats in  different 

cells, and are detected as a sm ear in  hum an DNA (Cooke et al., 1985). Very large (>30kb) 

strongly hybridising fragm ents common to C 57B L /6J  and D B A /2J  progenitor strains 

segregated to a ll the R I strains. These fragm ents may be heterogeneous, and are 

assum ed to represent the ends of mouse chromosomes. As these DNA fragm ents are 

larger th an  the 10-15kb telom eric smears detected in  Sau3AI or H in fl digested hum an  

DNA (Hastie and A llshire, 1989), it appears th at m ice m ay have longer telom eric arrays 

th an  m an. Addtional 10-20kb fragm ents are detected by TTAGGG in  some, b u t not a ll, 

B XD R I strains.

M any fragm ents sm aller than lOkb are detected in  Alul digested mouse DNA by 

the TTAGGG probe (F ig.8.6). These are discrete fragm ents, and are thought to represent 

in te rs titia l TTAGGG-related arrays. TTAGGG-related segments have also been isolated 

on SauSAI inserts in  a mouse genomic lib rary (M .Festing, personal com m unication). The 

proxim ity of TTAGGG-related sequences to the n atu ra l end o f a  chromosome can be 

investigated by exam ining the sensitivity of the corresponding fragm ents to B aI31 

exonuclease digestion (Cooke et al., 1985). Studies have shown th a t discrete TTAGGG- 

related DNA fragm ents of less than lOkb are insensitive to B a lS l digestion, and are thus  

not located a t chromosome term ini (see H astie and A llshire, 1989). The m ajority of these 

fragm ents observed in  the BXD R I strains are hypervariable, and found in  only one or a  

sm all num ber o f strains. It  is therefore impossible to obtain SDPs for these fragm ents on 

the basis of allele length.

O ther, more stable, TTAGGG-related DNA fragm ents m ay be assigned SDPs; for 

two o f these fragm ents linkage to other genetic m arkers has been detected (B.Taylor, The 

Jackson Laboratory, personal com m unication). One of these has 3 /2 4  discordancies 

w ith  the Fgr proto-oncogene on the distal p art o f chromosome 4, and also w ith  a  

sequence on the proxim al part of chromosome 3. The other stable fragm ent for w hich an  

SDP has been found also shows 3 /2 4  discordancies w ith  two d ifferent loci, one near the 

m iddle of chromosome 5, and another (Cck) on the distal end o f chromosome 9. W hile 

the correct chrom osomal assignm ents for these two loci rem ain unclear, it  seems likely  

th a t in ters titia l TTAGGG-related arrays are dispersed in  the mouse genome.

8 .6  Sum m ary

The loci described in  this chapter illustrate  the extent to w hich core-related  

m in isatellite  loci are only the ’tip  o f the iceberg’ of tandem  repeated sequences in  the 

mouse genome (Dover, 1989). The structure and germ line stab ility  o f these loci m ay be
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com pared ; Ms6-hm, which consists of a homogeneous array o f 5bp tandem  repeat units  

is extrem ely unstable, whereas M m l , which consists of a heterogeneous array based on a 

40bp repeat u n it, is relatively stable. Such comparisons allow  insights in to  the processes 

associated w ith  m inisatellite evolution (see Discussion).

The DNA sequence of B IO  dem onstrates th a t not a ll GGGCA tandem  repeat loci in  

the m ouse genome are equally hypervariable; varian t B IO  alleles, o f length differences 

exceeding 20  repeat units, would have been observed across different inbred strains. It  is 

possible th a t there are only a  sm all num ber of large extrem ely unstable m in isatellite loci 

in  the mouse genome; these include TTAGGG-related arrays w hich m ay evolve sim ilarly  

to m in isatellite  loci (through slippage and unequal exchange events), or alternatively (and 

perhaps additionally) through the internalisation of telom eric repeats through  

chrom osome fusions (see Hastie and Allshire, 1989). M ore detailed analysis of the  

m olecular organisation of mouse chromosomes is required in  order to understand the 

m echanism s by w hich the variety o f tandem  repeat arrays in  the mouse genome have 

arisen, and by w hich these highly unstable sequences are continuing to evolve.



98

IX . D ISCUSSION

9.1

C haracterisation of hum an and mouse m inisateUite loci has provided insights in to  

the structure of unstable sequences and the processes associated w ith  instabiUty in  the  

m am m alian genome. The hypervariable mouse m inisateUite Ms6-hm  has been cloned 

from  the DNA of a C 57B L /6J  mouse, aUowing analysis of the prim ary structure and new- 

length m utation events a t th is locus, and the appUcation of Ms6-hm  as both a lineage 

m arker for early mouse development and a  probe to detect other unstable sequences in  

the mouse genome.

9 .2  Sequences associated w ith  Ms6-hm

Analysis of the DNA sequence flanking Ms6-hm  revealed th a t the m inisatelUte Ues 

w ith in  a m em ber of the M T famUy of short interspersed repetitive elem ents (H einlein et 

al., 1986). This M T elem ent (M T -1 ) is flanked by two additional M T elem ents in  reverse 

orientation, M T-2 (lOObp 5 ’) and M T-3 (200bp 3 ). A fourth  dispersed repetitive 

sequence, a  B2 elem ent, Ues 2.2kb  3' to M T -1, in  the same orientation.

M T elem ents are a newly described high copy num ber rodent-specific SINE famUy 

w hich are repeated 40 -90 ,000  tim es in  the mouse genome (see Introduction, H einlein  et 

al., 1986, Bastien and Bourgaux, 1987). The relatively recent characterisation of th is  

repeat fam ily suggests th at M T elem ents m ay have an  unusual d istribu tion  in  the  

genome. In  addition to the seven elem ents w hich were cloned by these groups to  

estabUsh M T consensus sequences only 12 M T elem ents are currently  in  the EM BL DNA  

sequence database (Release No. 19). Bastien and Bourgaux (1987) dem onstrated by 

heteroduplex m apping th at M T elem ents are 400bp in  length, and identified two 

sequences in  the M T consensus sequence w hich displayed weak s im ilarity  w ith  the A  

( 8 / l lb p )  and the B block (1 1 / 12bp) of the RNA polymerase 111 prom oter (GaUi et al., 

1981), in  addition to a  sequence simUar to the repUcation origin of SV40 ( ll/1 2 b p , 

150bp in to  the consensus sequence, F ig .9.1). These authors reported th a t three 

elem ents, isolated by sequence sim ilarity to an M T elem ent in  the mouse Ins sequence, 

term inate w ith  a short 3’ sequence rich in  (A) residues, and are flanked by short direct 

repeats.
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The GGGCA repeat un it of Ms6-hm  appears to have expanded from  w ith in  M T-1, 

presum ably through processes o f slipped strand m ispairing and unequal exchange (see 

Introduction). The m in isatellite starts approxim ately 135bp into the elem ent a t a  point 

where there are two copies of the tandem  repeat u n it GCAGG, separated by 7bp, in  the  

M T consensus sequence (Bastien and Bourgaux, 1987). M T-2 and M T -3  are less sim ilar 

to the consensus sequence than  M T-1; w hile s im ilarity  a t M T-2 starts 55bp in to  the  

consensus sequence, sim ilarity a t M T -3  ceases after 135bp, precisely the point a t which  

the m inisateU ite has expanded from  M T-1. Two of the M T elem ents sequenced by 

B astien and Bourgaux (1987) have sm all (7 and 9bp) non-repetitive insertions between  

the two GCAGG repeats a t this point; furtherm ore, a t a  shortened M T elem ent upstream  

o f the cytochrom e P450 oxidoreductase gene o f the ra t, strong sim ilarity  to the M T  

consensus sequence starts in  th is region (F ig.9.1, Gonzalez and Kasper, 1983). These 

data suggest th a t th is  region m ay be particu lary labile w ith in  M T elem ents.

Recom bination between dispersed repeats is associated w ith  deletions and  

duplications in  the m am m alian genome (see Introduction). The organisation o f the M T  

elem ents around Ms6-hm  suggests th a t M T-2 and M T-3 m ay once have been a  single 

ancestral M T elem ent which was disrupted by a nom adic sequence carrying M T-1 (or into  

w hich M T-1 subsequently integrated). M T-1 shows greater s im ilarity  to the M T  

consensus sequence than  either M T-2 or M T-3, and therefore m ight be argued to  have 

integrated more recently. However, w ith in  the 80bp region of the consensus M T  

sequence to w hich both M T-2 and M T-3 show sim ilarity  there is no greater s im ilarity  

between these two elem ents than between either of these and any other M T repeat (from  

dotplot analysis). Furtherm ore, there is no evidence for any short sequence 5 ’ o f M T-3  

w hich is d irectly repeated 3 ’ of M T-2.

B astien and Bourgaux (1987) argued th at M T elem ents have the s tru ctu ra l 

properties o f retroposons. Rogers (1985) has analysed the sequences generated upon  

retroposon insertion in  109 cases including B I, B2, A lu, LINE, and pseudogene 

retroposons; the m ajority of (A)-rich tails  are of the strucure An, (NAx)y, or An-(NA%)y (N 

being frequently C), w ith  a m inority of (A) tails in  each group being irregular. The average 

length o f the term inal repeats in  each retroposon group was 12-13bp. These features, 

common to a ll m ajor retroposon groups, contrast w ith  the characteristics o f sequences 

fk inking  M T elem ents. The three ’(A )-rich ta ils ’ identified by B astien and Bourgaux ( 1987) 

are highly irregu lar and contain only 3 /8 , 7 /2 3  and 1 5 /3 3  (A) residues. Furtherm ore, 

none of the M T elem ents associated w ith  Ms6-hm  have detectable (A )-rich tails , nor do 

other M T elem ents in  the EMBL database.

D irect repeats flanking M T elem ents are also non-typical; two o f those reported by 

B astien and Bourgaux (1987) have 3 /8  m ism atches, and two do not d irectly abut the 5 ’



100

end of the element. 8bp, overlapping w ith  the first 4bp of M T -1, are repeated perfectly 

20bp 3’ to the element; however, the direct repeats flanking retroposons should be 

strictly of target sequence, and the 3' ta il (of which 3n t out of 20 are (A)) is highly 

irregular (Rogers, 1985). It  is possible that M T-1 is truncated by 4bp at its 5 ’ end; M T-2 

and M T-3 have no detectable direct repeats a t either the expected or observed boundaries 

of sim ilarity vrith the M T consensus sequence. None of the other M T elements in  the 

EM BL database for which the 5 ’ and 3 ’ ends have been completely sequenced have longer 

or more perfect direct repeats than those reported by Bastien and Bourgaux (1987).

M T elements are therefore not a typical retroposon fam ily. This is clearly 

illustrated by contrasting the characteristics of the M T elements associated w ith  Ms6-hm  

w ith  the long poly(A) taü and direct repeats of the downstream B2 element. Dotplot 

analysis comparing 8 MT elements against each other (at a  stringency of 1 1 /1 7  

nucleotides) revealed th at in  no case does sequence sim ilarity extend beyond the 400bp  

consensus established by Bastien and Bourgaux (1987). There was no evidence for 

retroposon-like (A)-rich tails a t either end of any of these sequences. In  addition, m any of 

these M T elements were truncated, or showed patchy sim ilarity to the M T consensus 

sequence; the fact th a t M T elements have not been found in  libraries of highly repetitive 

DNA sequences further suggests that individual elements m ay not be closely related. The 

most simple explanation for these results is that those MT elements w hich have been 

analysed to date were active shortly after the divergence of rodents (65 MYA), and have 

since been eroded by point m utation, m asking the hallm arks o f retroposition. It  is likely, 

by analogy w ith A lu sequences in  prim ates (B ritten et al., 1988), th a t there may be more 

than one M T consensus sequence corresponding to different source genes active during  

rodent evolution; perhaps there is even a precise class of M T elements currently active in  

the mouse genome. Alternatively, characterisation of individual M T elements may reveal 

th at they are not retroposons, and uncover novel mechanisms for their dispersal in  the 

genome.

M T elements are often associated w ith  unstable regions of the genome. The first 

of six examples discussed here was also the first M T sequence to be isolated, and lies 

w ith in  a region of somatic instability, the mouse Ins sequence. Ins is a 1.6kb cellular 

sequence which is precisely excised at a  high frequency w ith vira l DNA from a polyoma 

virus transformed mouse cell line (Fig.9.1, Bourgaux et al., 1982). In  this particu lar cell 

line there are two complete polyoma genomes joined head to ta il in  tandem  at a  single 

integrated site (Chartrand et al., 1981). On induction of v ira l replication a homogeneous 

population of recom binant molecules is produced, each molecule consisting of a complete 

polyoma genome (5.3kb) w ith  a 182bp direct repeat and 1.6kb of flanking cellular 

sequences (Ins). This chim aeric molecule (Rml) shares an identical arrangem ent of



Figure 9.1

M T elements in  mouse DNA

A. Consensus M T sequence of Bastien and Bourgaux (1987), determ ined from  the  
Ins M T sequence and three M T elem ents isolated by cross-hybridisation to the Ins M T  
sequence. This consensus is 97%  sim ilar to the trunctated  M T consensus o f H einlein  et 
al. (1986). The firs t two underlined sequences (n t 2 -12 , n t 56 -67 ) display weak 
sim ilarity  w ith , respectively, the A block (8 /1  In t), and the B block (7 / 12nt) of the RNA  
polymerase I I I  prom oter (G alli et al., 1981). Two GCAGG sequences a t the point from  
w hich Ms6-hm  has expanded from  M T-1 are also underlined (n t 132-136, n t 144-148). 
A sequence showing sim ilarity  to the SV40 origin of replication is boxed (1 1 / 12nt, n t 
154-165).

B. S tru ctu re of seven loci associated w ith  unstable DNA sequences, and the 
upstream  region o f a  ra t P -450 gene, w hich contain M T sequences (see text). Note th a t 
the structure o f PRP M l4 is illustrated  to h a lf the scale o f the other loci.

Key - dispersed repeats : M T, Mouse Transcript elem ent (arrow  indicates  
direction o f strand sim ilar to the consensus sequence); B I, B 2, mouse B I or B2 
elem ent; lAP, in tracisternal A -particle (showing LTRs); LTR a t Ap hotpsot, 36bp region 
sim ilar to a  portion of the LTR o f endogenous M uRRS elem ents (Schm idt et al., 1985); 
L lM d , m ouse LINE; sim ple repeat regions are also indicated, w ith  the repeat u n it 
sequence in  brackets. Polyoma virus integrated genome (Py DNA) is linked to the Ins  
sequence; broken line, cellu lar a-site; continuous line, cellu lar P-site (see text). M in im al 
regions containing m eiotic cross-over points w ith in  the MHO recom bination hotspots 
are indicated by broken arrows. Gene structure for SAA2 and PRP M 14 : I-IV , exons; 5 ’, 
3', boundaries o f homology between the SAA2 and SA A l genes (and of the putative gene 
conversion region); A, B, PRP M 14 3 ’ polyadenylation sites.

References - Ms6-hm, present work; Ins, Sylla et al., 1984a, Bourgaux-Ram oisy 
et al., 1986, A llard et al., 1988; MHO Ap and Ep m eiotic recom bination hotspots, 
Uem atsu et a l., 1986, Kobori et a l., 1986, Shiroishi, T ., Hanzaw a, N ., Sagai, T ., 
Steinm etz, M ., and M oriw aki, K ., personal com m unication; R enin-2 gene (3’ LAP), B urt 
et al., 1984; serum  am yloid A2 gene, Lowell et al., 1986; proline rich  gene M 14, Ann et 
al., 1988; ra t NADPH-cytochrom e P -450 oxidoreductase gene, Gonzalez and Kasper, 
1983.

C. D otplots com paring M T elem ents a t the loci illustrated  in  B to the M T consensus 
of B astien stnd Bourgaux (1987). The sequences are compared in  windows of 17 
nucleotides, o f w hich 11 need to m atch to place a dot on the graph. Arrows indicate the  
point a t w hich the GGGCA array has expanded from  M T -1 ; the direct repeat w ith in  M T- 
3 a t w hich s im ilarity  to the M T consensus ends; the start o f strong s im ilarity  to the M T  
consensus w ith in  the ra t P450 M T elem ent; the border of the region o f sequence 
sim ilarity  w ith  S A A l w ith in  the SAA2 M T elem ent, and the point w ith in  the Ren-2 M T  
elem ent a t w hich the LAP genome has integrated.

The sequences included are : M T -1, CB4, n t 1280-1790 (only 5 GGGCA repeats 
included to m axim ise the alignm ent); M T-2, CB4, n t 760 -1200  (reverse and  
complement); M T-3 , CB4, n t 1980-2410 (reverse and com plement); INS, EMBL: 
M M IN S O I, n t 2 4 0 -6 8 0  (Sylla et al., 1984a); Rat P -450, EMBL: RNCYC450, n t 1-250  
(reverse and com plem ent, Gonzalez and Kasper, 1983); M HC Ap, EMBL: M M A B 322, n t 
684 -112 4  (reverse and com plem ent, Uem atsu et al., 1986); M HC Ep, EMBL: 
M M M H IEB F, n t 1026-1465 (Kobori et al., 1986); SAA2, EM BL: MM SAA2B, n t 3600- 
4020 (Lowell et al., 1986); PRP M l4, New EMBL: J03891 , n t 6920 -73 06  (Ann et al.,
1988); REN, Genbank: LAPMSV, n t 1-97, 3106 -3303  (reverse and com plem ent, deleting  
LAP genome to m axim ise alignm ent, B u rt et al., 1984).
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sequences on either side of one v ira l-ce llu la r jo in  w ith  the insertion site in  uninduced  

cells. The Ins sequence is thought to m ediate excision o f the Ins-polyom a chim aeric  

m olecule through a site-specific recom binational process (Sylla et al., 1984a).

W allenberg et al. (1984) transfected Rm l into ra t cells and found th at, under 

conditions o f v ira l replication, Rm l integrated non-random ly in to  the genome, im plying  

th a t there was a specific interaction between Ins and cellu lar sequences during  

in tegration as w ell as excision. Rm l itse lf is too large to be packaged into v ira l capsids; 

however, th is m olecule, w ith  the stru ctu ra l properties of a  bacterial cointegrate, 

recom bines to produce u n it sized polyom a genomes w hich m ay be packaged to form  

infectious particles (Piche and Bourgaux, 1987). This recom bination event occurs w ith  

1 /2Q th the efficiency of the in itia l precise excision of Rm l.

Isolation of a  second chim aeric molecule, R m ll, containing 3kb of flanking DNA  

(including Ins), allowed analysis o f the highly efficient recom bination event which  

generates Rm l (Sylla et al., 1984b); patches o f in-register homology were found on either 

side o f the crossover site, and the two sequences which jo in  to create Rm l were found to 

contain a 12- 14bp inverted repeat. Subsequent cloning o f cellu lar sequences allowed 

analysis o f the alternative recom bination event which generated R m ll (B ourgaux-R am oi^  

et al., 1986). This crossover occurs w ith in  a simple sequence array ((CTGlga), a t a point 

where a G to A transition generates a  5bp m atch w ith  the v ira l sequence. 

Oligonucleotides either side o f this array m ay be responsible for aligning the v ira l and  

cellu lar sequences prior to recom bination. By com paring cellu lar sequences from  the 

occupied and unoccupied integration site, A llard et al. (1988) found th a t the original 

integration event was associated w ith  a deletion (of unknow n extent), such th a t the Ins  

sequence is composed o f DNA segments from  two distinct sites; the 210bp adjacent to the  

genomic v ira l-ce llu lar jo in  (or a-site) were juxtaposed to another cellu lar sequence a t the 

tim e o f integration. This second cellu lar sequence (or p-site) is polym orphic for a 1.8kb  

insertion / deletion event between d ifferent mouse strain  DNAs.

The Ins M T elem ent appears to be fu ll length, and Ues w ith in  the sequence derived 

from  the p-site; the 5’ end o f the elem ent is 36bp from  the cellu lar-ceU ular jun ctio n  

(F ig .9 .1 , SyUa et al., 1984a). A t the 3' end a truncated B2 elem ent (5’ lOObp) lies in  the  

opposite direction, directly following an  inverted repeat of the last 15bp of the M T elem ent 

(1 2 /1 5 b p ). This is the only exam ple (out of 15 M T elem ents w ith  know n flanking  

sequences) of the putative insertion o f an  M T elem ent, although there is no evidence for 

continuation of the B2 repeat 5 ’ to the M T sequence. The best direct repeat flanking  the 

Ins M T elem ent is a 5 /5 b p  repeat im m ediately preceding and following the elem ent. 

There is no evidence for a  poly (A) taü.
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A second MT elem ent associated w ith  genomic instability is found 3* to both the 

Ren-1 and Ren-2 genes of D B A /2 J mice (Fig.9.1). The Ren-2 gene is thought to have 

arisen from the Ren-1 gene through a tandem duplication event. A retroviral 

intracisternal A -particle (LAP) genome has integrated into this elem ent at the Ren-2 locus, 

205bp into the M T consensus sequence (B urt et al., 1984). The LAP genome is flanked by 

6bp direct repeats, and the M T sequence continues beyond the second direct repeat. 

This M T element shows poor sim ilarity to the consensus sequence.

Thirdly, an M T elem ent is found in  the 3' sequences of the serum  amyloid A 2 

(SAA2) gene of the mouse (Fig.9.1). A region of 3 2 15bp shows 96%  homology between the  

SAAl and SAA2 genes, including intervening, upstream  and downstream sequences and  

is flanked by non-homologous sequences (Lowell et al., 1986). These authors argue th at 

this extensive homology is the result of gene conversion events. A B I elem ent is found 

73bp upstream  of the 5 ’ boundary of homology in  the SAAl gene. The M T elem ent Ues 3' 

to the SAA2 gene; the boundary of homology w ith  the SAAl gene and the start of strong 

sim ilarity to the M T consensus sequence are both found approxim ately 125bp into the 

M T elem ent (close to the labile site discussed above). Only the central th ird  of this M T  

elem ent shows strong sim ilarity to the consensus sequence of Bastien and Bourgaux

(1987), or any other (of 7) M T elements by dotplot analysis.

M T elements are also found a t the A^3/Ap2 and Ep hotspots of m eiotic 

recom bination in  the mouse m ajor histocom patibiUty complex (see Introduction; 

Shiroishi, T., Hanzawa, N., Sagai, T., Steinm etz, M ., and M oriw aki, K., personal 

com m unication). The m olecular organisation of these two hotspots is rem arkably 

sim ilar; at each locus the tetram eric tandem  repeat sequences ((CAGAl^.e a t the Ap, or 

(CAGG)7-9 at the Ep hotspot) Ue approxim ately Ik b  beyond the d istal end of the sequence 

related to the papovavirus repUcation origin in  each M T elem ent (Fig.9.1). The (CAGR)n 

strand a t each hotspot is orientated in  the same direction as the M T consensus 

sequence. In  addition, approxim ately 400bp beyond the tetram eric array, Uem atsu et al. 

(1986) identified a 36bp sequence (containing a breakpoint in  one recom binant strain) 

which shows 72%  sim ilarity to a portion of the LTR sequence associated w ith  MuRRS 

(retroviral-related) elements (Fig.9.1). Edelm ann et al. (1989) have dem onstrated th at 

this region of the LTR interacts w ith  at least two nuclear proteins in vitro, and is likely to 

be responsible for the high frequency of recom bination between MuRRS LTRs in  the 

mouse genome. At the Ap hotspot truncated B 1 and B2 elements are found SOObp from  

the M T sequence (at the opposite side to the CAGA array, Uem atsu et al., 1986). Both 

the Ap and Ep recom bination hotpsots are M HC haplotype-dependent; as the M T- 

tetranucleotide repeat configuration is shared by all sequenced M HC haplotypes at both 

loci it is possible that distant haplotype-specific enhancer-like elem ents act on this
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structure to facilitate recom bination. The Ep M T elem ent is shortened a t the 5 ’ end, and  

both the Ap and Ep MT elements show patchy homology to the M T consensus sequence. 

The physical arrangem ent of the two sequence elem ents a t these m eiotic hotspots differs 

from  the arrangem ent a t Ms6-hm; however, the orientation of M T -1 and the CAG strand  

in  the tandem  array is sim ilar. For m inisateUite alleles greater th an  Ik b  in  length, the  

distance between the two repeats w ill then be the same as th at a t the M HC hotspots.

F inally , an  M T elem ent is found in  the 3 ’ sequences o f a  mouse proUne-rich  

salivary protein (PRP) gene (M l4, F ig .9.1). The proUne-rich proteins of the mouse are  

encoded by a  m ultigene fam ily clustered on chromosome 6 (Azen et al., 1989). A nn et al.

(1988) cloned tw o tandem ly arrayed PRP genes (MP2 and M 14) on a  contiguous block of 

77kb , and showed by DNA sequence comparison th a t these genes were like ly  to have 

arisen by dupUcation of a common ancestral gene. M uch o f the PRP coding sequence is 

composed of tandem  repeats of a  42bp G C -rich repeat u n it (from  w hich the entire  

ancestral PRP gene m ay have originated, Ann and Carlson, 1985). MP2 and M P I4 differ 

in  the num ber o f 42bp tandem  repeats in  exon 2; in  addition an L lM d  elem ent has 

integrated in to  the first in tron of M l4, close to two sim ple sequence repeat arrays. This  

is therefore a  rapid ly evolving region of the mouse genome. The start o f s im ilarity  to the  

M T consensus sequence lies approxim ately 360bp 3’ to the second polyadenylation singal 

noted by A nn et al. (1988); this elem ent is truncted a t both the 3' and 5' ends. However, 

it  is not clear from  the pubUshed sequence data w hether there is also an M T elem ent in  

the 3' sequences o f the MP2 PRP gene.

The correlation between M T sequences and genomic instabiUty is provocative, 

however it is unclear whether M T elem ents are a  cause or a  consequence o f instabiUty. 

Again the question arises, w hat is the definition of an  M T elem ent? W hat is the 

significance o f th e ir fissiparous nature? Does the association between M T elem ents and  

sequence instabiUty explain the divergence between ind ividual M T elem ents, or reflect the 

m echanism  by w hich M T elements are mobile in  the genome? It  is conceivable th at these 

elem ents m ay mobiUse surrounding sequences (such as the Ins sequence) or promote 

local recom bination events. The answers to these questions m ust aw ait m ore detailed 

characterisation o f individual members of th is sequence fam ily.

Evidence from  analysis of the DNA sequences flanking hum an m inisatelUtes 

suggests th a t there is also an association between tandem  and dispersed repetitive 

elem ents in  m an (Arm our et al., 1989). In  less than 6 .5kb  o f DNA sequence flanking 6 

m inisatelUte loci these authors found 6 dispersed repetitive elem ents (4 A lu  elem ents, 1 

L I elem ent, and a  novel hum an SINE), suggesting th a t there is an excess o f dispersed 

repeats near m inisatelUtes. In  addition, one of the hum an m inisatelUtes, XMS32, is 

flanked by retroviral LTR sequences; the alignm ent between the flanking DNA sequence
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and the retroviral LTR extends to the boundary of the m inisateUite and resumes beyond 

the repeat array. This suggests th at XMS32 m ay have expanded from  w ith in  a member of 

th is LTR fam ily, m uch as Ms6-hm  has expanded from  w ith in  M T-1. Using the polymerase 

chain reaction, the orthologous locus in  old world prim ates has been shown to be 

monom orphic, containing 2 .5  repeat un its corresponding to the 3 ’ end of the hum an  

m inisateUite array; th is presum ably represents the organisation o f the ancestral LTR 

from  w hich XMS32 expanded (I.G ray and A. Jeffreys, m anuscript in  preparation).

There are other examples of tandem  repeat arrays w ith in  dispersed repetitive 

elements; a  (AAAT)g array is found w ith in  the B2 elem ent adjacent to Ms6-hm. This 

repeat lies in  a  3 ’ (A )-rich region preceding the 3 ’ ta il which is know n to be heterogeneous 

in  length among B2 elem ents (Krayev et al., 1982, Kram erov et al., 1985). Using PGR it  

w ould be possible to determ ine w hether th is array is polym orphic between different mice 

a t any one B2 elem ent, and in  particu lar a t the B2 elem ent linked to Ms6-hm. S im ilarly, 

a  GATA (and possibly also a GAAAAA) array a t B I 0 m ay have expanded from  w ith in  the 

3 ’ sequences of a  diverged B 1 repetitive element; the polymerase chain  reaction m ay also 

reveal m icroheterogeneity a t this locus. Brown and Piechaczyk (1982), studying 

sequence variation w ith in  the mouse LINE famUy, found one elem ent w hich contained  

four 5bp tandem  repeats of the sequence CAAAA; th is particu lar elem ent was highly 

diverged from  other L lM d  elem ents throughout its length. M T-1, in  contrast, is relatively  

sim Uar (75% ) to the consensus M T sequence (by comparison w ith  other M T elem ents). 

W ith in  the th ird  in tron of a mouse transplantation antigen pseudogene in  the M HC a  B I 

elem ent was found w hich contained the hexanucleotide repeat GAGGCA am plified 17-fold 

(Steinm etz et a /., 1981, Rogers, 1985). The extent of variation a t th is  locus and the L lM d  

CAAAA array is unknow n.

In  conjunction w ith  the clustering o f dispersed repetitive elem ents (see 

In troduction and Rogers, 1985) it  therefore appears th at certa in  regions o f the 

m am m alian genome are prone to the accum ulation of dispersed and tandem  repetitive 

elem ents. Furtherm ore, characterisation of several linked pairs o f m inisatellites in  m an, 

and the observation th a t H VR loci tend to be found towards the ends of hum an  

chromosomes, suggests th at m inisatelUtes may also cluster in  the genome (Royle et al., 

1988, Arm our et al., 1989). It  is Ukely th a t these clusters define ’ju n k ’ regions of 

m am m aUan chromosomes in  which repeated DNA sequences m ay accum ulate in  the 

absence of selective constraints; the regional chrom atin structure a t these Irc i m ay 

somehow promote th is accum ulation. A lternatively, sequence elem ents w ith in  such 

clusters m ay be involved in  functional interactions; it is provocative th a t three highly 

unstable loci (the Ap hotspot, the Ins sequence, and Ms6-hm) a ll contain  an  M T elem ent, 

a B2 elem ent, and a sim ple sequence component. These three m iddle repetitive elem ents
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m ay somehow interact to promote instab ility  a t these loci. However, the extent to which  

flanking sequences have actively contributed to the evolution of the m inisateUite Ms6-hm  

rem ains unclear.

Long hypervariable GGGCA arrays have also evolved a t other sites in  the genome 

of certa in  mouse strains. These are known to be recom binationaUy separable from  Ms6- 

hm  and therefore are unUkely to have arisen through local dupUcation events. Instead  

such loci m ay have evolved through the independent expansion o f GGGCA repeat units  

by sUppage and unequal recom bination events, although it is conceivable th a t these 

m inisatelUtes arose through the mobiUty of retroposed copies of the expanded M T-1  

elem ent from  Ms6-hm.

9 .3 . LocaUsation of Ms6-hm

Ms6-hm  has been locaUsed to mouse chromosome 4. Ifa , to w hich Ms6-hm  is 

tightly  linked, is syntenic w ith  chromosome 9p in  m an (Nadeau et al., 1986). Loci d istal 

to, and inclusive of, c-Jun on mouse chromosome 4, however, are syntenic w ith  hum an  

chromosome Ip ; the breakpoint between these syntenic groups therefore Ues between I f  a  

and c-Jun which are less than  Ic M  apart (Friedm an et al., 1989). In  m an, the sites of 

ancestral chromosomal fusions m ay be represented by some contemp>orary fragile sites, 

regions o f breakage and recom bination in  hum an chromosomes (see H astie and AUshire,

1989). An in terstitia l telom eric-like repeat array was mapped by in situ hybridisation to a  

site on hum an chromosome 2 to which two fragile sites m ap, and w hich is thought to be 

the site o f fusion of two ancestral acrocentric chromosomes (AUshire et al., 1988). If  Ms6- 

hm  Ues d istal to Ifa  it is possible th a t th is m inisatelUte m ay be associated w ith  the  

synteny breakpoint w hich has been mapped to th is region. S im ilarly, the highly variable  

in te rs titia l loci detected by the TTAGGG repeat probe in  BXD R I DNA m ay identify  sites of 

chrom osom al fusion during the evolution o f the contem porary mouse karyofype. 

C haracterisation of the sequences present a t chrom osomal breakpoints wiU faciUtate an  

understanding of the evolution of mam m aUan chromosomes.

9 .4  M utation  processes a t Ms6-hm

The germUne m utation rate to new length aUeles a t Ms6-hm  has been estim ated  

to be 2.5%  per gamete. It  is th is extrem ely high m utation rate w hich accounts for the  

extensive variation and high levels of heterozygosity a t Ms6-hm  w hich are found even 

w ith in  inbred strains of mice. However most germUne m utation  events a t th is locus are 

sm all, and inbreeding has a strong homogenising effect on aUele size, such th a t aUeles 

w ith in  any one strain  tend to Ue w ith in  a particu lar size range.
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In  contrast, other m inisateUite loci show substantial stabiUty w ith in  inbred  

strains. AUeles at M m l , for example, m ay be shared by different inbred strsdns; this  

locus has a 40bp repeat u n it which is heterogeneous in  sequence w ith in  the m inisatelUte 

array. Stephan (1989) predicted, by com puter sim ulations, th a t tandem  arrays w hich  

undergo crossing-over (and therefore unequal exchange events) m ost frequently wiU have 

the shortest repeat units. This is consistent w ith  the observation th a t Ms6-hm  and Hm -2  

(w ith  5 and 4bp repeat units respectively) are the most variable m inisatelUte loci known 

in  mice, and th at the most variable locus known in  m an, XMS J , has a relatively short 9bp 

repeat u n it (Jeffreys et al., 1988a). The repeat u n it sequence a t Ms6-hm  appears to be 

extrem ely homogeneous w ith in  the m inisatelUte array. H igher-order structures o f varian t 

repeat u n its  (as observed for M m l ) only arise when recom bination rates are low  relative  

to the base substitution rate (Stephan, 1989). Thus the GGGCA array a t M s6-hm  is Ukely 

to be the product of extrem ely high rates of recom bination and sUppage a t th is  locus.

The GGGCA repeat u n it o f Ms6-hm  is the central p art o f the core sequence 

common to m any hum an m inisateUites (Jeffreys et al., 1985a). The m ost unstable  

m inisatelUtes identified in  the hum an and mouse genomes have repeat u n its  related to 

th is core sequence [Ms6-hm, Hm-2, Wong et al., 1987). Furtherm ore, those loci in  the 

mouse genome detected by a GGGCA repeat probe a t low stringency (and in  p articu la r aU 

long (>2kb) m inisatelUte arrays o f the repeat sequence GGGCA [Ms6-hm, SWR-LL, SJL-LL, 

and 129-LL)) are even more variable than  loci related to the hum an DNA fingerprinting  

probes, resulting in  extrem e in trastra in  variation. As discussed in  the In troduction , core

related sequences are also associated w ith  other recom binationaUy active DNA  

sequences, including the meiotic hotspots found in  the mouse M HC. Therefore, by virtue  

o f their repeat u n it sequence, core-containing HVRs m ay be actively more variab le than  

other intem aU y repeated sequences.

I t  is possible th a t the core sequence acts as a  signal for recom binases or other 

ceUular proteins which m ight enhance the variabiUty associated w ith  core-related tandem  

repeat arrays. A binding activity has been detected in  extracts from  m urine som atic 

tissues and canine testes which specificaUy interacts w ith  tandem  repeated polycore 

arrays, and has been dem onstrated by protein-blotting to be a  40kD  protein  (M S B P l, 

CoUick and Jeffreys, 1990). The structure and biological function of th is protein  rem ain  

to be elucidated, and it is unknown whether additional proteins in teract w ith  

m inisatelUte sequences in  the germUne.

W hether other tandem  repeated sequences are as variable as core-related  

m inisatelUtes rem ains to be seen. In ters titia l telom eric arrays, for exam ple, are extrem ely 

variable, and although unrelated to the core sequence are presum ably 50%  G -rich . Core

related m inisatelUtes m ay therefore be hypervariable sim ply by v irtu e of being G -rich .
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O nly by assessing the variab ility  a t tandem  repeat arrays w ith  a w ide spectrum  of repeat 

u n it sequences w ill the true relationship between variab ility  and repeat u n it sequence 

emerge.

V ariab ility  a t any one m inisatelUte locus is Ukely to result from  a com bination of 

factors. The large num ber of short monom orphic arrays o f core-related sequences which  

are detected in  hum an and mouse DNA fingerprints suggest th a t array length is Ukely to  

contribute to instabiUty (although the b u lk  of these cross-hybridising loci m ay m ask a  

m inority o f highly variable loci). The GGGCA array a t BIO,  for exam ple, indicates th a t 

not aU GGGCA arrays are as hypervariable as Ms6-hm. There are very few large GGGCA  

arrays in  the mouse genome; perhaps only those loci w hich are longer than  a  certain  

threshold length are hypervariable. As outlined in  the Introduction long arrays m ay 

evolve faster through additional mechanisms unavailable to short arrays (such as 

unequal exchange). Consistent w ith  this idea is the observation th a t C 57B L /6J  Ms6-hm  

aUeles (which generally contain more than 1000 repeat units) are found over a  more 

extensive size range th an  D B A /2J  aUeles (generaUy 500 -1000  repeat units in  length). No 

significant difference in  germUne m utation rate, however, is detectable between 

C 57B L /6J  and D B A /2 J  aUeles; the w ider range o f aUele sizes could equaUy weU be 

explained by an  association between large aUeles and large length change events. A t Hm- 

2 the m ajority of new-length m utant aUeles w hich have been scored are derived from  

C 57B L /6J  aUeles (w hich are extrem ely large), even though the abUity to resolve smaU 

length changes is m uch greater for short D B A /2J  aUeles.

In  the In troduction  argum ents suggesting th a t hypervariable m inisatelUte loci are 

hotspots of recom bination were reviewed. It  is debatable w hether m inisatelUtes are active 

instigators of recom bination in  the way th at chi sequences in  E.coli in itia te  homologous 

recom bination, or are m erely passive products o f dynam ic processes, including sUppage 

and unequal recom bination, which occur in  the genome (see Jarm an and WeUs, 1989, 

Dover, 1989). In itia l claim s that two hum an m inisatelUtes were associated w ith  hotspots 

o f m eiotic recom bination have been dem onstrated to be untrue after m ore extensive 

haplotype analysis showed th at m arkers flanking the HVRs are in  linkage disequilibrium  

(at both the hum an insu lin  locus, Cox et al., 1989, and the a-globin locus, Higgs et al., 

1986).

E lucidation of the mechanisms by which m inisatelUtes change in  length should 

aUow a better understand of their role in  the genome. W olff et al. (1989) have 

dem onstrated th a t unequal m eiotic recom bination associated w ith  the exchange of 

flanking m arkers is extrem ely unlikely to be the prim ary m echanism  by w hich repeat 

copy num ber changes a t the hum an m inisatelUte locus kMSJ. S im ilarly  3 /3  length  

change events a t Ms6-hm  are not accompanied by the exchange o f flanking m arkers.



108

Conversely, DNA sequence analysis of 4 recom binant haplotypes a t the Ep hotspot 

(Kobori et al., 1986), and 5 at the Ap hotspot (Uem atsu et al., 1986), has shown that 

meiotic recom bination events a t the mouse MHC do not alter the num ber of tetram eric 

repeats a t these loci.

These results are consistent w ith a variety of alternative models for the generation 

of new-length alleles at m inisateUite loci, including several recom bination based models - 

meiotic or m itotic gene conversion, and m eiotic or m itotic sister chrom atid exchange. 

Intram olecular ’loop-out’ events may be ruled out as a prim ary mechanism, as these 

would only allow alleles to shorten in  length. RepUcation based models are also possible, 

specifically slipped strand mispairing, although large length change events, and the 

distribution of variant repeat units across minisateUite arrays argue against th is being 

the only mechanism. Other less orthodox models m ight involve the activity of a 

telomerase-type enzyme which could add or remove m inisateUite repeat units a t a  nick 

w ith in  a tandem  array, or transposition type m icro-insertion/deletion events; however 

these models do not explain either the homogeneity of repeat u n it sequence w ith in  

m inisatelUte arrays, or the diversity of m inisateUite sequences found in  the genome.

The advent of the polymerase chain reaction has enabled the structural analysis 

of m inisatelUte aUeles ampUfied directly from genomic DNA. The distribution of variant 

repeat units across a m inisatelUte array can now be mapped by end-labelUng and 

partially digesting ampUfied m inisatelUte aUeles w ith  restriction endonucleases which cut 

either every repeat u n it or every variant repeat un it, foUowed by electrophoresis and 

autoradiography (Jeffreys et al., 1990). The hum an m inisateUite locus XMS32 has been 

analysed by in ternal mapping, allowing any aUele a t this locus to be assigned a specific 

binary code. The GGGCA array of Ms6-hm  lacks suitable restriction enzyme sites for this 

analysis.

In ternal mapping has been used to analyse the population distribution of allele- 

types a t the hum an m inisateUite KMS32, and, through am plification of single molecules, 

to compare the distribution of variant repeat units across m utant XMS32 aUeles w ith  the 

structure of parental alleles. M utant XMS32 aUeles ampUfied from single sperm DNA 

molecules are entirely derived from one or other parental allele (Jeffreys et al., 1990). 

This result clearly shows that interalleUc unequal exchange between homologues at 

meiosis or mitosis is rare, and favours m itotic models, such as sister chrom atid 

exchange, for the prim ary mechanism of length change a t XMS32. Furtherm ore, there is 

a significant level of germUne mosaicism for specific non-parental alleles in sperm DNA, 

which m ust result from pre-m eiotic m utation events a t this locus.

D istinct haplotypes of variant repeat u n it d istribution are observed a t XMS32 

aUeles w ith in  hum an populations; the comparison of allele structure between different
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populations w ill allow  direct insights into the evolution o f alleles a t th is locus. In  relation  

to the evolution of m inisatellites, it is interesting to note th at a m in isatellite  w ith  a 14bp 

repeat u n it is found in  the first intron of the em bryonic a-globin gene of m an (Proudfoot 

et al., 1982), and, a t the same position, in  the orthologous gene o f the goat (W em ke and  

Lingrel, 1986). The goat m in isatellite also has a  14bp repeat u n it, bu t a  d ifferent (yet 

closely related) repeat u n it sequence, suggesting th a t the goat and hum an arrays have 

become fixed for different m in isatellite repeat un its over evolution.

M utation  events a t three hum an m inisatellite loci occur a t a  sim ilar rate in  the 

paternal and m aternal germlines, consistent w ith  length changes arising p rim arily  a t a 

specific stage o f gametogenesis (Jeffreys et al., 1988a, and Introduction). In  contrast, 

germ line m utation  events a t Ms6-hm  appear significantly to involve the paternally derived 

allele (p>0.99). This paternal bias m ay sim ply reflect the large num ber of cell divisions 

during spermatogenesis (compared w ith  oogenesis), suggesting th a t m itotic events are  

involved in  the generation o f new-length m utant alleles a t Ms6-hm.

9 .5  Som atic m utation a t Ms6-hm

A llelic length change events a t hum an m inisatellites are not restricted to the 

germ line, b u t can also arise in  other tissues. Such som atic m utan t alleles have been 

detected in  clonally derived tum our cells, and by PCR am plification of single molecules 

from  blood DNA (Arm our et al., 1989, Jeffreys et al., 1990). In  the analysis o f non- 

parental alleles from  clonal tum our cells. A rm our et al. (1989) found th at m ost length  

changes, as in  the germ line, were of only a few repeat un its , although large length  

changes were also observed. No reciprocal products were seen in  15 m u tan t tum ours 

suggesting th a t unequad m itotic recom bination between homologues was u n like ly  to be 

the prim ary m echanism  of length change (one-quarter of unequal m itotic recom binations 

would be expected to partition  both m utant products into the sam e daughter cell, and  

thus one th ird  of m utant tum ours should show a  reciprocal product). In  addition, 

m utan t XMS32 alleles am plified from blood DNA appear, like  m utan t alleles in  sperm  

DNA, to be entirely derived from  one or other parental allele (Jeffreys et al., 1990).

The incidence of m utations per allele a t XMSl in  gastrointestinal tum ours was 

com parable to the incidence of germ line m utations a t th is  locus, despite the large 

num ber o f post-zygotic mitoses in gut epithelial lineages (>10,000 com pared w ith  400 in  

the m ale and 24 in  the female germ line), suggesting th at the m utation  rate per m itosis a t 

th is locus is extrem ely low ( < 1 0 - 5  per allele per cell division). N on-parental 'KMS32 alleles 

am plified from  blood DNA are found at a correspondingly low frequency, and there is a 

very low  level o f mosaicism for somatic m utant alleles (Jeffreys et al., 1990). In
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polyclonal tissues, therefore, m utant alleles w ill be heterogeneous in  size and w ill not be 

detectable on analysis of bu lk  tissue DNA. No evidence for significant m utational 

m osaicism at any of 6 hum an m inisatellite loci has been observed by Southern blot 

hybridisation of bu lk  genomic DNA, despite screening more than  1000 individuals. Two 

non-parental alleles were observed a t XMS32 in  DNA prepared from  individual 

lym phoblastoid cell lines, however these m ay be oligoclonal cell lines, m osaic for pre

existing low-level m utant alleles in  blood cells; alternatively length-change events may 

have arisen during passage in vitro (Arm our et aL, 1989).

In  contrast to these observations, a significant proportion (3%) o f mice show  

evidence o f an early somatic m utation event a t Ms6-hm, resulting in  m osaicism  for cells 

containing either the parental or a  new -length allele in  som atic and germ line lineages. 

Som atic m utation events a t Ms6-hm  do not have an equal likelihood of occuring a t every 

m itotic cell division; this would result in  the detection of m any less intense somatic 

m u tan t alleles on Southern blot hybridisation. In  fact the proportion of cells containing  

the m u tan t allele varies between 8 and 60% , even though 5% ’m osaicism ’ could be 

detected in  allele m ixing experim ents; thus m utation events a t Ms6-hm  w hich occur later 

in  somatic lineages m ust, as a t hum an m inisatellite loci, be rare. E arly som atic m utation  

events at Ms6-hm, in  contrast, appear to be confined to a  narrow  developm ental window  

during embryogenesis. Mice mosaic for the same non-parental allele in  the soma and  

germ line clearly dem onstrate th a t the m utation events a t Ms6-hm  precede the separation  

o f these lineages.

The earliest developm ental decisions in  mouse em biyogenesis involve the 

allocation of cells to the trophectoderm  and the inner cell mass (IC M ), by 3 days 

postcoitum  (pc). The trophectoderm  differentiates in to  foetal placenta, w hile the IC M  

differentiates into prim itive ectoderm and prim itive endoderm  by the late  blastocyst stage 

(4 .5  days pc, see Rossant, 1984). The prim itive ectoderm gives rise to the som atic and 

germ cell lineages of the em biyo. The embryo founder cells proliferate to form  the egg 

cylinder, w hich in itia lly  consists of 500-600  cells w hich divide rapid ly during  prim itive  

streak development (7 days pc), d ifferentiating into the three definitive germ layers, the 

em bryonic ectoderm, endoderm and mesoderm, and increasing a t gastrulation to 12,000- 

15,000 cells (Monk and H arper, 1979, Snow, 1977). A t th is stage the somites appear and  

the body p lan of the foetus is established (see Hogan et al., 1986).

The lineage relationships o f cells in  early mouse development have been analysed  

using chim aeric embryos constructed by aggregating genetically d istinct cleavage stage 

embryos (M intz, 1974), or by injection of m arker em bryonic cells in to  recipient 

blastocysts (Gardner, 1968). Such studies, however, are likely to d istort norm al 

developm ental interactions. Genotypic selection, or chim aeric d rift, m ay result in  the
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selection of one parental genotype over the other during embryogenesis (W arner et al.,

1977). A lthough the abnorm ally large mosaic blastocysts are subject to size regulation  

preceding gastrulation, the extent to w hich norm al cell-ceU interactions are distorted is 

unknow n (Lewis and Rossant, 1982). Mosaicism generated by fem ale X -inactivation  has 

also been used in  lineage analysis, however th is only gives inform ation on developm ental 

decisions subsequent to the tim e of X -inactivation, w hich is thought to occur between 4.5  

and 5 .5  days pc (M cM ahon et al., 1983, G ardner et al., 1985). These different 

approaches have shown th at m am m alian development involves the irreversible and  

heritab le restriction of groups of cells to different lineages, b u t th a t between lineage 

allocation and the restriction of cell potential positional cues are very im portant, allow ing  

flex ib ility  of response to changing conditions (see Rossant, 1984).

Som atic m utation events a t Ms6-hm  generate genetically mosaic embryos w ithout 

disturb ing norm al development. A llelic length chsinge events a t th is locus w ith in  an early  

zygotic cell result a t cell division in  one daughter cell carrying two parental alleles, and  

the other one parental and one new-length m utant allele. The segregation o f the m itotic  

progeny o f the daughter blastom ere carrying the non-parental allele is reflected in  the 

mosaic d istribution  of the m utant allele in  different tissues of the adu lt mouse. Thus 

som atic m u tan t alleles a t Ms6-hm  provide highly inform ative and innocuous cell m arkers 

w ith  w hich to study the allocation of cells to d istinct lineages during  mouse developm ent.

Dissection o f four mosaic m ice has shown th at the dosage o f non-parental alleles 

a t Ms6-hm  is indistinguishable in  different adu lt tissues. There are several im portant 

conclusions about lineage relationships in  the soma w hich follow from  th is  result. 

Firstly, the som atic m utation events a t Ms6-hm  in  these m ice preceded the allocation of 

prim itive ectoderm cells to specific somatic lineages. Secondly, there m ust be extensive 

cell m ixing, and also a  large num ber of prim itive ectoderm cells, a t the tim e o f tissue 

allocation, such th at an equivalent fraction of m osaic cells from  the same 

undifferentiated pool are partitioned into each lineage. Third ly, subsequent to the 

allocation of somatic lineages every founder cell m ust divide and undergo cell death  a t an  

approxim ately equal rate such th at each adu lt tissue contains an  indistinguishable  

fraction o f mosaic cells. These conclusions m ay be oversim plified as the a d u lt tissues 

analysed consist of more than one cell type. However, if  each som atic lineage was 

derived from  only a sm all num ber of cells, o f which perhaps only 20%  were mosaic, one 

could envisage th a t cells carrying m utant alleles would not contribute to particu lar 

lineages, or would contribute disproportionally. It  seems likely, therefore, th at there is a  

large pool o f interm ingling progenitor cells a t the tim e of allocation o f som atic lineages.

S im ilar conclusions come from the analysis of mosaic transgenic m ice generated 

by the late integration of exogenous plasm id DNA or recom binant retroviral DNA into pre-
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im plantaion embryos (W ilkie et al., 1986, Soriano and Jaenisch, 1986). These integrated 

sequences, like somatic m utant alleles a t Ms6-hm, provide presum ably neutral DNA 

m arkers to study the developmental history of cells in  early mouse development. Both 

studies reported a uniform  distribution of transgenic cells in  aU somatic tissues of mosaic 

mice, w ith  occasional incomplete cell m ingling (Sorieino and Jaenisch, 1986). Soriano 

and Jaenisch (1986) estim ate the tim e of genetic m arking (foreign DNA integration) to be 

between the 4^h and 8th zygotic cell division w hile W ilkie et al. (1986) estim ate th at 

integration occurs shortly after the first round of DNA replication. Early somatic 

m utation events a t Ms6-hm  m ust occur between the first zygotic cleavage and the 

allocation of somatic linaeges (presum ably before day 6 pc).

Comparison of DNA prepared from placental and embryonic tissues revealed that 

mosaic transgenic cells were often found in  one or other tissue, although the same 

mosaic trangenic cells were rarely found in  both (W ilkie et al., 1986, Soriano and 

Jaenisch, 1986). This is consistent either w ith  integration occur ing subsequent to 

blastocyst differentiation, or w ith  an asym m etric allocation of transgenic cells into  

trophectoderm  and IC M  lineages. S im ilar com parative experim ents would be d ifficu lt at 

Ms6-hm  because of the m aternal contribution to placental tissue, although this problem  

can be avoided by dissection of early post-im plantation embryos. The low frequency of 

somatic mosaic mice a t Ms6-hm  suggests th at a  large num ber of embryos would need to 

be dissected to obtain significant results. However if  somatic m utation events a t Ms6-hm  

occur in  the first few zygotic cell divisions, and since only a fraction ( V 4 - G a r d n e r ,

1978) of blastomeres contribute to the embryonic lineages, the incidence of mosaicism  

w ith in  the whole blastocyst is likely to be higher than the incidence in  the embryo. Now 

that a locus-specific probe for a second som atically unstable m inisatellite locus (Hm-2) is 

available this analysis is more feasible (eilthough ideally several other such loci would be 

scored), and should provide inform ation on the tim ing of somatic m utation events at 

these loci relative to the earliest developmental decisions of embiyogenesis.

The tim e at which the germ line is allocated during early mouse development is 

unclear (see McLaren, 1984). Using X -inactivation mosaics, M cM ahon et al. (1983) 

showed that germ cells and somatic lineages were derived from a common precursor pool 

after X -inactivation, and suggested that up to the tim e of gastrulation the potential to 

develop as either somatic or germ cell depended on the position a cell occupied w ith in  the 

egg cylinder, and therefore that there is a large germ line precursor pool (>100 cells). In  

contrast, studies of germ line mosaicism in  chim aeric embryos suggest th at the pool of 

germ line progenitor cells contains between 2 and 9 cells (M intz, 1974). G ardner et al.

(1985) cloned cells from pre-im plantation embryos by injection into genetically distinct 

blastocysts, and dem onstrated that a t least 2 prim itive ectoderm cells from 5^h day
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blastocysts (out of approxim ately 23 prim itive ectoderm  cells, G ardner, 1985) could 

contribute to the germ line. These authors concluded th a t possibly a ll early prim itive  

ectoderm cells m ay be able to contribute to the germ line, although germ line allocation  

w ith in  a norm al embryo was not addressed.

Mice mosaic for a common non-parental allele a t Ms6-hm  in  the germ line and  

soma have been found. For three of these m ice the level of m osaicism  in  the germ line 

was sim ilar to th at in  the soma. However in  one mouse the dosage o f the non-parental 

allele in  the germ line was significantly reduced compared to somatic tissue. The dosage 

of the m utant allele in  this mouse was found to be indistinguishable in  d ifferent adu lt 

som atic tissues; the germ cells of th is mouse m ust therefore be allocated differently from  

the som atic lineages. In  this case the germ line m ust be allocated either before the  

som atic lineages, or from a sm all subset of the pool o f prim itive ectoderm  cells giving rise 

to the soma. S im ilarly W ilkie et al. (1986) and Soriano and Jaenisch (1986) found th a t 

the fraction o f treuisgenic cells was not always equivalent in  som atic and germ cell 

lineages of mosaic mice. Both groups identified mosaic mice w hich transm itted  the 

transgene to less than  the expected num ber o f offspring, and Soriano and Jaenisch

(1986) found two mice in  which a substantial part of the germ line was composed o f cells 

w hich did not detectably contribute to the somatic lineages. These authors argued th at 

th is was extrem ely unlikely to be due to retroviral infection o f prospective germ cells, and  

concluded th a t cells destined to give rise to the germ line were set aside early, and m ay be 

restricted from  freely m ingling w ith cells which give rise to som atic lineages.

Soriano and Jaenisch (1986) argued th a t the m inim um  contribution of one 

genotype ever observed in  the somatic lineages o f a mosaic mouse represents the progeny 

of one m arked progenitor cell. These authors found no evidence for mosaic proviruses 

w ith  dosages lower than 0.12, and concluded th a t Vo.12, or 8, cells m ay be the num ber 

of progenitor cells for the adult mouse. However, as Rossant (1986) points out, th is is 

more strictly  the num ber of possible progenitor cells present a t the tim e of genetic 

m arking. The estim ated progenitor num ber for the somatic lineages is larger when  

calculated from  X-inactivation mosaics, where m osaicism is established la ter (not less 

than  20 -30  progenitor cells, Nesbitt, 1971). It  would therefore be unwise to attem pt to 

predict the num ber of progenitor cells for the som atic lineages from  the range of 

m osaicism  found in  mosaics at Ms6-hm  u n til the tim e a t w hich som atic m utation events 

occur a t th is locus is known more accurately.

Early som atic length-change events a t mouse m inisateUite loci are not confined to 

Ms6-hm, b u t have been documented for one other locus Hm-2. One mouse, C 57B L /6J  x  

D B A /2 J  F i 52 , was found to be mosaic at both Ms6-hm  cind Hm-2. The segregation 

p attern  of the non-parental alleles in  the offspring o f th is mouse revealed th a t both



114

m utation events occurred in  the same m itotic lineage. Furtherm ore, from  the ratio  of 

allelic com binations at these two loci among the progeny of th is mouse, it  appears th at 

the m utation events occurred in  closely following cell divisions. No offspring were scored 

w hich would determ ine the order in  w hich the two events occurred, and therefore it is 

possible th a t both events occurred at the same cell division (the non-parental alleles a t 

each locus segregating to the same daughter cell). This resu lt suggests th a t the  

developm ental window w ith in  w hich Ms6-hm  and Hm -2  are som atically unstable m ay be 

extrem ely narrow .

It  is im portant to note th a t some mice scored as ’germ line’ m utants a t Ms6-hm  

m ight instead have arisen from  early som atic mosaic blastocysts, in  w hich only cells 

containing the non-parental allele have contributed to the prim itive ectoderm. 

Furtherm ore, som atic m utant alleles w hich are partitioned to the germ line precursor 

cells, and are undetectable in  the som atic tissues, would result in  germ line m osaicism in  

the ad u lt mouse, the offspring of which would then  be scored as ’germ line’ m utants. The 

distinction between ’somatic’ and germ line’ m utation events a t th is locus is therefore ill- 

defined. It  is unlikely, however, th a t a ll ’germ line’ m utation events a t Ms6-hm  occur in  

early developm ent. An approxim ately equal rate o f germ line and som atic m utation  is 

observed in  ad u lt mice. As there is no trace of parental alleles in  ’germ line’ m u tan t mice, 

nor any cases of common new -length alleles among sibs, the rate  of germ line m utation  

appears to be too high to be purely the effect o f random  partition ing o f mosaic cells 

w ith in  the prim itive ectoderm. In  addition, the paternal bias observed for germ line 

m utation events a t Ms6-hm  is not observed for a ll som atic m utation events a t th is locus, 

although 5 /6  events do involve the paternally inherited allele (p=0.22). A t Hm -2  neither 

germ line nor somatic m utation events show a bias for the involvem ent o f the paternal 

allele.

G erm line and early developm ental allelic length changes a t Ms6-hm  are therefore 

likely to be d istinct events. W hile m eiotic models for germ line events cannot be ruled  

out, the early  events are clearly m itotic, and, by the same argum ents used for som atic 

m utan t alleles in  hum an tum ours, are unlikely to arise through unequal recom bination  

between homologues. Furtherm ore, the non-parental ’som atic’ m u tan t allele in  

C 57B L /6J  X D B A /2J  F% mouse 37 was non-recom binant for C 57B L /6J  m arkers either 

side o f the m inisateUite (data not shown). Thus unequal sister chrom atid exchange, 

m itotic or sister chrom atid gene conversion, repUcation slippage, and îxjssibly 

in tram olecu lar loop-out events (for the large length changes, w hich a ll involve deletions) 

rem ain the contending mechanism s for som atic m utation events at Ms6-hm. The only 

m inisateUite loci at which early somatic m utation events are known to occur have repeat 

un its o f GGGCA [Ms6-hm, and possibly 129-LL and SWR-LL) or GGCA (Hm -2). It  is
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conceivable that during very early development there is transient expression of an  

M S B P l-type protein, which is perhaps also expressed in  the germ line, and which  

recognises the GGCA m otif and enhances m inisateUite instabiUty in  a  sequence 

dependent fashion.

A lternatively Ms6-hm  m ight be som atically unstable in  early developm ent as a 

consequence of sequence elements in  the surrounding DNA. Activation o f the zygotic 

genome (at the two ceU stage) may be associated w ith  a  period o f genomic instabiUty. 

Transcription of m any dispersed repetitive elem ents (including B2 elem ents) is know n to  

occur in  early developm ent (see Introduction), and th is is likely to be when retroposition, 

including the generation of pseudogenes, occurs. R etroviral-like elem ents are also 

actively expressed a t th is tim e (see Introduction). This genomic activity m ust precede the 

separation of the soma and germline in  order to ensure the heritabU ity o f novel 

integrants; perhaps mosaicism for novel integrants reduces th e ir genetic load which  

m ight otherwise be deleterious, whUe aUowing high levels of retroposon associated 

variation. This period of genomic activity coincides w ith  the tim e a t w hich som atic 

m utation events occur a t Ms6-hm. It  is unknow n w hether M T elem ents are specifically 

expressed in  early development; transcriptional activity a t Ms6-hm  m ight be associated 

w ith  m inisateUite instabUity. The abundance of dispersed repeats around Ms6-hm  

suggests a t least th a t this locus is exposed to nom adic elem ents a t the tim e they are 

mobUe in  the genome. It  is also unknow n w hether M T elem ents, or other dispersed 

repeat sequences, are associated w ith  Hm -2 (although a (CA)n array is linked to th is  

m inisatelUte).

It  w ill be extrem ely interesting to find out how representative Ms6-hm  and Hm-2 

are of aU m inisateUite loci in  the mouse genome. By cloning other ind ividual loci, and  

experim enting w ith  synthetic tandem  repeated hybrid isation probes it  should be possible 

to define the extent o f somatic instabUity in  the genome, and identify the common 

features of somaticaUy unstable loci. FinaUy, it  wiU be im portant to find out w hether 

early som atic events occur a t any hum an m inisatelUte loci. The evidence to date 

suggests th a t such events do not occur in  man; th is could be due to d ifferent patterns of 

genome activity in  m an and mouse during early embryogenesis. A lternatively, the finding  

th a t (GGGCA)n is a poor DNA fingerprinting probe in  m an suggests th a t large GGGCA- 

related minisateUites, and perhaps also the early som atic instabUity associated w ith  

these loci, may be specific to the mouse genome.



116

9.6 Conclusions

The m am m alian genome contains a com plexity of tandem  repeat loci w ith  respect 

to repeat u n it sequence and variab ility . The repeat u n it GGGCA is found a t one of the 

most variable loci yet identified in  the mouse genome, Ms6-hm. This repeat sequence is 

likely to contribute significantly to the high m utation rate a t th is  locus, as are three  

closely linked members of a dispersed repeat fam ily associated w ith  other unstable  

sequences in  the mouse genome.

M ito tic processes are associated w ith  m utation events a t Ms6-hm; new-length  

alleles a t th is locus arise in  the m ale germ line and in  the early em bryo. E arly  m utation  

events a t th is locus provide insights into the lineage relationships o f cells during mouse 

embiyogenesis, revealing th at cells of the prim itive ectoderm m ix extensively prior to the 

allocation o f som atic lineages, w hile germ cells are adlocated differently.

How representative is Ms6-hm  o f the diverse spectrum  o f mouse m inisateUite loci? 

A t least one other locus w ith  a  related G -rich  repeat sequence exhibiting a  high level o f 

germ line and early somatic instabiUty has been identified in  the mouse genome. Further 

analysis o f these two loci, in  paralle l w ith  studies on hum an m inisateUites, wiU provide a 

clearer understanding of the m echanism s by w hich tandem  repeat arrays evolve, and  

define the role w hich G -rich m inisateUites play in  m aintain ing hypervariabUity in  the  

m am m alian genome.



M r. G all Jun ior brought his work to a close. 

He reassembled the piano case, p u t back his tools in  their 

bag, and stood up.

The mice have returned, he said.

Sam uel Beckett 
W att
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HYPERVARIABLE MINISATELLITES IN MOUSE DNA

Robert Kelly

H ypervaiiable m in isatellite  loci provide highly Inform ative genetic m arkers in  
m am m alian genomes. H ybrid isation probes based on a  G -rich  core sequence 
sim ultaneously detect m any m inisatelUte loci in  hum an DNA, generating ind ividual 
specific and highly variable DNA fingerprints w ith  a  w ide range of applications. 
H um an m inisatellite probes cross-hybridise to mouse DNA, generating DNA  
fingerprints as com plex and variable as those o f m an.

Inbred strains o f m ice have strain-specific DNA fingerprints w hich can be 
analysed using recom binant inbred strains. Analysis o f the B XD recom binant inbred  
series using hum an m inisateUite probes 33 .6  and 33 .1 5  revealed th a t the  cross- 
hybridising loci show variation in  germ line stability; one locus in  p articu lar, Ms6-hm, 
detected by probe 33 .6 , exhibited m ultia lle lism  across the B XD  strains, and  
heterozygosity among contem porary C 57B L /6J  inbred m ice. Ms6-hm  alleles were 
cloned from  C 57B L /6J  DNA by cross-hybridisation to probe 33.6; on propagation in
E.coli the m ajority o f m inisatelUte repeat un its  were lost. DNA sequence analysis  
revealed th a t Ms6-hm  consists o f a  homogeneous array of the repeat u n it GGrGCA 
w hich has evolved by am pUfication from  w ith in  a  m em ber o f the M T (mouse transcrip t) 
fam ily o f interspersed repetitive elem ents. Ms6-hm  is flanked by two additional, 
diverged, M T elem ents, and there is fu rth er evidence th a t M T  elem ents m ay be 
associated w ith  other unstable regions of the mouse genome.

M ultialleUsm  and heterozygosity a t Ms6-hm  (w hich m aps near brown on 
chromosome 4) resu lt from  a  high germUne m utation  ra te  to new length alleles (2.5%  
per gam ete). M ice mosaic for ceUs carrying common non-parental MsG-hm  aUeles in  
som atic tissue, and in  some cases also in  the germ line, provide evidence for 
additional, early developm ental, m utation  events a t th is  locus. Such som atic m u tan t 
Ms6-hm  alleles provide innocuous and inform ative m arkers w ith  w hich to analyse the  
lineage relationships of cells in  early mouse developm ent. In  four mosaic m ice the  
fraction o f cells containing the non-parental allele has been shown to be 
indistinguishable in  d ifferent ad u lt tissues, suggesting th a t the m utatio n  events 
preceded the allocation of the som atic lineages, and th a t the same pool o f prim itive  
ectoderm  ceUs contributes equally to aU som atic tissues. U nder low -stringency 
hybrid isation conditions the m in isatellite repeat array o f Ms6-hm  cross-hybridises to 
other unstable m inisatellite loci in  the mouse genome to generate a  novel and highly  
ind iv idual specific DNA fingerprint; a t least one cross-hybridising locus is also 
som atically unstable during early mouse development.


