
PML-Retinoic Acid Receptor-a

By

Cristian Bellodi 

MRC Toxicology Unit 

University of Leicester

Thesis submitted for the degree of 

Doctor of Philosophy 

2008



UMI Number: U501033

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

Dissertation Publishing

UMI U501033
Published by ProQuest LLC 2013. Copyright in the Dissertation held by the Author.

Microform Edition © ProQuest LLC.
All rights reserved. This work is protected against 

unauthorized copying under Title 17, United States Code.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



Novel insight into the function of promyelocytic leukaemia 

(PML) and PML-retinoic acid receptor alpha 

By 
Cristian Bellodi 

Abstract

The promyelocytic leukaemia protein (PML) is a tumour suppressor initially identified in 
acute promyelocytic leukaemia (APL). In APL, PML and the retinoic acid receptor a 
(RARa) genes are fused as a consequence of the translocation t(15;17). The product 
of the chimeric gene is the oncogenic PML-RARa protein, which inhibits the functions 
of PML and RARa, thus promoting the block of myeloid differentiation and the survival 
of malignant blasts. The PML gene encodes multiple nuclear and cytoplasmic 
isoforms. PML nuclear isoforms (nPML) are the main components of the PML nuclear 
bodies (PML-NBs), sub-nuclear structures involved in the modulation of essential 
cellular players including the tumour suppressor p53. Nuclear PML has been 
intensively studied, while, the role of cytoplasmic PML remains poorly understood. 
Increasing evidence indicates that PML could bear cytoplasmic functions in both 
physiological and pathological settings. This study aims to gain more insights into the 
function of PML and PML-RARa cytoplasmic pool of proteins. Recently, two missense 
mutations resulting in truncated PML cytoplasmic protein (Mut PML) have been 
identified in aggressive APL cases. We found that Mut PML alters the structure and the 
function of the PML-NB mainly through the cytoplasmic relocation of nPML. 
Remarkably, Mut PML inhibits p53 transcriptional, growth suppressive and apoptotic 
functions. In the cytoplasm, Mut PML interacts and stabilizes PML-RARa, thus 
potentiating its block of RA-induced transcription and differentiation. A mutant of PML- 
RARa (A2) accumulating in the cytoplasm is able to inhibit RA-dependent transcription 
and differentiation, suggesting that cytoplasmic localization of PML-RARa may 
contribute to transformation. Finally, we found that A2 expression blocks G-CSF- 
dependent myeloid differentiation and causes partial transformation of primary 
haematopoietic progenitor cells. Taken together these findings reveal novel insights 
into the cytoplasmic functions of PML and PML-RARa and shed new light on the 
molecular mechanisms underlying the pathogenesis of APL.
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1.1 The Acute Promyelocytic Leukaemia (APL)

Leukaemias are cancers of the bone marrow and the other blood forming organs 

leading to defective production of leukocytes. These diseases are recurrent with 

genomic instability including chromosomal deletions, inversions and translocations 

(Rabbitts, 2001). This genomic instability results in the abnormal production of mis- 

functioning blood cellular elements, referred to as leukaemic blasts. Blasts remain for 

the most part phenotypically immature, so that, they continue to proliferate, thus 

invading initially the bone marrow and the blood to then, eventually infiltrate other 

organs such as the spleen, lymphnodes and liver. Leukaemias can be classified in two 

main subgroups: acute leukaemias and chronic leukaemias based on how fast the 

disease develops. Acute promyelocytic leukaemia (APL) is a distinct subtype of acute 

myelogenous leukaemia (AML) that accounts for about 10% of all AMLs. APL patients 

are characterized by the clonal expansion of malignant blasts blocked at the 

promyelocytic stage. In the early nineties, it was reported for the first time that a 

reciprocal and balanced chromosomal translocation involving chromosome 15 and 17, 

t(15;17), was the genomic lesion consistently found in the vast majority of APL patients 

(more than 90% of the cases) (de The et al., 1990; Rowley et al., 1977). As a 

consequence of the translocation t(15;17) two recombinant chromosomes are formed: 

15q+ and 17q-. Further studies identified the break sites on the two chromosomes. On 

the one hand, the breakpoint on chromosome 15 is mapped within a previously 

unknown gene, originally named myl and subsequently renamed PML, for 

promyelocytes. On the other hand, the breakpoint on chromosome 17 is located within 

the locus encoding for the retinoic acid receptor alpha (RARa). Therefore, the 

translocation yields two chimeric genes: PML-RARa and RARa-PML. The former 

retains most of the functional domains of PML and RARa and is believed to impair the 

physiological functions of both proteins and to be the oncogene in APL. Indeed, it has
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been shown that PML-RARa functions at the level of the DNA inducing chromatin 

remodelling and transcriptional repression, thus contributing to the development of the 

disease (Salomoni and Pandolfi, 2002). Importantly, while the RARa region involved in 

the translocation is invariant, heterogeneous breakpoints within the PML gene lead to 

the generation of diverse isoforms of the fusion protein (Chang et al., 1992a; Chang et 

al., 1992b; Dong et al., 1993; Huang et al., 1993; Tong et al., 1992).

Molecular Pathogenesis of APL

x
V__________   >

RARa
PML
PLZF
NPM
NuMA
STAT5b

Figure 1.1 Chromosomal translocation described in APL. Molecular pathogenesis of APL 
accounts for different chromosomal translocations. These rearrangements always involve 
the RARa gene, which fuses to five distinct genes: promyelocytic gene {PML), 
promyelocytic zinc finger gene {PLZF), nucleophosmin gene {NPM), nuclear matrix 
associate protein {NuMA) or the signal transducer and activator of transcription 5B 
{STAT5B) gene.

Specifically, two major PML-RARa isotypes are found in patients: the most 5 ’ 

breakpoint in PML generates bcr3 (S or short), whereas the most 3 ’ yields to bcrl (L or 

long). In adults the long form is found in about 55% and the short in 35% of APL 

patients (Huang et al., 1993). An additional breakpoint bcr2, that accounts for less than
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10% of the APL patients, has been described and involves sites in and around exon 6 

of PML that generate a fusion protein with an intermediate length as compare to the 

other two variants. Interestingly, some studies indicate that patients carrying the bcr3 

.translocation experience a worse prognosis as compared to those having the bcrl, 

however, this remains a controversial matter in the field, as other studies did not find 

such an association (Huang et al., 1993; Jurcic et al., 2001; Vahdat et al., 1994). This 

aspect will be discussed more in detail below. Besides the t(15;7) other rare variants of 

translocations have been described in the remaining APL cases (Figure 1.1). These 

rearrangements always involve the RARa gene, which fuses to three distinct genes: 

the promyelocytic zinc finger gene (PLZF), nucleophosmin gene (NPM) and the 

nuclear matrix associate protein (NuMA) gene to produce the translocations 

t(11q23; 17), t(5; 17) and t(11q13;17) (Melnick and Licht, 1999). More recently a fifth 

gene, the signal transducer and activator of transcription 5B (STAT5B) gene has been 

found fused to RARa due to an interstitial deletion on chromosome 17 (Arnould et al., 

1999). These observations imply that the disruption of the RARa functions is a critical 

prerequisite in the pathogenesis of this subtype of leukaemia. However, it is becoming 

evident that the molecular mechanisms leading to APL pathogenesis are more 

complex as suggested by a number of recent studies that will be discussed more in 

detail later in this thesis. In conclusion, APL has become a paradigm in the field of 

leukaemia research as pharmacological doses of all-trans retinoic acid (ATRA) induce 

the differentiation of the malignant blasts and remission of the disease in the patients. 

Thus, this disorder represents a sort of “Rosetta Stone” to gain more understanding on 

the molecular basis of leukaemogenesis in order to develop of new therapeutic agents 

and successfully cure also other AMLs.
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1.2 The Retinoic acid receptor

1.2.1 RARa structure

Retinoids including vitamin A and its biological derivates retinal and retinoic acid (RA) 

are essential regulators of development in both embryonic and adult tissue and are 

implicated in the proliferation and differentiation of a variety of cell types. A role of 

these molecules in myeloid differentiation was inferred from clinical observations that 

retinoic acid could induce remission of the disease in APL patients. Indeed, in APL RA 

induces the terminal differentiation of the leukaemic cells, in which maturation is 

blocked at the promyelocytic stage. As a result, the function of ATRA in regulating 

haematopoiesis has been extensively studied. Retinoids exert their functions by 

binding to specific members of a superfamily of nuclear receptors governing gene 

expression in a ligand-dependent manner (Glass and Rosenfeld, 2000). This family 

includes retinoic acid (RAR), thyroid (TR), estrogens (ER) and glucorticoid (GR) 

receptors. Three RAR genes have been cloned a, p, y; however, only RARa is 

preferentially expressed in the haematopoietic compartment and has its peak of 

expression in myeloid cells (Chambon, 1996; de The et al., 1989). Remarkably, the 

different nuclear receptors recapitulate in a similar modular structure consisting of 6 

evolutionary conserved domains (A to F, Figure 1.2.1). Three main functional motifs 

are encoded by different regions moving from the 5’ to 3’ ends of the gene: a DNA 

binding domain (DBD), a ligand binding domain (LBD) and activation function 2 domain 

(AF2). The C domain encodes for the DBD motif responsible for the recognition of 

specific responsive elements (RE) on the DNA. The DBD is linked through a hinge 

region to a high affinity LBD retained in the E, which dictates the ligand specificity. 

Moreover, the E domain also includes the AF2 motif required for ligand-dependent 

activation of transcription.
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RARa structure

A B C D E IB
~T~ Y

Transcriptional Activation (AF1) DNA binding (DBD) Ligand binding (LBD
Heterodimerization 
Transcriptional Activation (AF2)

Figure 1.2.1 The structure of RARa. RARs have a modular structure consisting of 6 domains 
(A-F). Region A and B retain the transcriptional activation domain 1 (AF1) mediating promoter 
recognition. A DNA-binding domain (DBD) is present in the C region. E region includes the 
transcriptional activation domain 2 (AF2) that mediates ligand binding, hetero-dimerization and 
interaction with the transcriptional co-regulators.

RARa recognizes consensus retinoic acid responsive elements (RARE) within the 

promoters of RA target genes that consist of a direct repeat (A/G)G(G/T)TCA that are 

separated by two (DR2) or five (DR5) nucleotides. RARa binds to RAREs as a 

heterodimer along with the retinoic X receptor protein (RXR). RXRs also belong to the 

superfamily of the nuclear receptor and exist in three different isoforms (a, (3, y), which 

are similar to RARs but they only bind the 9-c/'s isomer of the retinoic acid (9-cis RA) 

(Glass and Rosenfeld, 2000). Remarkably, RXRs heterodimerize with other nuclear 

receptors including TR, vitamin D3 (VDR), peroxisome proliferator activator receptor 

(PPAR) and several orphan receptors (Khorasanizadeh and Rastinejad, 2001; 

Rastinejad, 2001). RARa dimerizes primarily with the alpha isoform of RXR (RXRa) 

through the AF2 domain that is also responsible for the recruitment of the different 

transcriptional co-regulators. In fact, the heterodimerization is of critical importance for 

the activity of the nuclear receptor, as RARa/RXRa recognize RARE with higher 

affinity as opposed to RARa/RARa homodimers in vitro and in vivo (Mascrez et al., 

1998). Remarkably, RARa modulates transcription in a biphasic manner depending on 

its interactions with the transcriptional co-factors. Specifically, in the absence of ligand

13



the heterodimer RARot/RXRa is constitutively bound to co-repressor proteins, such as 

the nuclear receptor co-repressor N-CoR and the silencing mediator for retinoic acid 

and thyroid receptors (SMRT), that inhibit transcription (Chen and Evans, 1995). N- 

CoR and SMRT are big proteins (the molecular weight is approximately 270 KDa) that 

possess in their C-terminal portion two interacting domains (referred to as ID1 and 

ID2), which mediate binding to the nuclear receptors. Notably, N-CoR and SMRT are 

part of multiprotein repressor complexes including histone deacetylases (HDAC1, 

HDAC2 and HDAC3) and histone methyltransferases (HMTs). It has been shown that 

the interaction between N-CoR, SMRT and HDAC/HMT is mediated by the mammalian 

homologous of the yeast Sin3 protein (Khan et al., 2001a; Lin et al., 1998). In this 

respect, the aberrant recruitment of co-repressors mediated by PML-RARa has been 

implicated in the pathogenesis of APL. Accordingly, the use of HDAC inhibitors [i.e. 

trichostatin A (TSA)] or specific peptides decreasing the interaction between HDACs 

and PML-RARa, relieves the transcriptional block (Nervi et al., 2001; Racanicchi et al., 

2005). Conversely, in the presence of ATRA the AF2 domain undergoes 

conformational changes that displace the co-repressors from the nuclear receptor 

complex allowing the binding of co-activators and favouring transcription of the 

different target genes. Nuclear co-activators include members mediating ATP- 

dependent remodelling of nucleosome, for instance SWI/SNF, and modifiers capable 

of promoting the acetylation of chromatin (HAT), such as P/CAF, p300 and CBP. 

These proteins possess the intrinsic capacity to acetylate histones, thus promoting a 

relaxed conformation of the chromatin that stimulates transcription.

1.2.2 RAR-mediated transcription and myeloid differentiation

The expression of a number of genes has been shown to vary in response to ATRA 

treatment of myeloid cells. Indeed, ATRA induces changes in the gene expression
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profile, which are accompanied by either inhibition of cell growth or induction of 

terminal differentiation both contributing to the production of mature cells. Inhibition of 

RA-induced transcription leads to abnormal haematopoiesis, as in the case of vitamin 

A deficiency or in conditions disrupting the normal functions of RARa as in APL. RARa 

can modulate the expression of a wide variety of genes encoding for proteins in many 

aspects of cell homeostasis such as transcription factors (i.e. STAT1, Hox), cell cycle 

inhibitors (p21), modulators of myeloid differentiation (i.e. G-CSF, G-CSFR), regulators 

of cell death (i.e. bcl2) and cell surface molecules (i.e. CD11b, CD18). Surprisingly, 

RARa carries RAREs within its promoter, so that, the receptor itself is upregulated by 

ATRA. In addition, ATRA regulates the expression of the homeobox family of 

transcription factors (HOX genes), which are essential for the normal development of 

myeloid cells. In fact, HOXs are downregulated by PML-RARa in APL (Thompson et 

al., 2003). RARa has also been reported to activate STATIa and is therefore involved 

in the transcription of interferon (IFN)-modulated genes bearing interferon responsive 

elements (IRE) on their promoter (Gianni et al., 1997). Moreover, the CCAAT enhancer 

binding protein epsilon (C-EBPe) is induced following ATRA stimulation of myeloid 

cells. C-EBPs expression is restricted to the haematopoietic compartment and is 

required for the activation of genes regulating myeloid differentiation. As a matter of 

fact, C-EBPe expression is often deregulated in myeloid disorders (Lee et al., 2006; 

Truong et al., 2003) and C-EBPs null animals have defective granulopoiesis 

(Yamanaka et al., 1997). Other subclasses of RARa target genes are involved in the 

regulation of the cell cycle such as inhibitors of cyclins and cyclin-dependent kinases 

(CDKs) complexes. Accordingly, the tumour suppressor protein p2lWAF/GIP is induced 

by ATRA, thus restricting cell proliferation (Wang et al., 1998a). Interestingly, RAREs 

have been mapped with the promoter of the cytosolic retinoic acid binding protein II
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(CRABPII), a protein that directly binds ATRA and promotes its nuclear import (Astrom 

et al., 1994).

1.2.3 RAR genes knockout and myeloid development

Disruption of the RARa gene by chromosomal translocation strongly suggests that 

RARa plays an active role in myeloid differentiation. Moreover, several in vitro studies 

have demonstrated the importance of RARa expression in myeloid differentiation 

(Collins et al., 1990; Damm et al., 1993; Robertson et al., 1992). Nevertheless, a direct 

evidence for a role of RARa-mediated pathway in neutrophil development in vivo 

remains elusive. Several laboratories have tried to investigate the in vivo functions of 

RARa by generating “knockout” animals deficient for all the three RARs (a, (3 and y) 

(Kastner et al., 2001). Animals bearing single isoform depletion are viable and 

demonstrate a normal haematopoiesis. However, RARa'7' and RARy'7' double knockout 

mutants (RARa'7'/RARy'7' DKO) die during foetal development or shortly after birth. 

Nevertheless, the analysis of the foetal bone marrow has revealed that the myeloid 

differentiation of RARa'7'/RARy'7' DKO mice was substantially unaffected (Kastner et 

al., 2001), thus it is possible that redundant functions carried by other member of the 

nuclear receptor family may compensate the absence of these two proteins at least in 

the context of the developing haematopoietic system.
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1.3 The Promyelocytic leukaemia protein (PML)

The promyelocytic leukaemia protein (PML) has been subjected to intense research 

because of its involvement in the translocation t(15;17). In fact, the PML gene, 

originally named Myl, was discovered in patients suffering APL. Strikingly, the protein 

appears to play a role in many important cellular processes. However, despite the 

substantial progress that has been made, the biological functions of PML remain only 

partially elucidated. Further complexity is added by the fact that a number of nuclear 

and cytoplasmic isoforms of PML have been identified (Jensen et al., 2001) (Table 

1.3). In particular, old and new evidence suggests that the role of PML cytoplasmic 

isoforms seems to be overlooked (Lin et al., 2004; Seo et al., 2006). The wide 

implication of PML in different cellular aspects derives from the fact that PML is part of 

the nuclear multi-protein complexes, referred to as PML nuclear bodies (PML-NBs), 

nuclear domain 10 (ND10) or PML oncogenic domain (POD) (Jensen et al., 2001). 

PML-NBs are present in most mammalian cell nuclei and their number can vary 

depending on cellular status and environmental stresses. Importantly, an increasing 

number of proteins has been shown to stably or transiently interact with PML in the 

nuclear bodies (Figure 1.3). The nature and dynamics of these interactions are 

essential for the ability of PML to modulate various important cellular pathways 

(Bernardi and Pandolfi, 2007; Salomoni and Pandolfi, 2002). Yet, in APL PML-RARa 

disrupts the PML-NBs. Studies conducted using PML null animals suggest an essential 

function of PML and PML-NB in tumour suppression (Salomoni and Pandolfi, 2002).
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Figure 1.3 Scheme of PML-NB functions.

1.3.1 The PML gene and its isoforms

The PML gene is located on chromosome 15 and consists of nine exons spread along 

a locus of 35 Kb in length. A number of nuclear and cytoplasmic isoforms are 

originated by alternative splicing of the primary transcript (Fagioli et al., 1992) (Jensen 

et al., 2001) (table 1,3A). To date at least fourteen PML transcripts encoding for distinct 

proteins have been described (Fagioli et al., 1992); (Jensen et al., 2001). The majority 

of PML variants are nuclear proteins, however, three variants referred to as PML 3-4- 

7a-8a, 3-7a-8a and 3-4-7b predominantly accumulate in the cytoplasm. Notably, all 

isoforms share the N-terminal region (exon 1-3), which encodes several important 

domains a RING (R) zinc binding motif, one or two cysteine/histidine-rich B-boxes B- 

boxes (B) and an a-helical coiled-coil region (CC) that collectively form the RBCC 

domain. This domain is a distinctive element shared by members belonging to the 

tripartite motive family of proteins (TRIM). This sub-class of proteins include PML 

together with more than 40 other members (Condemine et al., 2006; Reymond et al.,
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2001) (see table 1.3B). Conversely, the C-terminal portion of PML is very variable 

amongst the PML isoforms, so that, isoform-specific functions may rely on the 

interaction mediated by this region, i.e. p53 and PML4 (table 1.3A).

Isoforms Exons References Localization

PML1 1-2-3-4-5-6-7a-

8a-9

PML4 (Fagioli etal., 1992)

PML-1 (Goddard etal., 1991)

TRIM 19 alpha (Reymond et al., 2001)

Nucleus/Cytoplasm

PML II 1-2-3-4-5-6-7a-

7b

PML-2 (Fagioli etal., 1992)

PML-3 (Goddard et al., 1991)

TRIM 19 gamma (Reymond et al., 2001) 

TRIM 19 delta (Reymond et al., 2001) 

TRIM 19 kappa (Reymond et al., 2001)

Nucleus

PML III 1-2-3-4-5-6-7a- 

7ab retained 

intron -7b

PML-L (de The etal., 1991) Nucleus

PML IV 1-2-3-4-5-6-7a-

8a-8b

PML-3 (Fagioli etal., 1992) 

Myl (Kastner et al., 1992)

Nucleus

PMLV 1-2-3-4-5-6-7a- 

7ab retained 

intron

PML1 (Fagioli etal., 1992)

PML-2 (Goddard et al., 1991)

TRIM 19 beta (Reymond et al., 2001)

Nucleus

PMLVI 1-2-3-4-5-6-

intron

sequence-7a

PML-1 (Kakizuka etal., 1991)

PML-3b (Goddard et al., 1991)

TRIM 19 epsilon (Reymond et al., 2001)

Nucleus

PML Vllb 1 -2-3-4-7b TRIM 19 theta (Reymond et al., 2001) Cytoplasm

PML Vila 1-2-3-4-7a-8a (Fagioli et al., 1992) Cytoplasm

PML Vila

(splice

variant)

1-2-3-7a-8a cPML (Fagioli et al., 1992; Lin et al., 

2004)

Cytoplasm

Adapted from Jensen et al. Oncogene 2001

Table1.3A Summary of exon assembly of the different PML isoforms and their cellular 
localization.
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1.3.2 PML Structure

PML structure

■ ■  I ■ W in —
RING + B-Boxes

Nuclear body formation 
Tumour suppression 
Growth suppression

Coiled-coil
ho mo/heterod imerization 
Nuclear body formation 
Tumour suppression 
Growth suppression

C-terminal portion
Isoform specific protein/protein interaction 

Include also NES and EXOIII domain (PML1)

Figure 1.3.2 The structure of PML.

1.3.2.1 The RBCC domain of PML and TRIM family of protein

As previously mentioned all members of the TRIM family of protein possess a RBCC 

domain. The importance of this region is determined by the fact that each motif 

contributes the biological function of PML. Scanning the RBCC from the N-terminal to 

the C-terminal, the first distinctive region to be encountered is the RING motif. The 

RING domain is characterized by the presence of cysteins and histidines arranged in 

order to coordinate two atoms of zinc in a “cross brace” structure. This domain 

regulates protein-protein interactions but also possesses an intrinsic E3 ligase activity 

thereby promoting the attachment of the conserved polypeptide ubiquitin to lysine 

residues on target proteins (Meroni and Diez-Roux, 2005). Ubiquitylation is a multistep 

process that involves three type of enzyme: E1, E 2 and E3. These enzymes 

cooperate together to catalyze the transfer of multi-ubiquitin chains on the specific 

substrate, which is then target for proteasome-mediated degradation. In this regard, an 

increasing number of TRIM family members have been implicated in proteolysis (Gack 

et al., 2007; Kudryashova et al., 2005; Lerner et al., 2007; Meroni and Diez-Roux,

2005). Nevertheless, it is unclear whether PML retains this ability (Boddy et al., 1997; 

Borden et al., 1995). The RING domain is present in several proteins implicated in
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cellular transformation. Mutations of the critical cysteins required for binding of the zinc 

cause the disruption of PML-NBs and loss of tumour suppressor activity in vivo 

(Borden et al., 1995; Fagioli et al., 1998; Kastner et al., 1992). Similarly, deletion of the 

RING finger in the tumour suppressor protein BRCA-1 increases the predisposition to 

cancer development (Saurin et al., 1996). The B-boxes (referred to as B1 and B2) are 

small zinc-binding cysteine/histidine rich modular units that upon binding of the metal 

modulate the secondary structure of the protein. To date a specific function has not 

been ascribed to this domain function, however, it appears to coordinate, together with 

the RING finger, protein-subcellular distribution and is required for the growth 

suppressive function of PML (Meroni and Diez-Roux, 2005; Reymond et al., 2001; 

Fagioli et al., 1998). Importantly, the first of the B-Boxes (B1) retains a critical 

SUMOylation site important for PML turnover. Adjacent to the two B-boxes resides the 

a-Coiled-Coil (CC) region, which consists of a-helices convoluted in a rod-like 

structure. This domain is of crucial importance in homo-dimerization as well as in 

hetero-dimerization but also in promoting the formation of multimeric complexes, for 

instance trimers (Jensen et al., 2001). This region is also essential for PML 

multimerization as well as for PML/PML-RARa hetero-dimerization in APL context 

(Grignani et al., 1996; Le et al., 1996). Yet, the spacing between the three regions 

within the RBCC is maintained amongst the TRIM family members and the architecture 

conserved in mammals and lower organisms, suggesting its importance in the 

modulation of protein function (Nisole et al., 2005). Overall these findings suggest that 

the integrity of the RBCC is an indispensable prerequisite for the PML-NB assembly 

and PML tumour suppressive functions. A study conducted using a yeast model 

demonstrated that heterodimerization between different TRIM members is rare 

(Reymond et al., 2001). Indeed, TRIM proteins tend to homodimerize to form nuclear 

and cytoplasmic aggregates that function as scaffold for higher-order protein 

complexes (Reymond et al., 2001) (Table 1.3B). Nevertheless, PML has also been
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shown to heterodimerize with the Ret Finger Protein (RFP or TRIM27) in mammalian 

cells (Cao et al., 1998; Morris-Desbois et al., 1999). Therefore, it is conceivable that 

other TRIMs could heterodimerize in higher organisms, thus affecting localization 

and/or function. This is definitely an area of research worth investigating in the near 

future.

Cytoplasmic TRIM proteins
Filaments Ribbon-like Bodies

TRIM1/MID2

TRIM2/NARF

TRIM3/BERP

TRIM18/MID1

TRIM29/ATDC TRIM4

TRIM5

TRIM6

TRIM9/SPRING

TRIM10/HERF1

TRIM12

TRIM14/Pub

TRIM19/PML

TRIM21/R052

TRIM22/STAF-50

TRIM23/ARD1

TRIM26

TRIM27/Rfp

TRIM30/RPT-1

TRIM32/HT2A

Table 1.3B Human cytoplasmic TRIMs divided based on their ability to form cytoplasmic 
structures: filaments, ribbon-like or bodies. In bold are the cytoplasmic TRIMs potentially 
implicated in cancer (Horn et al., 2004; Klugbauer and Rabes, 1999; Lin et al., 2004; Salomoni 
and Pandolfi, 2002).

TRIM proteins are involved in physiological and pathological conditions (Meroni and 

Diez-Roux, 2005) (Table 1.3B). Specifically, some TRIM family members are mutated 

in hereditary disorders (Meroni and Diez-Roux, 2005) and the mutant proteins acquire 

aberrant localization (i.e. mutant MIDI in Opitz Syndrome) (Cainarca et al., 1999; 

Quaderi et al., 1997; Schweiger et al., 1999). In addition to PML other TRIM proteins,
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such as TRIM27/RFP and TRIM24/TIF1-a, have been shown to acquire oncogenic 

activity when involved in chromosomal translocations (Klugbauer and Rabes, 1999; Le 

Douarin et al., 1995; Takahashi et al., 1988). TRIM24 regulates the activity of nuclear 

receptor in a ligand-specific manner (Zhong et al., 1999a). Interestingly, TRIM24-null 

mice develop more hepatocellular carcinomas (HCC) as compared to control 

littermates (Khetchoumian et al., 2007). Strikingly, deletion of one copy of the RARa 

gene blocks tumour formation, thus suggesting that RARa expression is instrumental 

for the development of HCC. This is the first evidence that RARa may act as an 

oncogene in vivo (Khetchoumian et al., 2007). Intriguingly, PML has been found 

delocalized to the cytoplasm in human hepatocellular carcinoma specimens, thus it 

would be interesting to study the role of PML in TRIM24-null animals.

1.3.2.2 Regulation of PML subcellular distribution: the Nuclear Localization 

(NLS) and Nuclear Export (NES) Sequences

The cellular distribution of PML is regulated by specific motifs sequences in the gene: a 

nuclear localization sequence (NLS) and a nuclear export sequence (NES). The NLS is 

encoded by exon 6 drives PML to the nucleus, in fact, the deletion of this motif results 

in a cytoplasmic and perinuclear PML localization (Le et al., 1996). Notably, exon 6 is 

spliced-out from transcripts encoding cytoplasmic isoforms. The nuclear export 

sequence (NES), present in exon 9, is uniquely retained in the C-terminal portion of 

PML1 allowing this particular isoform to shuttle between the nucleus and the cytoplasm 

(Condemine et al., 2006). It is conceivable that PML1 could have different functions 

depending on its cellular distribution and protein interactions. Despite initial studies 

suggesting that all isoforms were expressed at comparable levels (Fagioli et al., 1992); 

(Jensen et al., 2001), a recent analysis performed on a number of different primary and 

immortalized cell types revealed that PML isoforms are differentially expressed 

(Condemine et al., 2006). PML1 is the isoform expressed at the highest levels and,
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according to its DNA sequence, the one that displays the highest homology between 

humans and mice (Condemine et al., 2006). Interestingly, the C-terminal portion of this 

isoform contains a predicted exonuclease III (EXOIII) domain that may function in 

chromatin remodelling mediating the interaction with DNA (Block et al., 2006; Luciani 

et al., 2006). Indeed, the EXOIII domain has been recently shown to be essential for 

the nucleolar redistribution of PML upon exposure to cellular stressors (Condemine et 

al., 2007). Furthermore, the expression analysis of different PML isoforms in PmrAcells 

by using isoform-specific antibodies revealed that PML1 accumulated in both nucleus 

and cytoplasm [(Condemine et al., 2006) and our unpublished observation]. 

Interestingly, PML1 mRNA levels were high in primary cells but rather low in 

transformed cells, thus suggesting that PML1 expression may inversely correlate with 

the transformation status of the cell (Condemine et al., 2006). Notably, some primary 

tumour samples displayed a PML cytoplasmic staining (Condemine et al., 2006). This 

could be due either to cytoplasmic sequestration of nuclear PML or to increased 

nuclear export of PML1 and/or induction of PML cytoplasmic isoforms. It remains to be 

established what are the consequences of PML cytoplasmic localization on 

transformation and tumorigenesis (discussed below). Answering this question will be 

critical in understanding the role of different PML isoforms in transformation and 

cancer. There is the possibility that the variability observed in the C-terminal portion of 

the different PML isoforms could reflect isoforms-specific protein/protein interactions. 

Indeed, some specific interactions have already been reported, for instance, the 

interaction between PML2 and the adenoviral protein E4orf3 leads to redistribution of 

PML and inhibition of the antiviral immune response (Condemine et al., 2007; Ullman 

et al., 2007). Another example of isoforms-specific interaction is PML4, which 

specifically interacts with p53, pRB and HDACs, thus participating in the modulation of 

tumour suppression and senescence (Alcalay et al., 1998; Guo et al., 2000; Lin et al., 

1998). For these reasons, this variant of PML has been so far the most studied and
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best characterized amid all other PML isoforms. In addition, in a recent study a specific 

PML cytoplasmic isoform has been implicated in the modulation of the TGF-p 

signalling through specific interactions with factors modulating the pathway: SMAD2 

and SARA (Lin et al., 2004); this will be discussed in more detail below.

PML isoform PML interacting protein
PML1 DAXX
PML2 CBP, E4orf3, TIF1a
PML3 Aurora A
PML4 p53, pRB, CBP, Pin1, Mdm2, HDAC, 

DAXX, SUMO, Survivin, UBLE1, elF4E, 
Chk2, PP2A, Akt, mTOR

PML5 SUMO, Ubc9, Z-protein
PML7a (cPML) SARA, TGIF

Adapted from Jensen et al. Oncogene 2001

Table 1.3.2.2 PML isoform-specific interactions.
Summary of some PML isoform-specific interactions.
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1.3.4 PML post-translational modifications/regulations

Beside transcriptional regulation, a major role in the modulation of PML activity is due 

to post-translational modifications. In general, modifications of the polypeptide chain 

include the attachment of different groups such as phosphates (phosphorylation), 

acetyl groups (acetylation) or small peptides such as ubiquitin (ubiquitylation) and 

SUMO (SUMOylation). PML has been reported to be SUMOylated as well as 

phosphorylated at different residues (Figure 1.3.4A).
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SUMO-binding domain: 
VVVI (556-559)

Bernardi and Pandolfi Nature Reviews 2007

Figure 1.3.4A Post-translational modifications of PML. Scheme showing post-translational 
modifications in PML. PML can be phosphorylated at different position by serine-threonine 
kinases such as ERK, CHK2, ATR and CK2. PML can also be SUMOylated at three different 
lysines. In addition, a SUMO-binding domain, referred to as SUMO interacting motif (SIM), is 
also present in the C-terminal portion of the protein.

1.3.4.1 PML SUMOylation

PML is covalently modified by SUMO-1, an 11 KDa ubiquitin-like polypeptide, formerly 

referred to as senstrin-1, UBL-1, or PIC-1. Similarly, several other proteins are 

SUMOylated including p53, Sp100, IkB  and RanGAPI. Together a SUMO E2-
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conjugating and a specific E3-conjugating enzyme catalyze SUMO-1 binding on lysine 

residues within the substrate. Interestingly, several members of the TRIM family of 

proteins function as SUMO E3 ligase, including PML, which has been shown to 

promote its own SUMOylation (Quimby et al., 2006). PML is SUMO-modified on three 

lysine (K) residues: K65 in the Ring finger, K160 in the B1-box and K490 in the NLS 

(Kamitani et al., 1998a; Kamitani et al., 1998b; Shen et al., 2006). Interestingly, Shen 

and collaborators showed that a SIM (SUMO Interacting Motif) sequence in PML is 

required, together with the RING domain, for the PML-NB formation (Shen et al.,

2006). PML SUMOylation is also strongly and rapidly enhanced by arsenic trioxide 

(As20 3) [(Lallemand-Breitenbach et al., 2001) and references cited therein]. It has been 

shown that SUMOylation stabilizes IkB, a known regulator of the NFkB pathway, and 

Ran-Gap1, a GTPase involved in different cellular processes (Azuma and Dasso,

2002), blocking inhibitory signals (Desterro et al., 1998; Mahajan et al., 1997). 

Conversely, As20 3-mediate SUMOylation of the K160 triggers the proteasome- 

dependent degradation of PML and PML-RARa through mediated by the recruitment 

of the 11S proteasomal subunit. Accordingly, the mutagenesis of K160 abrogates of 

As20 3-mediated degradation of PML (Lallemand-Breitenbach et al., 2001). PML can be 

de-SUMOylated by a specific SUMO protease, referred to as SuPr-1. It has also been 

demonstrated that this modification causes the disassembly of the PML-NB (Best et 

al., 2002). Moreover, it has been shown that PML can be modified by other SUMO 

isoforms: SUMO-2 and -3. Interestingly, SUM02/3 conjugation is a dynamic event 

regulated by environmental stresses and it appears that also PML and PML-NB may 

be subjected to such regulation (Saitoh and Hinchey, 2000). During the preparation of 

this thesis two independent groups showed that in response to As20 3 treatment the 

RING-domain containing ubiquitin E3 ligase, RNF4 (also known as SNURF), through 

its SIM domain recognizes poly-SUM02/3 chains on K160 and mono-SUMOylation of 

K490 in PML. Notably, RNF4 triggers the poly-ubiquitylation and proteasomal
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degradation of PML (Lallemand-Breitenbach et al., 2008; Tatham et al., 2008). This is 

the first piece of evidence describing a specific E3 ligase that directly acts on PML. 

Remarkably, RNF4 also mediates the catabolism of PML-RARa (bcr-1), which also 

has the essential lysines involved in RNF4 association/ubiquitylation. Nevertheless, 

there is the possibility that additional modifications such as phosphorylation of residues 

in the N-terminal or C-terminal portion of PML may also contribute to PML and PML- 

RARa degradation. More future efforts are required to elucidate this important aspect.

1.3.4.2 PML phosphorylation

Phosphorylation of PML occurs on both threonine and serine residues in vivo and 

appears to modulate the pro-apoptotic activity of the protein [(Bernardi and Pandolfi,

2007) and references cited within]. First of all, DNA damage induces hCds1/Chk2- 

mediated phosphorylation of serine 117 in PML and this results in p53 stabilization 

(Louria-Hayon et al., 2003; Yang et al., 2002). The extracellular signal-regulated kinase 

(ERK) has been shown to phosphorylate PML at several residues, thus favouring PML 

SUMOylation and augmenting PML-dependent apoptosis in response to As20 3 

(Hayakawa and Privalsky, 2004). Notably, CK2-dependent phosphorylation of PML 

induces its catabolism (Scaglioni et al., 2006). CK2 is a nuclear-matrix-associated 

serine/threonine kinase that phosphorylates PML at serine 517, thus triggering the 

proteasomal degradation. Indeed, inhibition of CK2 activity enhances PML tumour 

suppressive properties. Interestingly, CK2 is frequently upregulated in many human 

tumours and this seems to correlate with the low levels of PML expression reported in 

another study by Gurrieri and collaborators (Gurrieri et al., 2004a). Interestingly, Pin1, 

a member of the pavrulin of peptidyl-prolyl cis-trans isomerases (PPIase), binds PML 

and promotes its degradation (Reineke et al., 2008). Yet, Pin1 has been shown to be 

upregulated in human breast cancers and this would suggests that Pin1 deregulation is 

important for tumorigenesis.
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1.3.5 PML and the biogenesis of the PML-Nuclear Body (PML-NB)

Several sub-nuclear compartments can be distinguished in the nucleus of mammalian 

cells, which are generally referred to as “nuclear bodies” or “nuclear domains” . In the 

late 1980’s, one of such structures was shown to be reactive to anti-sera for PML, at 

that time a newly identified gene (de The et al., 1990; Pandolfi et al., 1991). Indeed, 

PML accumulates in distinct nuclear domains, referred to as PML-NB that can be 

classified as a specific sub-class of nuclear bodies. At the ultra-structural level, the 

nuclear body appears as ring-like (doughnut-shape) electron dense protein structure 

with a diameter ranging from 0.2 to 1 pm (Figure 1.3.5A).

Figure 1.3.5A The PML nuclear body. Electron microscopy image of a PML-NB , black dots 
represent gold nanoparticles conjugated to anti-PML antibody. PML is localized to the outer 
edge of the nuclear bodies, which appears as a doughnut-shape structure with a diameter of 
0.2 to 1 pm. This image has been kindly provided by Dr. Dinsdale (MRC Toxicology 
Unit).

No appreciable levels of nucleic acids were noticed within the bodies (Dellaire and 

Bazett-Jones, 2004). However, PML-NBs are able to contact chromatin at their 

periphery (Eskiw et al., 2004), thus maintaining integrity and localization (Eskiw et al.,

2004). Indeed, PML-NB composition is altered in conditions that perturb chromatin
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condensation such as stress, transcriptional repression and apoptosis (Ching et al.,

2005). In situ hybridization experiments revealed that PML-NBs associate with regions 

rich in genes (Wang et al., 2004) such as the cluster region encoding the major 

histocompatibility complex (MHC) (Bruno et al., 2003; Zheng et al., 1998). 

Nevertheless, a direct role of PML transcriptional activity is still missing. It has been 

proposed that PML along with the Special AT-rich sequence Binding protein 1 (SATB1) 

modifies the chromatin architecture thus favouring the transcription of this specific 

genomic region (Kumar et al., 2007b). As previously mentioned, PML-NBs are 

heterogeneous and dynamic structures. There are 10 to 30 PML-NBs per nucleus but 

their number together with the size can vary for example during the cell cycle (Chelbi- 

Alix et al., 1995; Lavau et al., 1995) and in response to antiviral interferon (IFN) 

treatment (Chelbi-Alix et al., 1995; Lavau et al., 1995). Interestingly, PML-NBs, like 

Cajal bodies are motile structures (Lamond and Sleeman, 2003; Platani et al., 2000). 

Studies of PML-NB dynamics in living cells have been conducted tracking the nuclear 

body component Sp100 fused to the yellow fluorescent protein (YFP) (Muratani et al., 

2002). Interestingly, a small portion of PML-NBs display rapid movements up to a 

speed of 0.4 pm/s, the fastest moving nuclear structures recorded (Muratani et al.,

2002). Authors speculated that this particular class of bodies might act as “nuclear 

sensors” travelling within nuclear regions that are associated with “anomalous” 

structures, i.e. viral proteins or protein aggregates (Muratani et al., 2002). These 

studies, however, might underscore major caveats as authors used Sp100 to monitor 

the dynamics of PML-NBs. Indeed, it has been shown that Sp100 is not always 

associated with PML in the nucleus (Wiesmeijer et al., 2002). Moreover, the presence 

of these moving bodies seem to restricted only to certain type of cells (Muratani et al.,

2002), thus further experiments are needed to clarify these controversies.
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Deregulation of the PML-NB architecture often occurs in response to a number of 

cellular insults such as viral infection, heat shock, heavy metal exposure (i.e. 

Cadmium) and/or pathological conditions (Everett and Murray, 2005; Maul et al., 1995; 

Nefkens et al., 2003), thus suggesting that the integrity of the bodies is important for 

cellular homeostasis. Indeed, a number of crucial cellular players stably or transiently 

associate with the PML-NB, however, only a few directly interact with PML, including 

p53 (Guo et al., 2000), the retinoblastoma protein (pRB) (Alcalay et al., 1998), the 

death domain associated protein (DAXX) (Ishov et al., 1999; Salomoni and Khelifi, 

2006; Torii et al., 1999), the acetyltransferase CBP (cAMP-response element (CREB)- 

binding protein) and elF4E (eukaryotic initiation factor 4E) (Cohen et al., 2001). Studies 

conducted using PML null animals revealed that in the absence of PML all the other 

known components acquire aberrant diffuse nuclear localization.

PML-NE

ATRA

Figure 1.3.5B PML-NBs are disrupted in APL.
Confocal image of NB4 cells before and after treatment with pharmacological concentration of 
ATRA (10'7 jaM). In APL, PML-RARa disrupts the PML-NB. As a matter of fact, PML is 
delocalized in hundreds of tiny nuclear microspeckles. PML-NB architecture is restored upon 
treatment with ATRA.

Accordingly, re-introduction of PML in PML-null cells restores the assembly and the 

localization of the PML-NB components (Maul et al., 2000; Zhong et al., 2000a). In 

APL, PML-RARa affects the architecture of PML-NBs by relocating PML into tiny 

nuclear and cytoplasmic speckles (Figure 1.3.5B) (Dyck et al., 1994; Kastner et al., 

1992; Koken et al., 1994; Weis et al., 1994). Yet, treatment with ATRA induces the

31



degradation of the fusion protein and restores the PML-NBs (Weis et al., 1994). As 

previously mentioned, PML is covalently modified by SUMO-1 at three specific lysine 

residues and this post-transcriptional modification of PML is indispensable for the 

formation of the nuclear bodies (Shen et al., 2006; Zhong et al., 2000a). It has been 

demonstrated that DAXX, a transcriptional co-repressor, binds SUMOylated-PML and 

this results in the modulation of its transcriptional functions (Li et al., 2000). 

Furthermore, SUMOylation of other PML-NB-associated proteins such as p53, CBP 

and Sp100 has been described (Shen et al., 2006) and seems to be required for the 

assembly of PML-NBs (Salomoni and Pandolfi, 2002). Thus, it is conceivable that 

changes in the PML-NB composition could mirror the balance between SUMOylation 

and de-SUMOylation of PML and other nuclear body components. This aspect awaits 

further investigation.
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1.4 Biological functions of PML

1.4.1 PML functions in tumour suppression

Several important observations suggest that PML possesses a tumour suppressor role. 

PML/' mice are viable and the incidence of spontaneous tumours is not increased, but 

display increase susceptibility to develop infections and to die as opposed to PML+/+ 

and PML*a animals, thus making difficult the assessment of tumorigenesis late in life 

(Wang et al., 1998a). Thus, this aspect was studied in experimental models designed 

to accelerate tumour formation. PML/' animals were subjected to higher rate of and to 

a different spectrum of tumours as compared to control littermates when injected with 

tumour promoting agents such as dimethylbenzanthracene (DMBA) and 12-0- 

tetradecanoylphorbol-13-acetate (TPA) (Wang et al., 1998b). These findings 

suggested that PML may antagonize the initiation and the progression of malignancies 

of different histological origin (Wang et al., 1998b). Notably, PML'A cells were also 

resistant to the lethal effects of y-irradiation, Fas, TNFa and IFNs suggesting a crucial 

role of PML in modulating the response to different type of stress (Wang et al., 1998b). 

Thus, PML tumour suppressive functions were tested in transgenic animal of 

leukaemia and breast cancer (Rego et al., 2001). Strikingly, the genetic reduction of 

PML dramatically increased the incidence and accelerated the onset of PML-RARa- 

induced leukaemia in mice. Conversely, neu-induced breast tumorigenesis was not 

enhanced in the absence of PML and latency, size of the tumours and rate of 

metastasis formations were comparable in PML'A and PML+/+ animals (Rego et al., 

2001). Accordingly, PML inhibited transformation of primary mouse cells induced by 

expression of oncogenic Ras, mutant p53 or H-Ras along with c-myc (Mu et al., 1994). 

Moreover, PML inhibited the ability of prostate cancer cells to engraft tumours in 

transplanted sub-lethally irradiated recipient mice (He et al., 1997). Interestingly, PML 

regulates the proto-oncogene AKT (Trotman et al., 2006). Notably, Akt is aberrantly
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activated in many human cancers often associated with the loss of the its negative 

regulator PTEN (Ruggero and Sonenberg,^ 2005). In human, the majority of prostate 

carcinomas display either heterozygosity or complete depletion of the PTEN gene 

(Whang et al., 1998; Wu et al., 1998). Trotman and co-workers studied the effect of 

PML inactivation on PTEN*A animals and found that PML loss markedly increased 

prostate and colon carcinogenesis (Trotman et al., 2003). It has been proposed that 

PML may control protein phospatase 2A (PP2A)-dependent dephosphorylation and 

inactivation of Akt (Trotman et al., 2003). Altogether, these findings indicate that PTEN 

and PML cooperate to a tumour suppressor network that controls the activation of the 

PI3K/AKT pathway (Trotman et al., 2006). Another study employed tumour tissue 

microarrays (TTMs) to analyze the expression of PML in specimens of human tumours 

of different histological origins (Gurrieri et al., 2004a). The results showed that PML 

expression is lost or severely reduced in many tumours including prostate 

adenocarcinomas, breast and lung carcinomas, lymphomas, central nervous system 

(CNS) tumours, and germ line tumours (Gurrieri et al., 2004a). Nevertheless, PML 

mRNA levels were comparable to those measured in control specimens and the gene 

was rarely mutated and not subjected to loss of heterozygosity (LOH) (Gurrieri et al., 

2004a). In line with this, normal expression of PML can be rescued in PML-negative 

colon carcinoma and gastric cancer cell lines by using proteasome inhibitors, thus 

suggesting that PML stability is of paramount importance in cancer (Gurrieri et al., 

2004a). Nevertheless, it is unclear whether the loss of PML expression is a primary 

event in carcinogenesis. De The and collaborators studied the expression of PML in 

different tissues including human tumour specimens. This study demonstrated that in 

tumours the loss of PML is often accompanied by reduction of p53 levels. Thus, it is 

possible that decreased levels of PML may contribute to p53 inactivation. Recently, it 

has been shown that PML degradation in cancer cells is promoted by casein kinase 2 

(CK2)-dependent phosphorylation (Scaglioni et al., 2006). Interestingly, CK2
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expression is increased in many tumours correlating with the reduction of PML levels. 

From another standing point, it also is plausible that the activity of a PML-specific E3 

ubiquitin ligase(s) may be increased in tumours. Nevertheless, the enzyme(s) 

responsible for the ubiquitylation of PML has not yet been identified, thus more effort is 

needed in the future to elucidate this aspect of PML regulation. Finally, it has been 

suggested that PML inhibits angiogenesis in both ischemic and neoplastic conditions 

(Bernardi et al., 2006). Indeed, tumours arising from PML/' animals displayed greater 

microvessel density, thus suggesting that PML negatively affects the expression of the 

hypoxia inducible factor-1 a (HIF-1a), a transcription factor essential for 

neoangiogenesis (Bernardi et al., 2006). This would be the direct consequence of 

PML-dependent inhibition of mTOR, which regulates the expression of HIF-1a. Indeed, 

PML sequesters mTOR in the nucleus and blocks its phosphorylation/activation 

(Bernardi et al., 2006). Indeed, these findings appear to correlate with data showing 

increase angiogenesis and the severe disease progression in cancer lacking PML 

(Bernardi et al., 2006; Trotman et al., 2006).

1.4.2 PML and the regulation of cell death

The evidence that PML has a critical role in the regulation of cell death has been 

described in a number of important studies conducted over the last decade. First and 

foremost, PML is important for the proper execution of apoptosis in response to a 

number of stresses including DNA-damage (Wang et al., 1998b). In fact that PML-/- 

mice are resistant to the lethal effect of ionizing radiation, to apoptosis induced by the 

pathway regulated by FasL/Fas (also referred to as CD178 and CD95, respectively) 

and by other molecules such as tumour necrosis factor alpha (TNFa), ceramide and 

interferons (type I and II IFNs) (Wang et al., 1998b). Wang and colleagues showed that 

in a PML/' background the activation of the executor caspases 1 and 3 is impaired. In
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keeping with this, PML'A mice develop more B and T cell lymphomas following 

carcinogenic treatment, which mirrors the sensitivity of PML'A cells to pro-apoptotic 

signals mediated by FasL, TNFa and IFNs (Wang et al., 1998b). Similar results were 

obtained using myeloid progenitors isolated from PML-RARa transgenic animals 

(Wang et al., 1998b). Strikingly, the resistance to apoptosis was further increased by 

reducing PML gene dosage to hemizygosity, obtained by crossing PML-RARa animals 

with mice having PML-/- background (Rego and Pandolfi, 2001). These findings outline 

the importance of the PML pro-apoptotic activity in vivo and in the context of PML- 

RARa-mediated leukaemogenesis. Another study showed that overexpression of PML 

in different cell types led to rapid death but without the typical hallmarks of apoptosis 

such as activation of caspases and DNA fragmentation (Quignon et al., 1998). Indeed, 

the main effector caspase, caspase 3, was not activated in PML-induced death and the 

presence of the pan-caspase inhibitor z-VAD-fmk, paradoxically enhanced the cell 

death. Authors concluded that the overexpression of PML causes a caspase- 

independent apoptosis, which apparently contrasts the data by Wang and co-workers 

obtained by using PML'A cells and mice. This controversy may be explained 

envisioning a model in which low levels of PML activate “canonical” apoptosis 

supported by de novo transcription, whereas, at high levels of expression PML triggers 

death independently of caspases activation. Notably, many other conditions have been 

shown to induce caspase-independent death including oncogene overexpression, DNA 

damage and starvation (Rathmell and Thompson, 1999). This is possibly mediated 

through the recruitment of pro-apoptotic members (e.g. Bax) or the hijacking of survival 

factors (e.g. p27KIP1) to the PML-NB (Quignon et al., 1998), Nevertheless, it has to be 

taken into account that authors reported cross-reactivity of the anti-Bax antibody with 

Sp100. Thus, it is not clear whether PML play a role in the regulation of caspase- 

independent cell death. Furthermore, evidence demonstrating colocalization/interaction 

between PML-NB and anti/pro-apoptotic BCL-2 family proteins in vivo is still missing or
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limited to some tumour cell lines (Hoetelmans, 2004). From another standing point, it 

would be worth investigating whether PML modulates autophagy, another alternative 

form of programmed cell death that is also important in a number of pathological 

conditions including cancer. Interestingly, p53 has been shown to control autophagy at 

different levels (Tasdemir et al., 2008). Thus, it can be hypothesized that PML and p53 

could function together in regulating the expression and/or the function of some critical 

regulators of the autophagic pathway such as the atg proteins.

1.4.2.1 PML and p53-dependent apoptosis

PML is a central regulator of p53-dependent apoptosis and DNA-damage response. 

This was suggested by the observation that PML deficiency results in the protection of 

cells from the lethal effects of ionizing radiation (y radiation) (Guo et al., 2000; Wang et 

al., 1998b). Guo and colleagues analyzed the effect of ionizing radiation in thymocytes 

for wild type (WT), p5JA and PML'A animals. Interestingly, PML'A cells were resistant to 

y radiation-induced apoptosis, although to a lesser extent as compared to p53rA 

thymocytes. These findings suggest that PML is at least in part required for the correct 

p53 pro-apoptotic functions (Guo et al., 2000). Accordingly, in PML'A cells the ionizing 

radiation induced transactivation of p53 target genes such as p21, GADD45 and BAX 

was defective (Guo et al., 2000). Indeed, upon y-radiation a specific PML nuclear 

isoforms, PML4 herein after referred to as nPML, has been shown to interact and 

activate with p53. Indeed, the recruitment of p53 to the PML-NB results in its 

stabilization and transcriptional activation (Guo et al., 2000). Specifically, the 

acetyltransferase CBP cooperates with PML in promoting the acetylation of lysine 382 

on p53 (Guo et al., 2000; Pearson et al., 2000). The effects of UV-radiation were also 

studied in respect to the ability of PML to modulate p53 pro-apoptotic functions. 

Interestingly, in cells exposed to high doses of UV the homeodomain-interacting 

protein kinase-2 (HIPK2), PML, CBP and p53 colocalized within PML-NBs. In this

37



context, HIPK2 directly interacts with and phosphorylates p53 at serine 46 (S46), 

another critical residue for its transcriptional activation (D'Orazi et al., 2002; Hofmann 

et al., 2002). Furthermore, Bernardi and co-workers demonstrated that PML enhances 

p53 stability by sequestering Mdm2 to the nucleolus (Bernardi et al., 2004). As a result, 

PML depletion in primary mouse embryo fibroblast leads to increased p53 

ubiquitylation and degradation. Similarly, DNA damage induces PML phosphorylation 

by the checkpoint ataxia telangectasia mutated Rad-3 related kinase (ATR) and PML 

accumulation along with Mdm2 in the nucleolus (Bernardi et al., 2004; Louria-Hayon et 

al., 2003; Wei et al., 2003; Zhu et al., 2003). Notably, the interaction between PML and 

Mdm2 is through the coiled-coil domain of PML (Bernardi et al., 2004; Wei et al.,

2003), which is retained by all PML isoforms. Thus, it is possible that depending on the 

type of cellular stress different PML isoforms may interact with Mdm2. PML has also 

been shown to translocate to the nucleolus in cells treated with proteasome inhibitors, 

suggesting that nucleoli may function as alternative centres for degradation of PML-NB 

components (Mattsson et al., 2001). It has also been demonstrated that the 

nicotinamide adenine dinucleotide (NAD)-dependent histone deacetylase SIRT1, the 

human homologue of yeast SIRT1 (Imai et al., 2000; Landry et al., 2000) is able to 

interact with PML and this leads to p53 inhibition (Langley et al., 2002). Notably, SIRT1 

belongs to the silence information regulators 2 family of genes (SIR2), which are 

involved in diverse processes ranging from the regulation of genes silencing to DNA 

repair and aging (Gasser and Cockell, 2001). Moreover, SIRT1 binds and deacetylates 

p53 in response to oxidative stress and DNA damage, thus promoting survival (Luo et 

al., 2001; Vaziri et al., 2001). These findings suggest that PML may exert a pivotal role 

in controlling the balance between acetylation and deacetylation of p53, for instance 

combining the function of CBP or SIRT1 in relation to the nature of the cellular stress 

as proposed by Hoffmann and colleagues (Hofmann and Will, 2003).
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1.4.3 Additional mechanisms

The death domain-associated protein (DAXX) is another important protein found within 

the PML-NB (Torii et al., 1999; Zhong et al., 2000b). Originally, DAXX has been shown 

to bind to the Fas death domain (DD) thereby promoting Fas and TGF-p-induced 

apoptosis (Perlman et al., 2001; Yang et al., 1997). In this regard, it has been reported 

that PML and DAXX interaction increases Fas-induced apoptosis (Torii et al., 1999). 

Interestingly, in the absence of PML, DAXX accumulates in dense heterochromatic 

nuclear regions where it colocalizes with a component of centromeric heterochromatin, 

the SWI/SNF protein a-thalassemia/mental retardation syndrome (ATRX) (Ishov et al., 

2004). The interaction between DAXX and ATRX has been shown to play an important 

role in controlling the chromatin changes during the S phase of the cell cycle (Xue et 

al., 2003). SUMOylation of PML is required for the recruitment of DAXX to the PML- 

NB. Specifically, the levels of SUMO-modified PML positively correlated with the 

amount of DAXX recruited to these nuclear structures (Kamitani et al., 1998b; Maul et 

al., 2000; Zhong et al., 2000b). A number of studies suggest that DAXX is able to 

shuttle between the nucleus and the cytoplasm upon specific stimuli. Accordingly, it 

has been shown that DAXX relocates from the nucleus to the cytoplasm in response to 

Fas, oxidative stress and glucose deprivation (Song and Lee, 2003; Song and Lee, 

2004). Studies conducted using a yeast model showed that DAXX was able to bind the 

cytoplasmic tail of the type II transforming growth factor beta (TGFp) receptor and to 

inhibit TGFp-induced apoptosis (Ecsedy et al., 2003; Perlman et al., 2001; Song and 

Lee, 2003). Interestingly, the nuclear kinase HIPK2, which also associates with PML- 

NB, appears to mediate TGFp-induced phosphorylation of DAXX and to promote JNK 

activation (Hofmann et al., 2003). RNAi-mediated downmodulation of DAXX rendered 

cells resistant to apoptosis induced by IFN-y and As20 3 (Kawai et al., 2003) and we 

demonstrated that DAXX depletion renders primary human fibroblasts more resistant
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to UV- and oxidative-induced cell death (Khelifi et al., 2005). Overall these findings 

suggest that DAXX localization to PML-NB is required for its pro-apoptotic activity. 

Nevertheless, the role of DAXX remains controversial as it can have both pro- and anti- 

apoptotic functions, depending on different factors (Chen and Chen, 2003; Michaelson 

et al., 1999; Michaelson and Leder, 2003; Salomoni and Khelifi, 2006). In a recent 

study DAXX has been found to simultaneously associate with Mdm2 and the 

deubiquitinase HAUSP, thus favouring the degradation of p53 (Tang et al., 2006). It is 

conceivable PML interferes with DAXX-mediated p53 degradation by sequestering 

DAXX in the PML-NB. Moreover, DAXX also associates with proteins critical for 

transcriptional repression including HDAC1, HDAC2 and ATRX, implying a role for 

DAXX in chromatin modification and in the control of epigenetic mechanisms 

(Hollenbach et al., 2002; Li et al., 2000; Xue et al., 2003). In this respect, DAXX was 

also shown to interact with SUMO-modified CBP and to inhibit its transcriptional activity 

recruiting HDAC2 (Kuo et al., 2005). In APL, PML-RARa delocalizes DAXX from the 

nuclear bodies and exacerbates its transcriptional repressive functions (Li et al., 2000). 

Recently, the SUMOylation of PML-RARa has been shown to mediate DAXX 

recruitment, a critical event required for transcriptional repression and cellular 

transformation (Zhu et al., 2005). Furthermore, Xu and co-workers found that nPML 

modulates Survivin, a member of the inhibitor of apoptosis (IAP) family of proteins. 

Survivin is often overexpressed in cancer cells whereas is barely detectable in most 

normal adult tissues (Xu et al., 2004). Interestingly, high levels of Survivin have been 

found in NB4 and primary APL cells (Xu et al., 2004). Nevertheless, the function of 

Survivin is still a matter of debate. Indeed, data suggest that Survivin play an important 

role in controlling chromosomes segregation and cytokinesis rather than functioning as 

a survival factor (Stauber et al., 2007; Vader et al., 2006 {Verdecia, 2000 #653) 

(Connell et al., 2008). As abovementioned, PML is critical for p53-dependent induced 

cell death in response to y-irradiation. Previous studies demonstrated that in mouse
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primary fibroblasts the apoptotic response to different DNA-damaging agents and short 

wavelength ultraviolet (UV) light does not rely on the activity of p53 and p21 

(Bissonnette and Hunting, 1998; Brugarolas et al., 1995; Smith and Fornace, 1997), 

but it depends on the function of the c-Jun N-terminal kinases (JNKs) (Behrens et al., 

1999; Tournier et al., 2000). Salomoni and colleagues found that UV treatment 

redistributes PML into multiple microspeckled structures, referred to as UV-NBs, where 

phosphorylated c-Jun is also found (Salomoni et al., 2005). Recently, Khelifi and co

workers found that DAXX is upregulated in primary cells exposed to UV and hydrogen 

peroxide (H20 2) treatment (Khelifi et al., 2005). DAXX and PML colocalize in PML-NBs 

in both unstressed and stressed cells, and DAXX down-modulation inhibits JNK 

activation (Khelifi et al., 2005). These finding demonstrate the importance of DAXX and 

PML in the modulation of the JNK pathway in physiological settings. Interestingly, c- 

Jun has been also recently shown to modulate the function of a specific cytoplasmic 

isoform of PML in the context of the TGF-p signalling (Seo et al., 2006). This aspect is 

further discussed in section 1.5. Thus nuclear dynamics of PML may change in 

response to different apoptotic stimuli and activating transcription factors that controls 

key pro-apoptotic pathways.
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1.4.4 PML and cellular senescence

Normal cells are unable to replicate indefinitely and after serial cultivation in vitro 

undergo a permanent exclusion from the cell cycle, referred to as cellular senescence. 

Cellular senescence has been proposed to represent a critical mechanism to limit 

proliferation and block tumorigenesis (Bartkova et al., 2006; Campisi and d'Adda di 

Fagagna, 2007; Mallette et al., 2007). Senescence was described in the early sixties 

by Hayflick and Moorhead (Hayflick and Moorhead, 1961) and has since then been 

challenging researchers. Increasing evidence indicate that senescence is 

accompanied by DNA damage and requires the activation of p53 and/or pRB 

depending on the cell type (Campisi and d'Adda di Fagagna, 2007; Mallette et al., 

2004; Serrano et al., 1997). Senescence can also intercede to limit the aberrant 

proliferation promoted by the expression of oncogenes. Indeed, expression of 

oncogenes such as an active form of RAS (RASG12V) triggers cellular senescence by 

inducing the expression of the cyclin-dependent kinase (CDK) inhibitor p16>NK4a and 

p53 (Pearson et al., 2000; Serrano et al., 1997). Notably, like p53, p16>NK4a (p16) is 

mutated in a wide range of cancers (Schmitt et al., 2002; Sherr, 2004). In fact, p16 is a 

tumour suppressor that binds and inhibits the activity of the CDK4/6 (Kim and 

Sharpless, 2006). p16 maintains pRB in a hypophosphorylated state, blocking cell 

cycle progression. PML role in oncogene-induced senescence was determined in 

primary MEFs (de Stanchina et al., 2004; Ferbeyre et al., 2000). Pearson and 

colleagues found that upon expression of an active form of RAS, PML is upregulated 

at both the transcriptional and protein levels. Furthermore, RAS triggers the formation 

of a ternary complex between p53, CBP and PML. This event promotes p53 

stabilization and activation (Pearson et al., 2000). In keeping with this, the ability of 

RAS to induce p21 is impaired in PML~A cells and over-expression of PML led to 

induction of p53-dependent senescence (Ferbeyre et al., 2000; Pearson et al., 2000).
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Altogether, these results indicate that in mouse cells senescence is regulated by the 

interplay between p53 and PML (Ferbeyre et al., 2000; Pearson et al., 2000). As 

opposed to mouse cells, in human cells induction of senescence relies more on the 

activation pf pRB (Bischof et al., 2005; Ferbeyre, 2002; Mallette et al., 2004). 

Specifically, it has been demonstrated that nPML modulates pRB phosphorylation and 

potentiates pRB transcriptional repression (Alcalay et al., 1998; Bischof et al., 2005; 

Khan et al., 2001a; Khan et al., 2001b). Overall these findings propose a critical role 

for PML in the regulation of cellular players, such as p53 and pRB involved in the 

control of cell proliferation and the induction of cellular senescence. In APL, these 

functions can be altered as a consequence of the dominant-negative action of PML- 

RARa on PML.

1.4.5 PML and translation control

Increasing evidence suggests that cellular transformation and translational control are 

intimately intertwined (Rosenwald, 1996). Mutations affecting ribosomal proteins are 

associated with increased cancer susceptibility such as in the Diamond-Blackfan 

anaemia and in Dyskeratosis Congenita (DC) (Ruggero and Pandolfi, 2003; Yoon et 

al., 2006). Protein biosynthesis consists of three major phases: initiation, elongation 

and termination. Initiation of translation is a critical step and its deregulation has been 

implicated in cellular transformation (Ruggero and Pandolfi, 2003). The eukaryotic 

initiation factor 4E (elF4E) acts as both a key initiator factor and a promoter of 

nucleus/cytoplasmic transport of specific transcripts, such as cyclin D1. elF4E binds 

the 5’ m7G cap promoting the nuclear export and transcription of capped-mRNAs. 

Transgenic animals expressing sustained levels of elF4E develop tumours of various 

histological origins and elF4E cooperates with c-Myc in accelerating B-cell 

lymphomagenesis in vivo (Ruggero et al., 2004). PML has been shown to co-localize
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and interact with elF4E in the PML-NB. In addition, Lai and co-workers showed that 

PML, through the nuclear retention of elF4E, negatively regulates the cytoplasmic 

export of a subset of transcripts including the cyclin D1 messenger. PML function leads 

to a reduction of the cyclin D1 protein levels and inhibition of cyclin D1 transforming 

activity (Lai and Borden, 2000). In line with this, elF4E-dependent cyclin D1 mRNA 

transport is upregulated in human specimens of acute and chronic myelogenous 

leukaemia (Topisirovic et al., 2003).

1.4.6 PML and genomic stability

The stability of the genome represents a major barrier against cellular transformation 

and PML participate to this fundamental process by modulating important proteins 

involved in DNA-damage response. Indeed, a number of factors involved in DNA 

recombination and repair have been shown to colocalize and interact with PML in the 

PML-NB at specific stages of the cell cycle or upon treatment with DNA-damaging 

agents. For example PML regulates the function of Bloom (BLM) a DNA helicase 

controlling non-homologous recombination events (Hanada et al., 1997; Harmon and 

Kowalczykowski, 1998). Mutations of BLM have been associated with the Bloom 

Syndrome (BS), characterized by excessive sister chromosome exchange (SCE) and 

chromosome breakage leading to high predisposition for cancer development in the 

patients (Ellis et al., 1995). Interestingly, PML and BLM colocalize in primary cells 

derived from BS cells (Zhong et al., 1999b) and BLM is delocalized from the PML-NB 

in PML/' and APL cells. Accordingly, primary PML/' fibroblasts display a higher rate of 

spontaneous SCE as compared to control cells (Zhong et al., 1999b). PML has also 

been shown to colocalize and directly interact with the meiotic recombination 11 

(MRE11), a protein involved in the regulation of the DNA damage response. Upon 

DNA damage, MRE11 shuttles between PML-NB and associates with DNA damage

44



foci (Carbone et al., 2002). Nevertheless, it is still unclear what is the effect of PML 

inactivation on MRE11 functions. Interestingly, PML and MRE11 colocalize in cancer 

cells maintaining telomeres by a telomerase-independent alternative (ALT) 

mechanism. In these malignancies, PML accumulates in novel bodies, referred to as 

ALT associated PML bodies (APBs), which are characteristic of ALT cells and 

qualitatively different from the PML-NBs, where also telomeric repeat DNA sequences 

(TTAGGG), telomere binding proteins TRF1 and TRF2 and several proteins involved in 

DNA repair accumulate (Reddel, 2007). Furthermore, APBs share some components 

of the PML-NBs such as Sp100 and BLM (Reddel, 2007). Our laboratory recently 

investigated the role of PML and TRF2 in the formation of APBs in ALT cells by using 

RNAi-mediated silencing (Stagno D'Alcontres et al., 2007). In this study, DAIcontres 

and colleagues showed that in ALT cells lacking TRF2 there is a loss of telomeric DNA 

and an induction of cellular senescence, rather than apoptosis, that requires intact p53 

and PML (Stagno D'Alcontres et al., 2007). Interestingly, other DNA helicases have 

been found in the PML-NBs including Werner (WRN) and RecQL4, which are 

associated with human syndromes that display increased genomic instability (Blander 

et al., 2002; Petkovic et al., 2005). Nevertheless, the exact roles of PML and PML-NB 

in processes regulated by these two helicases remain unknown. Genomic instability 

also associates with gain or loss of chromosome (aneuploidy) and centrosome 

duplication (Lingle et al., 2002) (Ghadimi et al., 2000). Centrosomes have a critical role 

during mitosis and many proteins including cell cycle regulators, phosphatases and 

kinases involved in cell signalling and tumour suppressors associate with these 

structures (Nigg, 2002). Using isoform-specific anti-PML antibodies, Xu and co-workers 

demonstrated that PMLIII associated with the centrosome in vivo (Xu et al., 2005) and 

that the percentage of PML/' fibroblasts with centrosome amplifications was higher as 

compared to PML+/+ cells (Xu et al., 2005). The same authors showed that PMLIII 

physically interacts with Aurora A, a kinase regulating centrosome assembly (Hannak
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2001). Interestingly, deregulation of Aurora A is implicated in centrosome amplification 

(Zhou et al., 1998). Nevertheless, in a  recent study Condemine and colleagues 

investigate the expression levels and the localization of the different PML isoforms by 

using isoform-specific antibodies could not find any association between the 

centromeres and PMLIII. Thus, this remains a very controversial matter that requires 

further analysis. In this regard, the generation of reliable and specific tools to 

investigate the function of the different PML isotypes could provide a major advance in 

the understanding of PML’s biological functions.

1.5 PML cytoplasmic functions

1.5.1 Initial observations

Despite the existence of a number of PML cytoplasmic isoforms was reported many 

years ago (Fagioli et al., 1992; Jensen et al., 2001), their functional characterization 

has been somehow limited until recently. Initial observations conducted by using a 

mutant of PML4 lacking the nuclear localization signal (ANLS), which resulted in 

cytoplasmic accumulation of the protein, revealed that the tumour suppressive 

functions were severely impaired (Le et al., 1996). ANLS PML expression also led to a 

significant reduction of PML-NBs, thus suggesting that this mutant could function as a 

dominant negative of wild-type nPML (Le et al., 1996). Subsequently, Fagioli and 

colleagues analyzed the effect of different PML splice variants on cell proliferation and 

found that a cytoplasmic isoform, referred to as PML 3-4-7, failed to induce growth 

suppression (Fagioli et al., 1998). Hence, they concluded that the presence of NLS 

was indispensable for the growth suppressive function of PML (Fagioli et al., 1998). 

Because of the greater interest on nuclear PML and its growth suppressive and pro- 

apoptotic functions, the role of cytoplasmic isoforms has been overlooked for a long
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time. Nevertheless, there is the possibility that also cytoplasmic PML could have an 

important role in physiological and pathological conditions (Lin et al., 2004; Seo et al.,

2006).
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Figure 1.5.1 A PML gene and cytoplasmic isoforms. Cellular localization is governed 
by the presence or absence of a nuclear localization sequence (NLS) and nuclear 
export sequence (NES) encoded by exon 6 and 9, respectively. Remarkably, PML1 
possesses both elements so that displays nuclear and cytoplasmic distribution. The (*) 
indicates the PML cytoplasmic isoform involved in the modulation of TGF-p signalling 
(Lin et al., 2004).

1.5.2 Role of cytoplasmic PML in the TGF-p pathway

TGF-p is a pleiotropic cytokine that is crucially implicated in a variety of cellular 

processes such as proliferation, differentiation and apoptosis (Siegel and Massague,

2003). This pathway is tightly regulated in physiological conditions (Siegel and 

Massague, 2003). By contrast, alterations of the TGF-p pathway occur in cancer and 

has been strongly linked to the pathogenesis of several human malignancies, 

encompassing solid as well as haematopoietic tumours (Derynck et al., 2001; Lin et al., 

2005; Shi and Massague, 2003; Siegel and Massague, 2003). The TGF-p pathway and 

its alterations in cancer have been extensively studied and well characterized (Siegel 

and Massague, 2003). The signal is originated at the level of the cell membrane by two
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serine-threonine kinase receptors: TGF-p receptor I and II (TpRI and TpRII). TGF-p 

binds to the TpRII that associate to and activates the TpRI. Subsequently, the receptor 

complex is internalized through the chlatrin/early endosome pathway, and the signal is 

propagated to the nucleus through TpRI mediated-phosphorylation of the 

transcriptional factors Smad2 and Smad3. In this context, SARA (Smad Anchor for 

Receptor Activator) promotes the internalization of the receptors into early endosomes, 

thus facilitating Smad2/3 activation (Shi and Massague, 2003; Tsukazaki et al., 1998). 

Once activated, Smad2/3 associate with Smad4 and the complex translocates to the 

nucleus where it coordinates the expression of TGF-p-responsive genes (Inman and 

Hill, 2002; Wu et al., 2001). Furthermore, DAXX has been implicated in the modulation 

of TGF-p pro-apoptotic signalling. Perlman and colleagues demonstrate that upon 

TGF-p treatment DAXX relocates to the plasma membrane and physically associates 

with the TpRII, thus promoting ASK1-mediated activation of JNK (Perlman et al., 

2001). In this respect, it can be hypothesized that specific PML cytoplasmic isoforms 

can modulate DAXX activity outside the nucleus, for instance facilitating the activation 

of the downstream components of the TGF-p signalling pathway (Lin et al., 2004).

1.5.2.1 Cytoplasmic PML and modulation of TGF-p signalling

In a recent work, Lin et al. (Lin et al., 2004) implicated the tumour suppressor PML in 

the modulation of TGF-p signalling (Figure 1.5.2.1). Remarkably, primary PmfA mouse 

embryo fibroblasts (MEFs) appeared to be insensitive to TGF-p-induced growth 

suppression and apoptosis (Lin et al., 2004). Surprisingly, reintroduction of the nuclear 

isoform PML4 failed to rescue these defects. In contrast, full restoration of TGF-p 

responsiveness was achieved by expressing a PML cytoplasmic isoform (cPML; figure 

1.5.1A), thus suggesting a pivotal role of cPML in this pathway (Lin et al., 2004). It is 

presently unclear whether other PML nuclear isoforms could play any role in rescuing
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TGF-p-dependent senescence and cell death. Interestingly, mRNA levels of cPML 

were induced by TGF-p in different cell types, thus suggesting that TGF-b may control 

PML expression and/or splicing (Lin et al., 2004). Importantly, PmtA MEFs are 

defective in TGF-p-mediated phosphorylation and nuclear translocation of Smad2/3, 

and these defects could be fully rescued by cPML expression (Lin et al., 2004). 

Nevertheless, it remains to be established whether depletion of endogenous cPML 

only in Pmt;* MEFs would result in impaired TGF-p signalling. Interestingly, cPML 

physically associates with Smad2/3 and with SARA (Lin et al., 2004). Furthermore, 

immunofluorescence and sucrose gradient-mediated fractionation revealed that cPML 

localized to early endosomes and that the TpRI/ll-SARA localization to this subcellular 

compartment was compromised in P m lcells. Similarly, PML-RARa is able to disrupt 

this complex, thus interfering with TGF-p tumour suppressive signalling (Lin et al.,

2004). Based on these observations, the authors concluded that cPML is essential for 

the efficient recruitment and assembly of the TGF-p receptors/SARA/Smads complex. 

Altogether, this work has revealed an unexpected role for cPML in the modulation of 

the TGF-p signalling. Nevertheless, more efforts are needed to answer several 

outstanding questions. For example, the status of the TGF-p/cPML pathway in non- 

haematopoietic cancers, and in particular in metastatic solid tumours is still unknown. 

Finally, the absence of phenotypic overlapping between animal models lacking 

different components of the TGF-p pathway and Pmr7' mice suggests that the role of 

cPML could be confined to specific tissues or pathological conditions (Kulkarni et al., 

1993; Nomura and Li, 1998; Shull et al., 1992; Yang et al., 1999; Yang et al., 1998).
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Figure 1.5.2.1 Cytoplasmic PML modulates TGF-p signalling. Upon TGF-b treatment cPML 
promotes the assembly of the complex TpRI/ll-SARA-Smad2/3. This event induces the 
phosphorylation of Smad2/3 and transduction of the TGF-p pathway (Lin et al., 2004). In this 
context, TGIF along with c-Jun sequesters cPML in the nucleus and inhibits its function (Seo et 
al., 2006).

Another study has demonstrated that the TG-interacting factor (TGIF), a negative 

regulator of the TGF-p pathway, blocks cPML function and this results in the inhibition 

of Smad2 phosphorylation and activation (Seo et al., 2006) (F igure l .5.2.1). Consistent 

with previous reports showing that the interaction between c-jun and TGIF is essential 

to inhibit TGF-p-activated pathways (Pessah et al., 2001), c-jun'A fibroblasts are 

impaired in TGIF-dependent inhibition of Smad2 phosphorylation. The authors also 

demonstrate that TGIF-dependent effects do not rely on its binding to Smad2 or on c- 

jun transcriptional activation. As PML physically interacts with c-jun (Salomoni et al.,

2005) and modulates the TGF-p pathway (Lin et al., 2004), the authors hypothesized 

that PML was involved in TGIF inhibitory activity. Indeed, cPML and TGIF interact in 

the nucleus, and this interaction is favoured by c-jun (Seo et al., 2006). The presence
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of a cPML-TGIF-c-jun trimeric complex inversely correlates with the sensitivity of cells 

to TGF-p. TGIF appears to inhibit the formation of the cPML-SARA complex, which is 

required for efficient transduction of TGF-p signalling (Lin et al., 2004). The authors 

conclude that TGIF-dependent nuclear sequestration of cPML might represent a 

possible mechanistic explanation for the observed inhibition. Indeed, cPML nuclear 

sequestration resulted in destabilization of the cPML-SARA complex and impairment of 

TGF-p signalling (Seo et al., 2006). It remains to be established whether nuclear PML 

isoforms play any role in nuclear sequestration of cPML. In the light of these important 

findings, it can be theorized that cPML could directly or indirectly modulate signal 

transduction. In this regard, as several components of the TGF-p receptor complex are 

regulated through ubiquitylation (Attisano and Wrana, 2002), it would be interesting to 

determine whether cPML through its RING domain could function as specific E3 

ubiquitin ligase. Furthermore, nuclear sequestration of cytoplasmic PML is emerging as 

an important regulatory mechanism (Seo et al., 2006). Vice versa, it would be of 

extreme interest to determine whether nuclear isoforms can be regulated through 

nuclear exclusion and if cytoplasmic localization of nuclear isoforms could affect TGF- 

p-dependent signalling as well. Albeit important results have been achieved, more 

effort is needed in the future to gain more insights into this fascinating area of PML 

biology.
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1.5.3 Redistribution of PML to the cytoplasm during the cell cycle

PML-NBs undergo to a dramatic re-organization during the cell cycle: the number, the 

shape and the composition of nuclear bodies are profoundly altered during S and M 

phases (Dellaire et al., 2006a; Everett et al., 1999; Koken et al., 1995; Terris et al., 

1995). A recent study reported that during mitosis PML redistributes to cytoplasmic 

domains called mitotic accumulation of PML proteins (MAPPs), which diverge for 

structure and composition from PML-NBs (Dellaire et al., 2006b). Notably, even in the 

early G1 phase of cell cycle a large portion of PML is found to reside in cytoplasmic 

MAPPs. This phenomenon is very likely due to relocalization of nuclear isoforms to the 

cytoplasm. Nevertheless, it is still unclear whether the NES-containing isoform, PML1, 

or cytoplasmic isoforms are functionally involved in this process. Interestingly, the co

localization between PML and Daxx, a well-known interphase PML-NB component, is 

lost during cell cycle. Indeed, the exact function of cytoplasmic MAPPs and their 

contribution to cell cycle progression has still to be determined. Specifically, it is 

presently unclear whether MAPPs can bear cytoplasmic functions, for instance 

regulating translation (Cohen et al., 2001) or modulating TGF-p signalling (Lin et al.,

2004), or whether they simply represent a transient depot for the recycling of PML 

proteins until the mid-G1 reorganization of the PML-NB is completed.

1.5.4 Role of cytoplasmic PML in the cellular defence against viral 

infection

Pioneering studies conducted by different groups showed that PML levels were 

induced in response to antiviral interferon induction (IFN; (Chelbi-Alix et al., 1995; 

Lavau et al., 1995), revealing that PML was a primary target of IFN (Stadler et al., 

1995). IFN treatment caused the increase in both size and number of PML-NBs
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(Chelbi-Alix et al., 1995; Lavau et al., 1995; Stadler et al., 1995). The importance of 

PML in the viral response is outlined by the fact that many viruses have evolved 

different strategies in order to disrupt the PML-NB. Interestingly, arenaviruses encode 

a RING protein, Z protein, which binds PML and promotes its cytoplasmic 

redistribution. Once in the cytoplasm, PML and protein Z interfere with the function of 

elF4E by reducing its affinity for the CAP structure thereby hampering translation 

initiation (Kentsis et al., 2001). Accordingly, nPML was previously shown to inhibit 

elF4E by targeting to the PML-NB, thus suggesting that different PML isoforms could 

interfere with mRNA transport and translation (Cohen et al., 2001). An elegant work by 

Turelli et al. demonstrated that cytoplasmic PML is part of the anti-viral cellular 

response during the early events of the retroviral life cycle, which spans from the 

cellular entry of the viral particles to the integration of the viral genome into the host 

genome. This part of the infection cycle is usually inefficient, as only a small portion of 

the viral particles entering the cells are able to successfully integrate. The integrase 

interactor 1 (INI-1) interacts with the HIV-1 integrase and is an essential subunit of the 

human SWI/SNF chromatin-remodelling complex (Turelli et al., 2001). At steady state, 

INI-1 presents a nuclear diffuse localization, while PML lies in punctuated PML-NBs. 

Subsequently, PML and INI-1 undergo a rapid but transient cytoplasmic relocation and 

accumulation in dense cytoplasmic bodies. The nucleus-cytoplasmic export was 

demonstrated to be exportin-dependent (Turelli et al., 2001). Importantly, it was found 

that PML/INI-1 colocalize in the cytoplasm with the incoming retroviral pre-integration 

complex. This event appeared to be crucial for the anti-viral response mediated by 

PML. Indeed, nuclear sequestration of PML induced by using leptomycin B or arsenic 

trioxide, As20 3, greatly increased viral transduction efficiency (Turelli et al., 2001). 

Altogether these lines of evidence suggest that PML is implicated in the cellular 

defence against viral infections. Interestingly, this is feature shared by several TRIM 

proteins such as TRIM1, TRIM5 and TRIM22, thus suggesting that PML could interplay
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with other TRIMs during viral infection (Nisole et al., 2005). Alternatively, there could 

be a degree of redundancy between different TRIMs, and this could explain the 

contradictory results obtained by testing viral infection efficiency in PML-deficient cells 

(Everett et al., 2006; Nisole et al., 2005). Finally, what remains unclear is how PML 

interferes with viruses that possess different replicative strategies. This aspect awaits 

further investigation.

1.5.5 Cytoplasmic PML in tumours

1.5.5.1 Cytoplasmic PML in solid tumours

Loss of PML expression has been reported in tumours of both haematopoietic and 

epithelial origin (Gurrieri et al., 2004a), in addition, old and new evidence indicates that 

PML could also acquire cytoplasmic localization in some human cancers. 

Nevertheless, it remains to be determined whether cytoplasmic PML has a role in 

tumorigenesis, for example deregulating the function of essential tumour suppressor 

proteins. This remains an outstanding and intriguing question in PML field. Two 

independent laboratories have reported that PML relocates to the cytoplasm in the 

majority of human hepatocellular and skin cell carcinoma samples (Condemine et al., 

2006; Terris et al., 1995). In these types of malignancies, PML accumulates in 

cytoplasmic granules however, it is still unclear whether this is due to increase 

expression of PML cytoplasmic isoforms or whether nuclear isoforms are aberrantly 

relocalized outiside the nucleus. Indeed, mutations in PML are extremely rare in 

human cancer, thus it is possible that an unbalanced production of shorter cytoplasmic 

isoforms occurs in these malignancies. Nevertheless this aspect has not been 

investigated yet. In this regard, the generation of isoform-specific antibodies 

recognizing PML cytoplasmic isoforms will represent an invaluable functional and 

prognostic tool.
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1.5.5.2 Cytoplasmic mutants of PML in APL

PML Mutants
1-2-3

1272delAG
(Mut1)

IVS3G—A 
(Mut2)

( § )  SUMOylation site

NLS

<o> <S>

Figure 1.5.5.2A APL-associated PML mutants. Scheme of PML structure with the two 
missense mutations identified in APL. The mutations are a deletion 1272delAG (Mut1), and a 
splice site mutation IVSG->A (Mut2). Remarkably, both mutations introduce a premature stop 
codon upstream of the nuclear localization signal (NLS), leading to generation of cytoplasmic 
mutant PML proteins.

PML was found mutated in a plasmacytoma cell line, namely J558, to generate a 

truncated protein, which accumulates in the cytoplasm and is able to delocalize nuclear 

PML (Zhen et al., 1998). More precisely, the mutation occurs within exon 3 of PML 

leading to the generation of a premature stop codon and to the accumulation of PML 

cytoplasmic proteins with dominant negative properties (Bruno et al., 2003). 

Interestingly, a recent study conducted on a cohort of seventeen FRA-resistant APL 

cases, two missense mutations were identified in the remaining PML allele (Gurrieri et 

al., 2004b). The first DNA variation, Mut1, 1272delAG, in exon 5, identified in a 9-year- 

old female was a splice site mutation IVSG->A identified in a 19-year-old male that 

causes a frameshift in the coding frame and splices out exon 4 from the mature 

transcript. The second mutation, Mut2, was a splice site mutation IVSG->A identified in 

a 19-year-old male. Interestingly, both mutations introduce a premature stop codon
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upstream the nuclear localization signal (NLS) sequence present in exon 6, so that, the 

resulting mutant PML proteins (Mut PML) accumulate in the cytoplasm (Gurrieri et al., 

2004b) (Figure 1.5.5.2A). Notably, these mutations are associated with a very 

aggressive progression of the disease, and poor prognosis, indicating that Mut PML 

proteins could contribute to leukaemogenesis. Importantly, sequencing of PML locus in 

leukaemic blast confirmed that the Mut1 mutation was present in pre-treatment 

specimens, thus it is possible that this event could contribute to the pathogenesis of 

the disease. In contrast, no DNA samples were available to test the presence of Mut2 

before the beginning of therapy, thus it cannot be excluded that this variation is 

selected by the ATRA treatment. Notably, when overexpressed in PML-/- cells both 

mutants displayed a similar aberrant cytoplasmic pattern and failed to accumulate in 

either the PML-NBs or the nucleus, however, no functional analysis were performed. 

Thus, it would be extremely important to determine whether PML mutants cooperate 

with PML-RARa in promoting leukaemogenesis. This crucial aspect will be analyzed 

more in detail in chapter 3 and 4.
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1.6 PML-RARa function in APL

The majority of of APL patients (more than 90%) is characterized by a specific genetic 

abnormality: the reciprocal and balanced translocation t(15;17). As a results two 

chimeric proteins are generated: PML-RARa and RARa-PML (Salomoni and Pandolfi, 

2002; Huang et al., 1993; Jurcic et al., 2001; Vahdat et al., 1994). According to the 

current model, PML-RARa functions in the nucleus at the chromatin level by forming 

abnormal macro-molecular nuclear receptor complexes that bind to retinoic acid 

responsive elements (RARE) and block the transcription of essential RA-target genes 

(Lin and Evans, 2000; Salomoni and Pandolfi, 2002). Indeed, it has been shown that 

PML-RARa aberrantly recruits HDACs and hystone methyltransferases (HMTs) 

through the RARa moiety of the fusion protein (Di Croce et al., 2002; Grignani et al., 

1998; Lin et al., 1998). Furthermore, PML-RARa has been shown to form heterodimers 

or multimers with RXRa. These macromolecular complexes display a relaxed DNA- 

binding specificity binding core motifs in any orientation, even if widely spaced on the 

DNA (Jansen et al., 1995; Perez et al., 1993; Zhou et al., 2006). Moreover, PML-RARa 

has been shown to repress de novo target genes such as type II transglutaminase and 

or CCAAT/enhancer binding proteins alpha, beta and epsilon (C/EBPa-p-s) (Benedetti 

et al., 1996; Duprez et al., 2003; Truong et al., 2003). Notably, the effects of PML- 

RARa on C/EBP proteins may influence disease progression by diminishing sensitivity 

of leukaemic cells to RA treatment (Truong et al., 2003). A recent study shows that 

during myeloid differentiation C/EBPs expression is reduced in PML'A background. 

Importantly, C/EBPe expression relies on the activity of the transcription factor PU.1, 

which also regulates many myeloid genes including cytokines receptors involved in 

granulocyte and monocyte-macrophage maturation. It has been demonstrated that
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PU.1 is co-activated in the PML-NB specifically by PML4 (in this thesis referred to as 

nPML) (Voshida et al., 2007).

PML RARa

Others???

/ /
RA

° ° 0
O 0  Acetylation

Methylation

RA target genes

n
GROWTH DIFFERENTIATION 
SURVIVAL BLo c k

Figure 1.6A PML-RARa leukaemogenesis. The model represents the molecular mechanisms 
possibly involved in PML-RARa-mediated leukaemogenesis. The fusion protein displays a 
dominant negative activity over the physiological functions of PML and the nuclear receptor 
RARa/RXRa. Furthermore, it is also possible that additional inhibitory mechanisms mediated by 
PML-RARa can contribute to the pathogenesis of APL. Our hypothesis is that that PML-RARa 
also controls/disrupts cytoplasmic pathways, this will demonstrate that additional levels of 
complexity exist.

As aforementioned, PML-RARa inhibition of nPML is considered a critical event in APL 

leukaemogenesis (Salomoni and Pandolfi, 2002). Indeed, it has been reported that 

PML is essential for the tumour and growth suppressive activity of RA, a function 

exerted through the trans-activation of p21 (Wang et al., 1998a). Several groups have 

studied the in vivo functions of PML-FRARa by generating transgenic animals and/or 

testing the oncogenic potential of the fusion in ex vivo transformation assays of primary 

progenitor cells isolated from the bone marrow of mice. Controversial results have 

been obtained by using transgenic animals expressing PML-RARa under the control of 

different myeloid-specific promoters. On the one hand, the expression of PML-FRARa 

under the control of promoters of genes express during the early phases of myeloid 

differentiation, such as cathepsin G (CG) and myeloid related protein 8 (MRP8), leads 

to mild alteration of myelopoiesis. These mice develop a myeloproliferative syndrome,
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a “preleukaemic state” characterized by low penetrance of leukaemia (15-20 % of the 

transgenic animals) and long latency (6-18 months) (Brown et al., 1997; Grisolano et 

al., 1997). On the other hand, when the fusion protein is expressed during the final part 

of myeloid differentiation, for example when driven by the CD11b promoter, only a 

modest impairment of haematopoiesis is observed, which never associates with 

leukaemia (Early et al., 1996). These findings suggest that PML-RAR requires 

additional oncogenic events to induce leukaemia (Minucci et al., 2002). Indeed, it has 

been proposed that PML-RARa favours the accumulation of secondary genetic lesions 

that lead to overt leukaemia. Remarkably, the fusion protein has been shown to be 

toxic for the cells and this would explain why its levels of expression are maintained 

very low in the bone marrow and in the blasts (Ferrucci et al., 1997). Nevertheless, a 

‘knock-in’ PML-RARa animal model using the entire 5’ UTR of the CG gene lead to 

high-penetrance of the disease (Westervelt et al., 2003). Interestingly, also in this 

mouse model the fusion protein is expressed at low levels. Thus, it is possible that low 

levels of expression of PML-RARa in early myeloid cells are required for efficient 

transformation (Westervelt et al., 2003). Furthermore, experiments using primary 

haematopoietic progenitors have been used to dissect the functions of the fusion 

protein. For example, it has been shown that targeting the interaction surface between 

PML-RARa and HDAC has been shown to relieve in part PML-RARa-mediated gene 

repression and reduce cell transformation (He et al., 2001; Racanicchi et al., 2005). 

Another study demonstrated that forced homodimerization of RARa, induced by 

replacing the PML portion with the dimerization domain of p50NFicB, results in an 

efficient recruitment of corepressors such as SMRT, which is believed to play a central 

role in APL development (Sternsdorf et al., 2006). Nevertheless, RARa homodimers 

fail to immortalize primary progenitors ex vivo. Indeed, RARa forced homodimers are 

poor inducers of leukaemia in vivo (Sternsdorf et al., 2006). Interestingly, p50-
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RARa/PML-/- transgenic animals did not show increased incidence of leukaemia, thus 

suggesting that additional repressive mechanism could be involved (Sternsdorf et al., 

2006).

1.6.1 PML-RARa catabolism

The sensitivity to treatments with high concentrations of RA is probably the most 

striking feature of APL that made this disease an interesting paradigm to use in order 

to understand the molecular mechanism underling leukaemogenesis (Zhu et al., 1999; 

Zhu et al., 2001). Indeed, pharmacological concentrations of ATRA, (10‘7 and 10‘6 M), 

induce the release of HDAC and HMT from PML-RARa macromolecular complexes 

thus releasing the block of transcription. Nevertheless, point mutations in the RA- 

binding domain of PML-RARa have been associated with resistance to chemotherapy 

and lead to the relapse of the leukaemia in the patients. For these reasons, 

understanding the catabolism of the fusion protein has become of paramount 

therapeutical importance (Lallemand-Breitenbach et al., 1999; Zhu et al., 1999; Zhu et 

al., 2001). This aspect ramained poorly understood until recently. The mechanism by 

which ATRA induces the down-modulation of PML-RARa levels has been associated 

to the activity of the proteasome. It has been suggested that RA-induced degradation 

is dependent on the proteasome. Specifically, it has been shown that RA induces the 

activation of the AF2 domain in the C-terminal region of RARa, which promotes the 

recruitment of the SUG-1 components of the 19S proteasome (Nervi et al., 1998; Zhu 

et al., 2001). Similarly, arsenic, a natural poison initially used as a remedy in Chinese 

medicine, was shown to possess a clinical efficacy in APL (Zhu et al., 2002). Arsenic 

acts on the PML counterpart of PML-RARa promoting the SUMOylation of lysine K160, 

which promotes the recruitment of the 11S proteasome regulatory complex and the 

degradation of the fusion protein (Lallemand-Breitenbach et al., 2001). The role of
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SUMOylation has recently emerged as an important post-translational event in the 

regulation of PML-RARa functions. In addition to the effects on protein stability, 

SUMOylation has been shown to modulate the activity of several transcriptional factors 

and cofactors including the glucocorticoid receptor, the mineralcorticoid receptor, the 

progesterone receptor, ETS, c-EBP a and c-EBPs, c-Myb and many others (Gill, 2005; 

Hay, 2005; Iniguez-Lluhi and Pearce, 2000). Specifically, SUMOylation favours the 

interaction between transcription factors and HDACs and, in turn, silencing 

transcription. Importantly, the transcriptional outcome is regulated through the balance 

between acetylation and SUMOylation (Gill, 2005; Hay, 2005). Furthermore DAXX has 

been shown to bind to SUMOylated transcription factors through its SUMO-interacting 

motif and to repress their function. Accordingly, SUMOylation of PML is required for 

DAXX localizion to the PML-NB and for the modulation of PML pro-apoptotic functions 

(Zhong et al., 2000a; Zhong et al., 2000b). In APL, PML-RARa disrupts PML-NB and 

abrogates the interaction between PML and DAXX, thus conferring a survival 

advantage to the leukaemic cells (Zhong et al., 2000a; Zhong et al., 2000b). Recently, 

it has been demonstrated that SUMOylation of the lysine 160 (K160) in PML-RARa is 

of critical importance to induce immortalization and transformation of primary 

haematopoietic progenitor ex vivo (Zhu et al., 2005). Indeed, cells expressing a PML- 

RARa mutant carrying the substitution lysine (K) to arginine (R) at position 160 

(referred to as PML-RARaK760R) do not undergo transformation and transgenic 

animals expressing the PML-RARaK160R mutant under the control of the MRP8 

promoter develop a myeloid hyperplasia but never APL. Importantly, SUMOylated 

PML-RARa recruits DAXX along with HDACs on specific DNA sequences, thus 

repressing transcription (Zhu et al., 2005).
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1.6.2 Possible additional PML-RARa leukaemogenic functions

As previously mentioned, PML-RARa homo-oligomerization in the nucleus leads to the 

formation of abnormal macro-molecular nuclear receptor complexes, in which HDACs 

and HMTs accumulate; an event that is required for transformation in vitro and in vivo 

(Di Croce et al., 2002; Grignani et al., 1998; Lin and Evans, 2000; Lin et al., 1998; 

Minucci et al., 2000; Sternsdorf et al., 2006). Moreover, PML-RARa interacts and 

inhibits endogenous PML. Consistently, the loss of PML in an APL animal model 

resulted in acceleration and increased incidence of the disease (Rego et al., 2001; 

Salomoni and Pandolfi, 2002). Other studies showed that chimeric proteins lacking the 

PML portion maintained in vitro, but not in vivo, transforming potential (Lin and Evans, 

2000; Minucci et al., 2000; Sternsdorf et al., 2006). Nevertheless, forced RARa 

dimerization accompanied by PML inactivation did not phenocopy the activity of the 

wild type PML-RARa, thus suggesting that the fusion protein may also represent a 

gain-of-function mutant (Sternsdorf et al., 2006). Thus, it is plausible that beside PML 

and RARa, PML-RARa could also interfere with the activity of other proteins (Zhu et 

al., 2005). In this regard, it has been suggested that distinct PML-RARa isoforms might 

bear distinct leukaemogenic properties that would result in a different progression of 

the disease. For example, a number of studies claim that bcr3 variant of PML-RARa 

leads to a poorer prognosis as compare to the bcrl (Huang et al., 1993; Jurcic et al., 

2001; Vahdat et al., 1994). Interestingly, bcr3 PML-RARa lacks the PML NLS and this 

possibly correlates with a more pronounced cytoplasmic distribution (Figure 1.6.2A). 

Thus it can be hypothesized that cytoplasmic localization of this isoform might account 

for the increased aggressiveness of the leukaemia. It has been shown that when 

overexpressed in COS cells, bcrl PML-RARa also accumulated in the cytoplasm along 

with RXRa, the nuclear receptor partner of RARa. Thus, titration of key nuclear factors
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implicated in myeloid differentiation has been proposed as one of the possible 

additional functions of PML-RARa (Perez et al., 1993).

Figure 1.6.2A Schematic diagram of the 2 major PML-RARa isotypes in APL: bcr-1 and bcr-3. 
Remarkably, bcr-3 lacking PML NLS is predicted to have a more pronounced cytoplasmic 
distribution as compared to bcr-1.

Nevertheless, it has been demonstrated that when expressed at physiological levels, 

bcrl is mainly nuclear (Huang et al., 1993). Furthermore, direct evidence that clearly 

demonstrate cytoplasmic accumulation of PML-RARa in vivo is currently lacking. De 

The and colleagues showed that the majority of primary APL blasts displayed a PML 

cytoplasmic staining (Daniel et al., 1993). However, in this study the co-staining for 

RARa was not successful because of the low sensitivity of the anti-RARa antibody 

used. Therefore, it is still unclear whether the whole fusion protein localizes in the 

cytoplasmic of primary leukaemic cells. Interestingly, it has been shown that PML- 

RARa mRNA is subjected to alternative splicing resulting in short PML transcripts 

predicted to encode for cytoplasmic proteins (Pandolfi et al., 1992). Thus, it 

conceivable that multiple PML and PML-RARa isoforms could co-exist in the tum our 

cells and that these proteins have a cooperative effect in promoting leukaemogenesis. 

In this regard, it has been recently shown that PML-RARa is cleaved by neutrophil 

elastase (NE), an enzyme expressed at very high levels in promyelocytes. Specifically, 

NE proteolytic activity results in the cytoplasmic accumulation of the PML portion of the 

fusion protein. Intriguingly, the NE activity seems to be required for leukaemogenesis
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(Lane and Ley, 2003). Nevertheless, it is not clear whether the cleavage products play 

a role in the progression of the disease. Notably, other protease expressed along with 

NE during myeloid differentiation in azurophil granules such as cathespin G (CG) and 

prolattin 3 (PR3) have been tested for the ability to cleave PML-RARa. Nonetheless, 

NE seems to be the main enzymatic activity responsible for PML-RARa cleavage in 

myeloid cells (Lane and Ley, 2003). In fact, despite the CG and PR3 were able to 

cleave PML-RARa they did not generate the same the cleavage pattern observed in 

APL cells. Thus, it is likely that CG and PR3 are not major players in the degradation of 

the fusion protein in vivo.
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1.7 Aims of the project

Several lines of evidence suggest that PML could bear cytoplasmic functions beside to 

its nuclear ones. However, this intriguing possibility has remained mostly unexplored. 

Thus, the aim of this PhD project is to investigate the function/s of PML and PML- 

RARa cytoplasmic proteins.

To this end:

i- Cytoplasmic mutants of PML (Mut PML) (Gurrieri et al., 2004b) identified in 

RA-resistant APL patients, will be employed as a molecular tool to study the 

whether abnormal PML cytoplasmic accumulation results in deregulation of the 

cellular homeostasis, Thus, the effect of Mut PML expression on nuclear PML 

and PML-NB components will be tested. In this regard, p53 activity will be 

analyzed in the presence of Mut PML.

ii- Mut PML will be expressed in APL cells in order to assess whether it can 

contribute to PML-RARa repressive functions. To this purpose, the activity and 

the regulation of the fusion protein will be analyzed in the presence of Mut PML.

iii- To gain more insights into the cytoplasmic function of PML-RARa, the two 

major PML-RARa isotypes (bcrl and bcr3) will be analyzed in vitro and in vivo. 

Furthermore, a cytoplasmic PML-RARa mutant will be employed to study RA- 

mediated transcription and differentiation. Finally, the transforming potential of 

cytoplasmic PML-RARa will be tested in mouse primary haematopoietic
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progenitor cells in order to gain a better view of its functions in more 

physiological settings.

Addressing these outstanding questions could contribute to clarify some of the 

controversies currently existing in the APL field and encourage new avenues of 

research for the development of new prognostic and therapeutic tools.
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Chapter 2
Materials and methods
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2.1 Cell culture

Cell culture procedures were carried out aseptically in a class II laminar flow cabinet. 

Cells were maintained in a Heraeus C02 Auto-Zero incubator at 37°C with 5% C02.

2.1.1 Suspension cell

Haematopoietic cell lines HL60, NB4 and U937 were cultured in RPMI 1640 

supplemented with 10% FBS, 100 U/ml penicillin, 100 mg/ml streptomycin, 4.5 mg/ml 

glucose and L-glutamine. 32D cells were cultured in IMDM containing 10% foetal 

bovine serum 100 U/ml penicillin, 100 mg/ml streptomycin, 4.5 mg/ml glucose and L- 

glutamine. Cells were cultured at a density of 200 - 250 x 103 cells/ml and routinely 

passaged before confluence.

2.1.2 Adherent cells

Primary fibroblasts and established cell lines were cultured in D-MEM supplemented 

with 20 or 10% foetal bovine serum (FBS), 100 U/ml penicillin, 100 mg/ml 

streptomycin, 4.5 mg/ml glucose and L-glutamine. Cells were replated before they 

reached confluence, to maintain a logarithmic growth and routinely frozen in liquid 

nitrogen during culture to ensure stocks of all passages. Cells were washed with sterile 

phosphate buffer saline (PBS, Sigma) and detached with a solution of 10X 

trypsin/EDTA (Sigma). The activity of trypsin was stopped adding a double amount of 

culture medium. After centrifugation at 1200 rpm for 5 minutes, cells were resuspended 

in the appropriate medium, counted with a haemocytometer and seeded at the desired 

density. All reagents were purchased from GIBCO (Invitrogen) unless otherwise stated.
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Cells Derivation

BJ Human primary fibroblasts

293T Human embryonic kidney cells

MEFs Mouse primary embryo fibroblasts

SAOS2 Human osteoblast-derived osteosarcoma {p53'A)

U20S Human osteosarcoma

H1299 Human lung carcinoma {p53v')

HL60 Human promyelocytic leukaemia (P M L - R A R a  and p53'A)

U937 Human leukaemic monocyte lymphoma

NB4 Human promyelocytic leukaemia { P M L - R A R a )

32D Mouse myeloid cells

Table 2.1 List of the primary and immortalized cell lines and their histological origins.

2.2 Cloning and plasmid generation

PML mutants (Gurrieri et al., 2004b) as well as ARING-Mut PML were generated by 

using PCR-based strategies, tagged at the amino-terminal with HA or Myc epitope and 

then subcloned into pCDNA3.0 (Invitrogen) and pBABE PURO (Morgenstern and 

Land, 1990). Briefly, a two step PCR was performed by using 2 external primers F1 

and R2 and two internal primers R1 and F1 designed to partially overlap and to 

introduce the desired mutations in the target sequence (Figure 2.2). The first round of 

PCR was performed using the primer pairs F1-R1 and F2-R2 to generate amplicon 1 

(A1) and 2 (A2). Amplicons were then run on a 1.5% agarose gel and purified by using 

QIAprep gel extraction kit (Qiagen) following the manufacturers instructions. The 

second PCR was performed using external primers F1-R2 to amplify the template DNA
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consisting of a mixture of A1 and A2. The full cDNA encoding for the mutated protein 

was purified as described above and subcloned into the relevant expression vectors.

Template DNA

g |  Area to mutate 

£ 2  Overlapping region

—  F1
—  R1
— F2
—  R2

A1
1* PCR [T

A2

2nd PCR

Mutated DNA

Figure 2.2 Schematic of the PCR strategy used to generate mutated versions of PML and 
PML-RARa.

PML-RARa bcrl (Alcalay et al., 1992) was cut from PINCO-PML-RARa (a kind gift of 

Dr. Saverio Minucci) as EcoRI fragment of approximately 3Kb and subcloned into 

pSG5, pcDNA3.0 and the retroviral vector pBABE PURO (Morgenstern and Land, 

1990). When not specified, the PML-RARa form used in this study is bcrl. PML-FRARa 

bcr3 was generated by using PCR-based strategies as previously described 

(Sambrook and Russell, 2001), tagged at the amino terminus with HA or Myc epitopes, 

and sub-cloned into pcDNA3.0 (Invitrogen) and pBABE. QuikChange® site-directed 

mutagenesis kit (Stratagene) was used according to the manufacturers instructions to 

delete PML or both PML and RARa nuclear localization signals (NLS) of PML-RARa in 

order to generate PML-RARa-ANLS1 and - ANLS2 (thereafter referred to as A1 and 

A2). The A2 mutant (A2 M883R/T886R) lacking RXRa-binding domain described 

elsewhere (Zhu et al., 2005) was generated using standard PCR-based strategies
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(Sambrook and Russell, 2001) and sub-cloned in pcDNA3.0 and pBABE PURO. 

Furthermore, cDNAs corresponding to A2 and PML-RARa were subcloned as EcoRI 

fragments into the retroviral expression vector MigR1, a mouse stem cells viral vector 

(MSCV), in order to produce highly efficient amphotropic retroviruses able to infect 

human as well as mouse cells. MigR1 vector expresses the gene of interest under the 

control the 5’ viral long terminal repeat (5’ LTR) but also carries the open reading frame 

of the enhancing green fluorescent protein (eGFP) downstream the internal ribosomal 

entry site (IRES). Finally, RXRa cDNA was amplified with the following RXR F and 

RXR R primers (see table 2.2) using RNA isolated from human primary fibroblasts (BJ) 

and subcloned into pcDNA3.0.

Primer
name

Sequence 5’ -> 3’

PML F CCTCCCCCCGAGACCC
PML Mut1 R1 GAGGAGGCAGAGAGTGAAGG
PML Mut1 F2 CCTT C ACT CT CT GCCT CCT C
PML Mut1 R2 T GG AG AAGGCGTACACT GGCAC
PML Mut2 R1 TCTCTGCCTCCTCGGGCTTTCCCCTGGGTGATG
PML Mut2 F2 CAT CACCC AGGGG AAAGCCCG AGG AGGC AG AGA
PML Mut2 R2 TT GAT GGAGAAGGCGTACACT G

ARING R1 CGAAAAAG ACGTTAT CCGAAGCGGGGGCT C
ARING F2 CCCCCGCT'I CGGATAACGTCTTT'I I'CGAGAGTC
ARING R2 T GGAGAAGGCGTACACT GGCAC

A2 ANLS PML 
F

ACAACGACAGCCCAGATGGAGT CT GAGGAG

A2APML R CT CCT C AG ACT CC AT CTGGGCTGT CGTT GT
A2 ANLS RAR 
F

GTGAGAAACGACCGAAACAGAAAGAGAAAGGAGGTGCCCAAGC

A2 ANLS RAR 
R

GCTT GGGCACCT CCTTTCT CTTT CT GTTTCGGT CGTTT CT C AC

A2
M873R/T873R
Forward

CAT GTT CCCCAAGAT GCT AAGGAAGATTAGGGACCT GCGAAGCAT

A2
M873R/T873R
Reverse

GCGCT GAT GCTT CGCAGGT CCCTAAT CTT CCTTAGCAT CTT GGGG

RXR F AT GGACACCAAACATTT CC
RXR R CTAAGT C ATTT GGTGCGGC

Table 2.2 List of the primers used for the cloning and preparation of the plasmids.
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2.2.1 Preparation of Plasmid DNA from bacteria by miniprep and maxiprep

Chemically competent bacterial cells (E. Coli strain JM109) were transformed with 

approximately 50 ng of plasmid DNA by heat pulsing the cells for 45 seconds at 42°C. 

Cells were grew in an orbital shaker for 1 hour at 37°C and plated in Luria broth (LB) 

agar plates supplemented with the relevant antibiotic (ampicillin or kamamycin). Plates 

were incubated overnight at 37°C and the bacterial colonies screened by PCR in order 

to select only clones carrying the plasmid. Then, small culture of bacterial cells was 

grown in LB media overnight at 37°C in an orbital shaker. Plasmid DNA was purified 

from bacterial suspension using the miniprep system (Qiagen). The procedure, starting 

from 2 ml of bacterial suspension, was exactly as described by the manufacturer. The 

DNA was subjected to restriction digestion with appropriate restriction enzymes to 

verify that the presence of the right insert. Positive colonies were in turn used to 

inoculate larger bacterial preparations. Maxipreps were carried out culturing bacteria in 

250ml of liquid LB supplemented with 50 mg/ml ampicillin (contained in a 500 ml 

conical glass tube). Cells were grown at 37°C in a shaking incubator at 220 rpm over 

night and plasmid DNA was purified with the Qiagen Plasmid Maxi Kit (Qiagen) 

according to the manufacturer's instructions. The DNA recovered from the maxi 

preparation was quantified using a spectrophotometer, by reading the absorbance at 

260 nm and 280 nm. The quality of the DNA prepared was determined by the ratio 

between 260 nm and 280 nm absorbancies. Ratios between 1.8 -  1.9 are indicative of 

a highly pure preparations of double strand plasmid DNA.
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2.3 Real-time quantitative PCR

Quantitative PCR was used to measure the transcriptional levels of mRNA expressed 

during myeloid differentiation. Total mRNA from 32D cells cultured in the presence or 

absence of 25 ng/ml G-CSF was prepared using the RNAeasy kit® (Qiagen) according 

to the manufacturers instructions. The concentration of RNA was determined using a 

spectrophotometer (Eppendorf) by reading the absorbance at 260 nm. For each 

sample, 2 pg of total RNA were retro-transcribed using the Retro-script™ (RT) kit 

(Ambion) according to the manufacturers instructions. Briefly, RNA was denatured at 

95 °C for 5 minutes in the presence of random decamers and immediately incubated 

on ice. Subsequently, retro-transcriptase, RNAase inhibitors and dNTPs were added to 

the reaction mix. Retro-transcription was carried out at 23°C for 10 minutes followed by 

42°C for 1 hour. Then, 1 pi of cDNA was used for the PCR. Quantitative real-time PCR 

(qPCR) was performed using Sybr GreenER™ qPCR master mix (Invitrogen) 

supplemented with 200 nM of forward and reverse primers (see table 2.3). qPCR 

reaction components are listed below:

1X Retrotranscriotion mix 

RNA 2 jig

Decamers 200 nM

Retro transcriptase 5 units (1 pi)

RNAase inhibitor 10 units (1 pi)

dNTPs 200 mM

1X Real-time PCR reaction mix 

Sybr Green qPCR mix 10 pi
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Forward primer 200 nM

Reverse primer 200 nM

cDNA 1 pi

H20  up to 25 pi

In addition to the specific messengers, the levels of the GAPDH housekeeping gene, 

which is constitutively expressed in all samples, were analyzed in order to normalize 

the levels of mRNA expression in each sample. The efficiency of target and GAPDH 

PCRs was determined according to the Applied Biosystems User bulletin No.2 P/N 

4303859 instructions, carrying out PCR amplifications on cDNA prepared from HeLa 

cells subjected to serial dilutions. In this regard, all transcripts analyzed displayed a 

similarly high efficiency (approximately 95%). The relative expression was determined 

using the 2'(AACt) method as described elsewhere [(Livak and Schmittgen, 2001; 

Schmittgen, 2001) and Applied Biosystems User bulletin No.2 P/N 4303859]. Each 

reaction was carried out in triplicate and experiments were performed in triplicate.

Primer name Sequence 5’ -> 3’
Lactoferrin Forward CTATGCGGTAGCAGTCGTGA
Lactoferrin Reverse CCAGGT GGCACT CCTT GTAT

ID1 Forward GAGT CT GAAGT CGGGACCAC
ID1 Reverse GAG AGGGT G AGGCT CT GTT G

ID2 Forward CT CTT GGACGACAT GAACCA
ID2 Reverse ACAAGACACCT GGGCAAGAC

Table 2.3 List of the primers used for real-time qPCR
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2.4 Protein Electrophoresis and Western Blotting

2.4.1 Principle of Protein Electrophoresis

Electrophoresis is the name given to the movement of charged particles in solution by 

applying an electrical field across the mixture. The speed at which the molecules move 

is dependant on their size, shape and charge making this a useful tool for the 

separation of large molecules such as proteins. Most proteins are separated using 

polyacrylamide gels. These cross-linked sponge-like structures act as size selective 

sieves such that molecules smaller than the gel pore size move more freely through 

the gel than those that are larger. Gel pore size is regulated by the concentration of 

polyacrylamide used where the higher the concentration the smaller the pore size. 

SDS polyacrylamide gel electrophoresis (SDS-PAGE) is the technique we chose to 

use as this allowed us to separate proteins on the basis of their molecular weight. 

Sodium dodecylsulfate (SDS) is an anionic detergent that us used to denature 

proteins. It does this by wrapping around the polypeptide backbone and conferring a 

net negative charge proportionally to the length.

2.4.2 Principle of Western Blotting

The transfer of proteins separated by SDS-PAGE from a gel to a membrane by 

electrophoretic elution is known as Western blotting. Nitrocellulose membranes are the 

more commonly used material. For a wet transfer the membrane is soaked in water 

and 2 pieces of 3MM paper are soaked in transfer buffer and then assembled. 

Following transfer the membrane is then incubated in blocking solution to block all non

specific binding sites and thus reduce any background. The blot is then probed with a 

protein-specific primary antibody followed by a secondary antibody specific for the 

general class of primary antibodies. Secondary antibodies are generally tagged with

75



either a peroxidase or alkaline phosphatase thus allowing immunoreactive bands to be 

detected by either colour development of enhanced chemiluminescecne (ECL) upon 

application of the appropriate enzyme substrates.

2.4.3 Principle of Enhanced Chemiluminescence (ECL) Detection

Chemiluminescence is the emission of light without heat as a result of a chemical 

reaction. One of most well characterised systems is the horseradish peroxidase 

(HRP)/hydrogen peroxide catalysed oxidation of luminol in alkaline conditions. The 

emission of light is due to the decay of excitation of the luminol. To enhance the light 

emission the oxidation reaction can be done in the presence of chemical enhancers 

such as phenols. This process is known as enhanced chemiluminescence (ECL).

2.4.4 Buffers and reagents

10X Buffer stock solution 

TriZma Base (Sigma) 30g

Glycine (Sigma) 140g

Made up to 1L with distilled water.

1X Running buffer 

Buffer stock solution 100ml

SDS 20% 5ml

Made up to 1L with distilled water

1X Transfer buffer

Buffer stock solution 100ml

Methanol (Sigma) 100% 200ml
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Made up to 1L with distilled water

20% SDS

Powdered SDS (Sigma) 40gr

Distilled water 200ml

Phosphate Buffered Saline 

1 tablet/100ml distilled water (Gibco)

1 L 

5ml

Membrane Blocking solution 

PBS

Tween-20 0.1%

Dry-powdered milk (Marvel) 5%

Primary/Secondary antibody solution 

PBS

Tween-20 0.1%

Dry-powdered milk (Marvel) 3% 

Primary/ secondary antibody

PBS-Tween (0.1%) (PBS-T) 

PBS

Tween-20 solution (Sigma) 20%



2.4.4 Protein Extraction

Total proteins were extracted from cells growing in culture by using the Ripa lysis 

buffer (see below). Cells were washed once with PBS, excess liquid was aspirated and 

pellets frozen in dry ice and stored at -80°C until needed. Frozen pellets were left to 

thaw on ice in lysis buffer for 10 minutes before mixing with a pipette. Non-frozen 

samples were mixed directly with the lysis buffer and then left on ice for 10 minutes 

before centrifuging at 13000 rpm for 5 minutes at +4°C. Total supernatant containing 

proteins was recovered and placed in a fresh Eppendorf tube (1.5 ml). An aliquot (1 pi) 

was used for determination of protein concentration as described in section 2.4.6 (see 

below).

Lvsis Buffer____________________________________ Final Concentrations

Triton X-100 0.5%

TrisIM, pH 7.6 50 mM

NaCI 150 mM

Potease inhibitor cocktail 100X (Sigma) 1X

Sodium Fluoride 2.5 mM

Sodium Ortovenadate 10 mM

Make up to the desire final volume with distilled water.

2.4.6 Protein Concentration Measurement

Protein concentration in the cellular extract was determined according to the Bradford 

protocol. Firstly a stock solution of bovine serum albumin (BSA) of 2 mg/ml and 

dilutions ranging from 1 to 20 pg/ml) were prepared by adding the appropriate amount 

of stock solution directly to 1 ml aliquots of Bradford reagent (Sigma). The blank 

sample was Bradford reagent alone. The absorbance at 595 nm was measured in the
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spectrophotometer and the calibration curve stored. The concentration of proteins in 

the samples was determined by adding 1 pi of protein extract to 1 ml of Bradford 

reagent and the absorbance read on a spectrophotometer (Eppendorf). Samples were 

processed as for the calibration curve and the protein concentration calculated.

2.4.7 SDS-PAGE

One fifth of the volume of sample buffer was added to the protein lysates and they 

were boiled at 95°C for 5 minutes.

Laemli 5X Sample buffer Final concentration

SDS 10%

Tris pH6.8 312.5 mM

Glycerol (Sigma) 50%

p-mercaptoethanol (Sigma) 25%

Bromophenol-blue (Sigma) 0.025%

After a brief spin 60 pg of lysates were loaded in wells of a 5% stacking gel on an 8 or 

12% polyacrylamide gel along with BenchMark™ Prestained Marker (Invitrogen) or 

precision plus dual colour protein standard (Bio-Rad).

Stacking gel______________________________________ Final concentration

Acrylamide mix (Protogel, Gene Flow National Diagnostic) 5%

TrispH6.8 0.13M

SDS 0.01%

APS 0.01%

TEMED 1000X

79



Distilled Water

8%Runnina Gel_________________________________  Final Concentration

Acrylamide mix (Protogel, Gene Flow National Diagnostic) 8%

Tris pH8.8 0.4M

SDS 0.01%

APS 0.01%

TEMED 1600X

Distilled Water

12%Runnina Gel___________________________________Final Concentration

Acrylamide mix (Protogel, Gene Flow National Diagnostic) 12%

Tris pH8.8 0.4M

SDS 0.01%

APS 0.01%

TEMED 2500X

Distilled Water

Stacking and separating gels were prepared shortly before pouring. Ammonium 

persulphate (APS) catalyses polymerisation and TEMED accelerates the reaction and 

therefore these reagents are added last. Proteins were resolved on a minigel 

apparatus (Bio-Rad) and run at 40 V until the dye front entered the separating gel and 

then at 80 V until the dye reached the bottom of the gel.
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2.4.8 Protein Transfer and Detection

The separated proteins were transferred onto nitro-cellulose (at 65 V for 2.5 hours) 

using Bio-Rad Mini transfer blot equipment in 1X transfer buffer. Blots were placed in a 

box with 5% non-fat dried milk dissolved in PBS-T 0.1% and shaken for 30 minutes at 

room temperature to block non-specific binding. Blots were exposed for either 1 hour at 

room temperature or over night at 4°C to the desired antibodies diluted to the optimal 

working solution. After incubation, the blots were washed three times for 5 minutes in 

PBS-T 0.1% and incubated with the appropriate horseradish-peroxidase linked anti

mouse or anti-rabbit IgG secondary antibody (Amersham) for 1 hour using appropriate 

dilutions. Blots were washed as previously described, and detection was performed 

with an enhanced chemiluminescent detection system (ECL, Amersham-Life Science). 

The blots were exposed to film for different times ranging from 10 seconds to 20 

minutes and developed.

2.4.9 Antibodies used for western blotting

2.4.9.1 Primary Antibodies

Antibody Host Source Concentration

PML Rabbit Chemicon 1:1000

RARa Rabbit Santa Cruz 1:400

RXRa Rabbit Santa Cruz 1:500

HA Mouse Sigma 1:5000

Myc tag Mouse Cell Signaling 1:200

Actin Mouse Sigma 1:5000

Tubulin Mouse Sigma 1:1000

Lamin A/C Rabbit Santa Cruz 1:1000

Ras Rabbit Cell Signaling 1:1000
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2.4.9.2 Secondary Antibodies conjugated to HRP

Antibody Host Source Concentration

Anti

mouse

Sheep Amersham

Bioscience

1:10,000

Anti

rabbit

Donkey Amersham

Bioscience

1:10,000

2.5 Immunoprecipitation

2.5.1 Principle of immunoprecipitation

Immunoprecipitation is one of the most used techniques to study specific protein- 

protein interactions. This method is based on the high affinity of the antibodies for their 

antigens. This feature is exploited to bind and isolate target proteins in solution. Once 

the antibody-antigen complexes are formed, agarose beads covalently coated with 

protein A and G that interacts with the constant portion of the antibodies are used to 

isolate them by centrifugation. Non-specific interactions can be reduced by serial 

washes of the bead. Finally, immunoprecipitates can be released from the antibody- 

beads complexes and resolved by SDS-PAGE.

2.5.2 Procedure

Cells were lysed in immunoprecipitation (IP) buffer (see the composition below). 

Briefly, for each IP half a milligram of lysates was used. Lysates were initially incubated 

with sepharose G and A beads (Amersham) coated with control mouse and rabbit IgG 

for 1 hr at 4°C in order to eliminate non-specific interactions. Then, pre-cleared protein
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extracts were subjected to immunoprecipitation using beads coated with 1 jug of anti- 

HA (lgG1 mouse monoclonal, Sigma) and anti-RARa (IgG rabbit polyclonal, SCBT) 

antibodies, respectively. The incubation was carried out for 3 hours at 4°C on a rotary 

shaker. Immunocomplexes were centrifuged at 3000 rpm for 5 min washed 5 times 

with 500 pi of IP buffer and re-suspended in SDS-sample buffer. Specific protein- 

protein interactions were analyzed by SDS-PAGE and western blotting as previously 

described.

IP buffer

Tris-CI pH 7.6 50 mM,

NaCI 150 mM

Na2V03, 2 mM

NaF 2.5 mM

Triton X-100 0.5%

Protease-inhibitor cocktail (Sigma) 100X

2.6 Immunocytochemistry

Immunocytochemistry is a method that has been developed to allow the identification 

of specific antigen in cells previously fixed on glass or plastic supports. The protein of 

interest is visualized using a combination of antibodies raised in different species. 

Primaries are generated against the protein of interest injecting mouse or rabbit 

whereas secondary are made in goat using the constant region of mouse (anti-mouse) 

or rabbit (anti-rabbit) primary antibodies. Thus, the primary antibody recognizes the 

epitote on the target protein and the secondary antibody binds the primary antibody 

and is conjugated with a fluorophore, thereby, the target protein can be visualized 

using a fluorescence microscope.
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2.6.1 Buffers and Reagents

PBS

10% Goat Serum 

Goat Serum (Sigma) 1ml 

Made to 10ml with 1X PBS

4% Paraformaldehyde (PFA)

1XPBS 100ml

Paraformaldehyde 4g (Sigma)

2.6.2 Cell Preparation

Immunocytochemistry was performed on cells fixed with 4% PFA on glass coverslips. 

Briefly, cells were seeded on 22 mm x 22 mm glass coverslips that had been dipped in 

methanol and allowed to dry in the laminar flow cabinet, to ensure sterility. The dry 

coverslips were placed in 6 well dishes (NUNC) and covered with the appropriate 

medium. Cells were seeded at the appropriate density directly on the coverslips and 

allowed to attach for at least 24 hours.

2.6.2.1 Cytospin preparations of suspension cells

Immunofluorescence of suspension cells was carried using 50 to 80 x 103 cells. Cells 

were resuspended in 150 pi of culture media supplemented with serum and loaded on 

a slide deposition chamber (see below) and immediately spun on a glass slide by using 

a Cytospin 4 (Thermo Shandon) centrifuge. Centrifugation was carried out at 350 rpm 

for 5 minutes. Then, slides were left to air-dry at room temperature for at least 30 

minutes and subsequently stained using exactly the same protocol as for adherent 

cells (see below).
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Figure 2.6.2A Assembly of the slide deposition chamber. Schematic diagram of the slide 
deposition chamber used to cytospin suspension cells on glass coverslips. In the figure: (a) 
glass slide, (b) filter card, (c) reusable sample chamber and (d) cytoclip side clip.

2.6.3 Procedure

Cells were fixed in 4% PFA for 10 minutes at room temperature and then 

permeabilised with ice-cold 0.1% Triton-X100 for 3 minutes. Once fixed and 

permeabilized, cells were blocked with a 10% goat serum-PBS solution and incubated 

with primary antibody for 1 hour and with secondary antibody for 1 hour at room 

temperature. All antibodies were diluted in 10% goat serum-PBS. Cells were then 

washed, counterstained with 49, 69-diamidino-2-phenylindole (DAPI), and mounted as 

using the ProLong™ Anti-fade kit (Molecular Probes). Primary antibody dilutions were 

as follows: Anti-human PML PG-M3 (Santa Cruz) 1:400, anti-human PML (Chemicon) 

1:200, anti-p53 (DO-1) (Santa Cruz) 1:200, anti Daxx (Upstate) 1:400, anti-HA (Sigma) 

1:1000, anti-Myc tag (Cell Signaling) 1:400, anti-FLAG (Sigma) 1:400, anti-CBP A22 

(Santa Cruz) 1:200, anti-Sp100 (a kind gift of Dr. Thomas Hofmann), anti-RARa C20 

(Santa Cruz) 1:400, anti-RXRa (Santa Cruz) 1:200, respectively. Alexa Fluor 488 and 

568 conjugated secondary antibodies were purchased from Molecular Probes and
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used at 1:1000. Slides were analyzed by confocal microscopy.

2.7 Immunohistochemistry (May-Griinwald/Giemsa)

Morphological analysis of haematopoietic cells was performed by standard May- 

Grunwal/Giemsa staining procedure as described by Keeshan and colleagues 

(Keeshan et al., 2003). In brief, cells were cytospun on poly-lysine coated microscope 

slides (Menzel) at 200 rpm for 5 minutes by using a cytocentrifuge (Shandon). Slides 

were left to air-dry for 30 minutes at room temperature, stained for 3 minutes with a 

May-Grunwal solution (Sigma) and rinsed with plenty of distilled water for 1 minute. 

Then, nuclei were counterstained for 30 minutes by using a Giemsa solution (Sigma) 

and rinsed exactly as abovementioned. Slides were analyzed using an Axiostar direct 

light microscope (Zeiss) and pictures of cells were acquired using a Prog Res C-14 

RGB camera.

2.8 Determination of Senescence

2.8.1 Principle of determination of senescent cells

Normal cells possess a limited capacity to replicate and undergo to senescence, a 

state in which the cells are arrested and viable but display altered patterns of gene and 

protein expression. Senescent is a stable and metabolically active state accompanied 

by some characteristic morphological features. These include a flattened and enlarged 

appearance, expression of senescence-associated p-galactosidase (SA-pgal), and the 

appearance of senescence-associated heterochromatic foci. The activity of the SA- 

pgal can be histochemically detected and used a marker to monitor senescent cells.
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2.8.2 Determination of oncogene-induced senescence in MEFs

Cellular senescence was studied as described (Serrano et al., 1997) with some 

modifications. In summary, early passage mouse embryo fibroblasts were plated on 6- 

well plate at 150 x 103 the day prior infection. Cells were subjected to 3 rounds of 

infections using high titer viral supernatants for pBABE, pBABE-H-RasV12 and pBABE- 

HA-Mut PML. Double infections were carried out infecting cells firstly with H-RasV12 

and secondly with Mut PML. After that, cells were selected for 3-4 days with 2.5 pg/ml 

of puromycin (Sigma) and 200 x 103 cells were re-plated in 6-well plate. Cellular 

senescence was assayed one and two days later using the senescence (3- 

galactosidase staining kit (Cell Signaling) to measure senescence associated (SA)-p- 

galactosidase activity according to the manufacturers instructions.

2.9 Transcriptional assays

2.9.1 Principle of transcriptional measurements

Reporter systems are used to measure the transcriptional activity, in particular to study 

the ability of trans-acting proteins to regulate promoters and enhancers in response to 

environmental changes. In these assays the target regulatory sequence, containing 

specific responsive elements (RE) motifs, is inserted upstream of a reporter gene (i.e. 

luciferase, CAT, p-galactosidase). As a matter of fact, the expression of the reporter 

directly mirrors the activity of the regulatory sequence of interest. The activity of 

luciferase, an enzyme absent in mammalian cells, which is encoded by the luc gene of 

the firefly (commonly derived from the North American firefly Photonius pyralys), 

represents an excellent reporter gene to use in promoter analysis. Firefly luciferase
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catalyzes the oxidative decarboxylation of luciferin in the presence of ATP and 

magnesium (Mg2+) to generate oxyluciferin and light:

Luciferin + ATP-Mg2+ + luciferase -> luciferase: luciferyl-AMP + PPj

luciferase: luciferyl-AMP + 0 2 -> luciferase + oxyluciferin + AMP + light (A, = 560 nm)

Luciferin is a generic term for substrates that generates light during oxidation catalyzed 

by luciferases. Pure luciferin was firstly isolated from fireflies, however, nowadays, is 

chemically synthesized. Light generated by the activity of luciferase can be captured, 

amplified and measured using a luminometer. The luminometer is an extremely 

sensitive instrument that can detect light produced by tiny amount of luciferase (up to 

10’20 moles). The addition of ATP and luciferin to the extracts containing the firefly 

luciferase produces a flash of light that peaks 0.3 second later and lasts for a few 

seconds. Within one minute after mixing substrate and enzyme, the intensity of the 

emitted light falls by 10% and slowly decays over a period of several minutes 

(generally 5 - 1 0  minutes). Transfection controls are required when measuring the 

activity of specific regulatory sequences in order to compare different samples. More 

precisely, an internal control is needed in each sample to distinguish differences in 

levels of transcription from differences caused by the variability in the transfection 

efficiency or in the preparation of the extracts. To this purpose, cells are usually co

transfected with two reporter plasmids: one plasmid carries the regulatory sequence 

under investigation upstream of the luc gene and another plasmid that constitutively 

expresses a control activity that can be used to normalize the transcriptional levels 

amongst the samples. Control genes employed for dual reporter assay systems 

include the E. coli |3-galactosidase and the luciferase from the sea pansy (Renilla 

reniformis), which utilizes a substrate different from the firefly and has different
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biochemical properties. The expression of the p-galactosidase or the sea pansy 

luciferase is driven by constitutive eukaryotic promoters and can be assayed by 

measuring the light emission within the same aliquot of cell lysate initially used to 

assess the firefly luciferase activity.

2.9.2 Procedure

Generally cells were seeded 24 hours prior transfection in 12-well plates and cultured 

in DMEM supplemented with 10% FBS, Penicillin/Streptomycin and Glutamax. The 

transient transfection of the different expression vectors was carried out using the 

Calcium Phosphate transfection Kit (Invitrogen) according to the manufacturers 

instructions. Then, fresh medium containing different concentrations of ligand (All- 

Trans-Retinoic Acid, ATRA) was added to the cells 24 hours post-transfection. From 6 

to 12 hours later, cells were harvested and 5 jul of protein extracts were assayed by 

using Dual Light System kit (Applied Biosystems) according to the manufacturers 

instructions. Slightly different protocols were used for each transcriptional assay as 

described below. For endogenous nuclear receptor reporter assays 9-10 x 104 COS-1 

cells/well were seeded 24 hours prior to transfection in 12-well plates. Transient 

transfection was carried out as previously mentioned and the following expression 

vectors were used (100 ng unless otherwise stated): pCH110, 500 ng of luciferase 

reporter pRep4-RARE-Luc, 1000 ng of pcDNA-HA-Mut PML along with empty vector. 

The effects of PML-RARa in combination with Mut PML were tested in COS-1 cells. 

For this purpose, cells were transfected with the following plasmids: pCH110, 300 ng of 

pRep4-RARE-Luc and pcDNA-PML-RARa alone or in combination with 100 ng of 

pcDNA-HA-Mut PML. For p53 reporter assays, 8-10 x 104 SAOS-2 cells/well were 

seeded 24 hours prior to transfection in 12-well plates and transiently transfected with 

the following plasmids: pCH110, pcDNA3-p53, 500 ng pGADD45-Luc (p53 responsive
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luciferase reporter), 500-1000 ng of pcDNA-HA-Mut PML along with empty vectors 

pcDNA3.0 and pUC19. The effects of nPML (nuclear isoforms 4) (kind gift of Dr. Keith 

Leppard) on p53-Mut PML transfected SAOS-2 cells were assayed by transfecting the 

above mentioned reporter plasmids in conjunction with 500 ng pcDNA-HA-Mut PML 

and different doses of pcDNA-FLAG-PML4 (500 ng). Finally, cells were harvested 36 

hours after transfection and assayed for luciferase activity as described above. 

Furthermore, p53 activity was tested in HL60 cells infected with pBABE-HA-Mut PML 

or empty vector, respectively. After selection with puromycin, one pBABE and two Mut 

PML clones were isolated and used for transcriptional assays. Briefly, 1 x 106 cells 

were transfected using the Amaxa Nucleofector system (amaxa GmbH) according to 

the manufacturers instructions. The following amounts of vectors were used: 500 ng 

pcDNA3-p53, 2500 ng pGADD45-Luc along with 100 ng of the TK-Renilla plasmid 

(Promega). Luciferase activity was measured by using the dual luciferase assay 

system (Promega). To measure the transcriptional activity of PML-RARa NLS mutants 

(A1 and A2) the following expression vectors were used (100 ng unless otherwise 

stated): pCH110, 300 ng of pRep4-RARE-Luc together with 1 pg each of pcDNA-PML- 

RARa bcrl, A1 or A2. Fresh medium containing 10-7 M ligand (ATRA) was added 24 

hours post-transfection. Luciferase activity was assessed 12 hours later using the Dual 

Light System kit (Applied Biosystems). Effects of A2 on dihydroxyvitamin D3 (VD3)- 

dependent transcription were investigated in transiently transduced COS1 cells by 

using 300 ng of vitamin D3 luciferase reporter (consisting of four DR3-type VD3- 

responsive elements inserted upstream of the tk-luciferase) (kind gift of Professor 

Carsten Carlberg), 600 ng of PML-RARa (bcr-1), A2 or empty vectors along with 100 

ng of pCH110. Cells were cultured for 12 hours in presence or absence of 10‘6 M of 

dihydroxyvitamin D3 (Calbiochem) and subsequently assayed for luciferase and 

galactosidase activities as previously mentioned.
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2.10 Clonogenic assays (Colony Forming Assays)

Colony-forming assays are an insightful tool to test the long-term effect of a target 

gene on cell death and proliferation.

2.10.1 Procedure

Cells were seeded at clonal density in 10 cm dishes and transfected with the plasmid 

encoding the gene of interest using a calcium phosphate solution (Introgen) following 

the manufacturers instructions. Forty-eight hours after transfection the medium was 

replaced and cells were cultured for one week. The number of colonies formed was 

determined by using crystal violet staining. Crystal violet is a cationic dye that binds 

DNA and is soluble in ethanol. This dye allows visualization of cells that remain 

attached to the plate and therefore enables colony counting and cell viability to be 

determined. Plates were placed on ice and washed twice with ice-cold 1X PBS. Cells 

were then fixed with ice-cold methanol for 10 minutes. Methanol was aspirated from 

the plates, and 0.5% crystal violet solution (made in 25% methanol) was added to 

cover the bottom of the plate and incubated at room temperature for 10 minutes. The 

crystal violet solution was poured off and the plates were carefully rinsed in ddH20 until 

no color came off in the rinse. Plates were left to air-dry at room temperature and 

colony formation was determined by eye. Images of the plates were acquired by using 

8-bit CCD camera Syngene Bio Imaging System™.

2.10.2 p53 colony-forming assays

For p53 colony-forming assays, H1299 cells were plated at 300 x 105 in 6 cm dishes 

and transfected using Lipofectamine 2000 (Invitrogen) with pBABE PURO, pCDNA3.0 

or pcDNA-Mdm2 or pCDNA-Mut PML1 in the presence and absence of pcDNA-p53. 

Cells were cultured for two weeks in the presence of puromycin, stained with crystal
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violet and counted. Cell viability was evaluated using Trypan blue exclusion assay by 

using light microscopy.

2.11 Differentiation analysis of U937 cells

U937 cells were infected as previously described (Salomoni et al., 2005) using empty 

and A2 retroviral constructs, respectively. Infection was carried out using spinoculation 

(30 minutes at 2500 rpm). Cells were selected with 2.5 pg/ml puromycin and used 

either as clones or mixed populations. Differentiation was induced as described by Lin 

and colleagues (Lin and Evans, 2000), by culturing cells with 10'7 M ATRA. After four 

days, differentiation was assayed by flow cytometry analysis of differentiation- 

associated surface marker CD11b, using an anti-CD11b-FITC conjugated antibody 

(Caltag Laboratories). Flow cytometry analysis was performed with the help of my 

supervisor, Paolo Salomoni. Specifically, the percentage of CD11b positive cells was 

determined in samples from cells cultured in the presence or absence of RA green 

measuring the number of events on the side scatter (SSC) over the intensity of the 

green fluorescence (anti-CD11b antibody) acquired on the FL1 channel. Furthermore, 

differentiation was also evaluated by morphological analysis of U937 cells following 

haematoxylin-eosin and May-Grunwald/Giemnsa staining as described in section 2.7.
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2.12 Transformation assay of primary haematopoietic 

progenitor cells

2.12.1 Principle of transformation assays

Primary haematopoietic progenitor cells possess the ability to originate different types 

of committed progenitors that give rise to all the subsets of blood cell lineages. 

Progenitors cells can be plated in semisolid media supplemented with growth factors 

promoting proliferation and, at the same time, inducing term inal differentiation.

Retroviral infection
Negative
selection

Sorting Serial platings
GFP+ cells G-CSF, GM-CSF

* • • •
BM cells *.w

£)§>
t

1”  plating

Differentiation

7-10 7-10 7-10
days days days

d  ----- ------------->1 - *  l _ — d -7 ^
2"“ plating 3*  plating

Lin- cells

Figure 2.12A Overview of the transformation assay used Briefly, bone marrow cells 
were isolated from the femurs of 6-8 wks old mice. Lin- cells were enriched by negative 
selection of differentiated cells. Subsequently, cells were infected with retroviruses 
encoding for empty vector, A2 or b c rl PML-FRARa and sorted based on their ability to 
express the GFP. Sorted cells were used for the assay, plated in methylcellulose 
media in the presence of high concentration of G-CSF and GM-CSF to induced 
differentiation. Colonies generated were counted from 7-10 days later and cells were 
subjected to serial replating until no colonies were formed in control cells due to 
terminal differentiation.

Then, cells plated in methylcellulose give rise to colonies consisting of a specific type 

of differentiated cells including granulocytes, monocytes, macrophages and 

erythrocytes. Cells can then be re-plated until no colonies can be originated due to 

terminal differentiation. The number of colonies at each plating directly m irrors the 

capability of the cells to proliferate and to differentiate. This assay represents an ideal 

ex vivo model to assess whether the expression of a certain protein in the progenitor
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lineage alters normal haematopoiesis. However, transduction of myeloid progenitors is 

a complex process that requires the use of a sophisticated gene delivery system. In 

this regard, efficient transfection of myeloid progenitor can be achieved by using high- 

titer retroviruses followed by selection of transduced cells that can then be plated for 

the assay (Figure 2.12A).

2.12.2 Isolation of lineage minus (Lin‘) cells

Bone marrow was prepared from the tibias and femurs of 8 to 10 weeks old C57BL6 

mice. Briefly, animals were sacrificed and rear limbs were surgically removed and 

bones isolated. Femurs and tibias were punctured with a 25-gauge needle at both 

ends, flushed twice with 10 ml of cold separating media (SP, PBS supplemented with 

2% of FBS) using a syringe carrying a 27-gauge needle in order to elute and recover 

the whole content of the bone. Cellular suspension was then passed through a 0.22 

nm pores cell strainer (BD) to eliminate the residual debris of bone. Bone marrow cells 

were spun down, resuspended in 2 ml of a cold ammonium chloride solution (StemCell 

Technologies) to lyse the erythrocytes, washed twice with cold SP buffer and counted 

using a haemocytometer chamber. An average of 40 - 50 million bone marrow cells 

were recovered from each animal. Isolation of lin' cells was performed by using the 

StemSep mouse haematopoietic progenitor cell enrichment kit™ (StemCell 

Technologies) following the manufacturers instructions. Briefly, cells were resuspended 

in 500 nl of cold SP supplemented with 1/20 of rat serum to prevent non-specific 

binding of rat antibodies to mouse cells and incubated for 10 minutes at +4 °C. Then, 

cell suspension was labelled with a cocktail containing a combination of biotinylated 

monoclonal antibodies purified from rat ascites fluid or hybridoma culture supernatant. 

Antibodies are directed against differentiation-induced cell surface antigens on mouse 

haematopoietic cells (CD5 (Ly-1), CD11b (Mac-1), CD45R/B220, Ly-6G/C (Gr-1), 

Neutrophils (4-7), TER119). Subsequently, cells were incubated exactly as described
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above and resuspended in 500 pi of cold SP containing 50 pi of a bispecific tetrameric 

complex (TAC) solution consisting of anti-biotin and anti-dextran antibodies linked 

together. Then, cells were transferred at +4 °C for 15 minutes. Lastly cells were linked 

to magnetic dextran iron particles, which are recognized by the TAC, adding 30 pi of a 

solution of magnetic colloid and incubated for 15 minutes as described above (Figure 

2.12.2A).

From StemSep product information sheet 

Figure 2.12.2A Schematic drawing of the StemSep TAC magnetic labelling of mouse cells.

Negative selection of lineage minus cells was performed passing the cellular 

suspension through a 0.3” StemSep negative selection column placed on a StemSep® 

Magnet™ with the strength of 0.5 Tesla and fed by a peristaltic pump MINIPULS 3™ 

(Gilson) (Figure 2.12.2B). Columns were initially primed from the bottom with 1 ml of 

PBS and washed with 8 ml of cold SP. Cell suspension was loaded on the column 

washed from the top down 8 ml of SP. The flowthrough including the sample volume 

and the washes was collected in 15 ml tubes. Cells were counted and then 

resuspended in StemSpan SFEM media™  (StemCell Technologies). An average of 

700 x 103 up to 1 x 106 tin' cells were obtained from each mouse. Finally, cells were
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cultured overnight in StemSpan SFEM media supplemented with 0.6 ng/ml interleukin- 

3 (IL-3), 0.4 ng/ml IL-6, 2.5 ng/ml Stem cells factor (SCF) and 5 ng/ml of Flt3 ligand 

(Flt3L). All cytokines were purchased from Peproteck.

Pump feed:
Load sample

Prime column
< -----------
Wash and cell 
separation

Peristaltic Pump
Collect
sample

From StemSep product information sheet

Figure 2.12.2B Schematic drawing of Lin" cells negative selection by using through magnetic 
column attached to a peristaltic pump

2.12.3 Retroviral infection of lin' cells

Isolated lin" cells were transduced by retroviral infections as aforementioned with some 

modifications. In brief, 500 x 103 cells were used, resuspended in a solution containing 

a mixture of 500 jlxI of retroviral supernatant (empty vector, PMLFRARa or A2) and 500 

ml of Stem Span Sfem media (StemCell Technologies) supplemented with 0.6 ng/ml 

IL-3, 0.4 ng/ml IL-6, 2.5 ng/ml Stem cells factor (SCF), 5 ng/ml Flt3L and 2 mg/ml of

96



polybrene. Cells were transferred to a 6-well plate, spun at 2000 rpm for 1 hour at 42°C 

and maintained for 3 hours in cell incubator at 42°C. Then, infections were repeated 

exactly as described above and cells were cultured overnight in Stem Span Sfem 

media containing a full cocktail of cytokines (see above). The following day, cells were 

subjected to a third round of infections as previously described. Finally, media was 

replaced and cells were left to recover for 1 night at 37°C before sorting.

2.12.4 Sorting of transduced Lin' cells

As described in Chapter 4, the MigR1 vector allows the expression of the gene of 

interest is under the control of the LTR promoter and the sequence of green 

fluorescence protein (GFP) under the control of the IRES promoter. Transduced cells 

can be distinguished and sorted based on the GFP signal. This feature was exploited 

to selectively obtain transduced cells using a cell sorter (FACS Vantage™, Becton 

Dickinson). In the sorter, the cell suspension is mixed with a rapidly flowing stream of 

liquid into a narrow capillary tube. The flow is controlled in such a way that there is a 

large separation between cells based on their diameter. Furthermore, a vibrating 

mechanism causes the stream of cells to break into individual droplets so that one cell 

is confined in each droplet. Just before the stream breaks into droplets the flow passes 

through a fluorescence measuring station where the fluorescent of each cell is 

acquired. A charged ring is placed just at the point where the stream breaks into 

droplets and an electrostatic charge is applied to each droplet based on the fluorescent 

intensity. Then, charged droplets pass through an electrostatic deflection system that 

diverts droplets into containers depending on their charge. Finally, sorted cells were 

incubated at + 4 °C for 30 minutes, centrifuged, resuspended in 1 ml of StemSpan 

SFEM media and counted.
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2.12.5 Plating methylcellulose and count of colonies

A total of 30 x 103 cells was used to perform serial replating assays in methylcellulose 

as described elsewhere (Minucci et al., 2002). Briefly, cells were resuspended in 600 

Hi of StemSpan SFEM media containing 10 ng/ml IL-3, 10 ng/ml IL-6, 10 ng/ml 

granulocytic-macrophage colony stimulating factor (GM-CSF), 100 ng/ml SCF and 30 

ng/ml granulocytic colony stimulating factor (G-CSF). Sample volume was brought to 3 

ml by adding 2.4 ml of methylcellulose Methocult™ H4233 media (StemCell 

technologies). A homogenous suspension was achieved by mixing the cells with the 

methylcellulose avoiding the formation of air bubbles. Then 1 ml of the 

cells/methylcellulose mixture was distributed on a 3 cm tissue culture plate (Grainer) 

and evenly dispersed throughout the plate surface. Subsequently, dishes were 

incubated for 8-10 days at 37 °C in a tissue culture incubator. Finally, the number of 

colonies formed in each plate was assessed using an inverted light microscope 

(Zeiss). After that, the methylcellulose was dissolved using warm IMDM media. Cells 

were counted and replated in fresh methylcellulose exactly as previously described. 

Serial replating of the cells was performed until no colonies were formed in the vector 

(control)-plates due to terminal differentiation and exhaustion of progenitor cells.

2.13 Stastical analysis

Statistical analysis was performed using Prism 5 for Macintosh (Graph Pad Software 

Inc, San Diego USA). Unless otherwise stated, experiments were carried out in 

triplicate and mean ± standard deviation was calculated. Statistical analysis was 

calculated using t-test and P values <0.05 were considered statistically significant. 

Unless otherwise stated values reported on graphs are mean ± standard error of the 

mean (SEM).
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Chapter 3
An APL-associated mutant of PML inhibits p53 functions
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3.1 Introduction

Reduction of PML gene dosage in an animal model of APL causes an increase in the 

incidence and shortening of the disease onset, thus supporting the hypothesis that 

PML acts as a tumour suppressor. In some human cancers such as in hepatocellular 

and skin carcinomas, PML is aberrantly found in the cytoplasm. Interestingly, it has 

been proposed that the relocalization of PML outside the nucleus could be 

accompanied by the gain of abnormal oncogenic functions (Condemine et al., 2006; 

Terris et al., 1995). Furthermore, PML mutations leading to an aberrant short 

cytoplasmic proteins have been described in murine plasmacytoma cells and in APL 

(Bruno et al., 2003; Gurrieri et al., 2004b). Specifically, two mismatch mutations in the 

remaining PML allele have been reported in RA-resistant APL patients that 

experienced a very aggressive form of the disease (Gurrieri et al., 2004b). The 

mutations are a deletion 1272delAG (Mut1), and a splice site mutation IVSG-»A (Mut2) 

both leading to short PML proteins that accumulate in the cytoplasm (Gurrieri et al., 

2004b). As role(s) of these APL-associated cytoplasmic mutants of PML has not been 

investigated, in this chapter we will analyze the function of Mut1 (Mut PML) and Mut2. 

Remarkably, the majority of the experiment will be performed using Mut1, herein after 

referred to as Mut PML for the following two reasons: i- Mut1 shows a more 

pronounced cytoplasmic distribution as compared to Mut2 (see below) and, ii- the 

original genomic lesion generating Mut1 was shown to be present in the patient before 

starting the therapy whereas no such information are available for Mut2. In particular, 

Mut PML will be employed as a tool to investigate the relationship between cytoplasmic 

PML, nuclear PML (PML4, in this thesis referred to as nPML) and p53. The modulation 

of p53 activity mediated by nPML within the PML-NB has been shown to have a crucial 

role in protecting the cells from neoplastic transformation. Thus, it is important to 

understand whether PML cytoplasmic proteins could promote tumorigenesis through
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the inhibition of fundamental nuclear and/or cytoplasmic cellular tumour suppressor 

pathways. Remarkably, we found that Mut PML is able to inhibit the transcriptional, 

growth suppressive, and apoptotic functions of p53, through a mechanism that involves 

the cytoplasmic relocation of nuclear PML, an event that also lead to disruption of the 

PML-NB structure. Taken together, these findings shed new light on the possible 

functions of cytoplasmic PML proteins in disease.
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3.2 Results

3.2.1 Mutant PML proteins accumulates in cytoplasmic bodies

We initially analyzed the cellular distribution of Mut1 and Mut2 in human fibroblasts. In 

line with previous data, confocal analysis confirmed that both mutants accumulated in 

discrete cytoplasmic foci, which we referred to as PML cytoplasm ic bodies (PML-CB) 

(Gurrieri et al., 2004b).

Mut 1 Merge

Mut2

Figure 3.2.1 A Mut PML forms PML-CB. Human primary fibroblasts (BJ) were infected with 
HA-tagged Mut1 or Myc-tagged Mut2 retroviruses. Cells were stained with anti-HA (Mut1, red 
top panel) and anti-Myc tag (Mut2, red lower panel) antibody. Nuclei were counterstained with 
DAPI (blue).

Immunofluorescence also revealed that Mut2 clearly accumulated also in PML-NB 

(Figure 3.2.1 A top Mut1 and bottom Mut2) possibly as a consequence o f homo-
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oligomerization with nPML. Thus, we decided to use Mut1, Mut PML, to use a tool to 

study the cytoplasmic function of PML. As stated in the introduction, Mut1 has a more 

pronounced cytoplasmic localization than Mut2 and Mut1 mutation was present in the 

leukaemic blasts during the pre-treatment phase, thus excluding the possibility that it is 

a secondary event selected by RA treatment (Gurrieri et al., 2004b). Conversely, no 

pre-treatment sample was available for the mutation corresponding to Mut2 (Gurrieri et 

al., 2004b). Electron microscopy studies were conducted to better assess the structure 

of PML-CB using antibodies against PML or hemagglutinin (HA). Interestingly, at the 

ultrastructural level mutant PML formed doughnut-shaped structures, which were 

reminiscent of PML-NB (Figure 3.2.1B).

Figure 3.2.1 B Mut PML forms doughnut-shaped PML-CB. Immunogold labelling of PML in a
PML-CB within the cytoplasm of a cell transduced with Mut PML (top panel bar = 1 pm, right 
lower panel bar =10  nm). Detail of a PML-CB within the cytoplasm (bottom left), m indicates 
mitochondria; r is endoplasmic reticulum and n is nucleus. Black arrows (bottom right) image 
indicate Mut PML distribution in the cytoplasm. These images were kindly acquired by Dr. 
Dinsdale, MRC Toxicology Unit.

Furthermore, sub-cellular fractionations showed that a portion of Mut PML 

accumulated in the insoluble part of the cytoplasm (P100), suggesting a possible 

association with intracellular membranes (Figure 3.2.1C).
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Figure 3.2.1C Mut PML accumulates in both the soluble and insoluble fraction of the 
cytoplasm. The pellet P100 and supernatant S100 obtained from control and Mut PML infected 
fibroblasts. Mut PML was detected by using anti-HA antibody (upper panel). Lower panel: 
tubulin was used as a loading control for the different fractions.

We next studied Mut PML localization in relation to the different cytoplasmic 

organelles. Specifically, we sought to study whether Mut PML associated with 

mitochondria, lysosomes or endoplasmic reticulum using appropriate markers. 

However, we could not find any colocalization with these organelles (not shown). Since 

it has been reported that a PML cytoplasmic isoform can associate with early 

endosomes (Lin et al., 2004), we tested whether this also applied to Mut PML. To 

prove this, confocal analysis was performed on both fibroblasts and Mut PML- 

expressing haematopoietic cells by using a specific marker for early endosomes 

(EEA1). Nevertheless, we were unable to demonstrate any significant colocalization. 

Accordingly, a detailed analysis of the ultra-structural images confirmed that Mut PML 

did not associate with any cytoplasmic organelles (3.1B bottom left panel).

3.2.2 Mutant PML alters PML nuclear body composition

To date it remains to be clarified whether Mut PML contribute to tumorigenesis. For this 

reason, we decided to use Mut PML to study PML cytoplasmic functions in both 

physiological and pathological contexts. Mut PML expression did not cause any
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substantial alteration of cell death or proliferation at steady state in haematopoietic cell 

lines or primary and immortalized fibroblasts. Thus, unlike nPML, Mut PML is not 

growth-suppressive or pro-apoptotic perse  (not shown).

nPML Merge

Ctrl Mut PML

Figure 3.2.2A Mut PML colocaiized with nuclear PML in PML-CB. Upper panels show 
exogenous nPML and Mut PML: SAOS-2 cells were transduced with FLAG-tagged nPML 
(PML4) and HA-tagged Mut PML. Cells were stained with anti-FLAG (red) and anti-HA (green) 
antibodies, respectively. Lower panels show endogenous PML: cells were transfected with 
empty or Mut PML expression vectors and stained with anti-PML antibody (red), which 
specifically recognizes the C-terminal portion of PML not included in Mut PML. Nuclei were 
counterstained with DAPI.

Thus, we set out to determine whether Mut PML expression had any effects on PML- 

NBs and the distribution of nuclear bodies components. In this regard, electron 

microscopy demonstrated a close structural homology between PML nuclear and 

cytoplasmic bodies, thus suggesting that at least some components could be shared 

between the two structures. Interestingly, fluorescence microscopy performed on 

primary fibroblasts (BJ) stably transduced with Mut PML, showed that the number of 

PML-NBs was reduced (not shown). Accordingly, a similar effect was reported in cells
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expressing a nPML cytoplasmic mutant lacking the NLS (Le et al., 1996). As a matter 

of fact, it is conceivable that the localization of nuclear body components might be 

altered in the presence of Mut PML. The distribution of different nuclear body 

constituents was monitored in Mut PML-expressing cells by confocal microscopy. The 

first PML-NB component tested was nuclear PML, which is essential for the assembly 

and function of PML nuclear bodies (Salomoni and Pandolfi, 2002). Remarkably, in 

transduced SAOS-2 cells a fraction of both endogenous and exogenous nPML 

colocalized with Mut PML in PML-CB (Figure 3.2.2A). These initial observations were 

confirmed by live microscopy of cells transduced with nPML tagged at its amino- 

terminal with the green fluorescent protein (GFP-nPML) in the absence or presence of 

Mut PML. Remarkably, these experiments revealed that GFP-nPML accumulated only 

in the cytoplasm of Mut PML-expressing cells (Figure 3.2.2B).

nPML

nPML 
Mut PML

Figure 3.2.2B Mut PML induces cytoplasmic relocation of nPML in live cells. SAOS2 cells 
were transfected with GFP-nPML alone or in combination with Mut PML. Cells were analyzed 
by live microscopy.
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Furthermore, in haematopoietic HL60 cells, Mut PML caused an even more drastic 

reduction in the number of PML-NB compared to SAOS-2 cells (Figure 3.2.2C). 

Notably, in a small portion of Mut PML-expressing cells, nPML was completely 

relocated to the cytoplasm (Figure 3.2.2C). The acetyltransferase CBP, another 

important nuclear body component, which was localized almost exclusively to the 

nucleus in control cells, was clearly found also in PML-CBs in Mut PML-expressing 

fibroblasts (not shown) and haematopoietic HL60 and U937 cells (Figure 3.2.2C).

o
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Mut PML CBP Merge

Figure 3.2.2C Mut PML induces relocation of the acetyltransferase CBP in to PML-CB.
Hematopoietic HL60 and U937 cells were infected with Mut PML retroviruses and stained with 
anti-HA (red) and anti-CBP (green) antibodies. Nuclei were counterstained with DAPI. White 
arrows indicate Mut PML and CBP cytoplasmic colocalization (yellow).

Accordingly, the number of PML-NB displaying CBP was significantly reduced in Mut 

PML compared to vector cells. In order to prove the specificity of CBP staining, 

immunofluorescence analysis of cells expressing Mut PML was carried out after pre

incubating the anti-CBP antibody with either specific or unrelated CBP peptides

(3.2.2D).
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Babe

Mut PML

Figure 3.2.2D Specificity of Mut PML-dependent cytoplasmic relocation of CBP
Haematopoietic HL60 were infected with control or Mut PML retroviruses were stained with an 
anti-CBP antibody (green) pre-incubated with or without an excess of unrelated (left panels) 
and CBP-specific (right panels) peptides. Nuclei were counterstained with DAPI. White arrows 
indicate the presence of cytoplasmic CBP localization in Mut PML expressing cells only.

CBP CBP/HA

ARing 
Mut PML

Figure 3.2.2E A ARING deletion mutant of Mut PML does not form PML-CB and fails to 
relocate CBP. Human primary fibroblasts were infected with ARING-Mut PML retroviruses and 
stained with anti-CBP (green) and anti-HA (red) antibodies.
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The specific peptide completely abrogates nuclear and cytoplasmic CBP signals, 

whereas the unrelated peptide did not affect CBP staining, thus excluding the 

possibility of artefacts due to non-specific binding. Furthermore, a variant of Mut PML 

that lacks the RING domain (ARING Mut PML) was generated. When transduced in 

fibroblasts, ARING Mut PML showed a diffuse cytoplasmic distribution and, 

importantly, did not alter the localization of CBP (3.2.2E). Finally, the localization of 

Sp100 and Daxx, was investigated by using relevant specific antibodies in human 

fibroblasts transduced with Mut PML. Nonetheless, immunostaining showed that the 

localization of both DAXX and Sp100, known markers of PML-NB, was not affected by 

the expression Mut PML, thus proving that the cytoplasmic relocation of nPML and 

CBP is a specific event mediated by the mutant protein (Figure 3.2.2F).
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Mut PML
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DAXX

%

Mut PML 
DAXX

Figure 3.2.2F Mut PML does not relocate Sp100 and DAXX to PML-CB. Confocal images of 
human primary fibroblasts infected with H A -M ut PML and stained with anti-HA (red), anti-Sp100 
(green, top panels) or anti-DAXX (green, bottom panels) antibodies. Nuclei were counterstained 
using DAPI.
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3.2.3 Mut PML inhibits p53-dependent transcription

Independent avenues of research have demonstrated that p53 function is regulated in 

part by its association with nPML and the PML-NB, therefore, it is conceivable that Mut 

PML could inhibit p53 activity by affecting nPML and other PML-NB components 

involved in p53 regulation, such as CBP (Insinga et al., 2004; Pearson et al., 2000). 

Since nPML is a strong p53 transcriptional co-activator (Salomoni and Pandolfi, 2002) 

through the modulation of CBP-dependent acetylation. Thus, the transcriptional activity 

of p53 was assessed in the presence of Mut PML using transcriptional assays. For this 

purpose, we used p53-depleted cell lines in which Mut PML, p53 and the Luc-reporter 

vector where cotransfected. Exogenous expression of p53 allows high luciferase 

readouts allowing a direct, although artificial, measure of the protein’s transcriptional 

activity. Indeed, a direct measure of endogenous p53 with this approach would be 

more difficult as the p53 is tightly regulated and normally kept at very low levels. 

Furthermore, the levels of overexpressed Mut PML and endogenous p53 would be too 

dissimilar to compare and data obtained difficult to analyze as all possible differences 

could be simply due to artefacts related to the expression levels. For these reasons, 

Mut PML was transduced along with p53 in SAOS-2 cells, which are depleted of 

endogenous p53 and represent an ideal tool to perform transcriptional assays. 

Interestingly, we found that the activity of a GADD45 reporter was clearly inhibited in 

the presence of Mut PML (Figure 3.2.3A).

111



GADD45 -Luc + 

p53

Mut PML

+
+

+
+
+

Figure 3.2.3A p53 transcriptional activity is inhibited by Mut PML in SAOS-2 cells. The
activity of a GADD45-Luc reporter vector was assessed in SAOS-2 cells transiently transduced 
with combinations of expression vectors encoding for a p53 and Mut PML as indicated below 
the graph, p-galactosidase activity was used to normalize transfection efficiency. Luciferase and 
p-gal activity were measured 36 hours after transfection as relative luminescence units (RLU). 
Transcriptional assay values are means ± SD of three independent experiments performed in 
triplicate.

In contrast, Mut PML did not alter the activity of an unrelated Myb reporter, MIM1 

(Figure 3.2.3B), thus confirming the specificity of the effects observed.
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Figure 3.2.2B Mut PML does not alter tbe activity of Myb reporter in SAOS-2 cells. The
activity of a Myb-Luc reporter (MIM1) was assessed in SAOS-2 cells transiently transduced with 
the reporter vector along with Myb in the presence or absence of Mut PML as indicated below 
the graph. Luciferase and p-gal activity were measured as previously described. Values are 
means ± SD of three independent experiments performed in triplicate.

In order to assess whether this also applied to haematopoietic cells, p53-dependent 

transcription was analyzed in HL60 cells (which have a major mutation in the P53 gene 

leading to the depletion of the protein). Cells were infected with Mut PML or vector 

(pBABE) retroviruses. Similarly to the results obtained using SAOS-2 cells, p53- 

dependent activation of GADD45 reporter was impaired in Mut PML-infected but not in 

control cells (Figure 3.2.3C).
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Figure 3.2.3C Mut PML inhibits p53 in hematopoietic cells. HL60 cells were infected with 
Mut PML or control (pBABE) viral particles. After selection with puromycin pBABE and Mut PML 
expressing clones were transfected with p53, GADD45-Luc along with the TK-Renilla plasmid 
using Amaxa nucleofection. Luciferase activity was assayed 8 hours after transfection. Data 
represent means ± SD of three independent experiments.

Interestingly, the over-expression of nPML in SAOS-2 cells completely rescues the 

inhibitory effects of Mut PML on p53-dependent transcription, indicating that Mut PML 

and nPML could possibly counteracts each other functions (Figure 3.2.3D).
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Figure 3.2.3D Over-expression of nPML (PML4) rescues Mut PML inhibition of p53 
transcriptional activity. SAOS-2 cells were transduced with a GADD45-Luc reporter vector 
alone or in combination with p53, nPML and Mut PML. Luciferase activity was evaluated exactly 
as described in figure 3.2.3A. Data represent means ± SD of three independent experiments.

Then, p53 cellular localization was studied in immortalized fibroblasts co-transduced 

with Mut PML and nPML. As previously described (Doucas et al., 1999), coexpression 

of nPML and p53 in fibroblasts resulted in a partial colocalization into PML-NB (not 

shown). In contrast, the expression of Mut PML did not result in p53 relocation to the 

cytoplasm (not shown). Indeed, Mut PML lacks the carboxy-term inal portion involved in 

the interaction with p53, thus suggesting that Mut PML inhibition of p53-transcription is 

a consequence of an indirect inhibitory mechanism.
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3.2.4 Mut PML inhibits the growth suppressive functions of p53

p53 has a fundamental role in the modulation of cell homeostasis and acts as a main 

gatekeeper in the surveillance and maintenance of genomic stability. Indeed, p53 

orchestrates a plethora of mechanisms involved in regulating survival that extend far 

beyond its mere transcriptional activity. Accordingly, inactivation of p53 function is the 

most common event in cancer. In fact, mutations in the gene commonly occur and 

result in the abrogation of its functions. For instance, it has been well documented that 

the over-expression of p53 in cells results in the inhibition of cellular growth according 

to its tumour suppressive properties (Campisi, 2005; Salomoni and Pandolfi, 2002). As 

stated in the introductory paragraph of this chapter, nPML is a strong co-activator of 

p53. More precisely, PML promotes p53 post-translational modifications, such as 

acetylation and phosphorylation, which result in the stabilization and ultimately 

activation of the protein (Pearson et al., 2000). Thus, it could be theorized that Mut 

PML could affect p53 growth suppressive functions. To test this, colony-forming assays 

were performed using p53-deficient H1299 cells, which were transfected with p53 

alone or in combination with Mut PML and nPML, and as a control, HDM2, which is 

one of the major negative regulators of p53 (Kubbutat et al., 1997). Interestingly, the 

experiments showed that cells over-expressing p53 and Mut PML formed a 

significantly higher number of colonies compared to p53 only- and p53/nPML co

transduced cells (Figure 3.2.4A), thus indicating that Mut PML inhibited p53 activity. 

Interestingly, Mut PML impaired cell growth to an extent similar to HDM2, as 

expression of both proteins lead to a comparable repression of the growth suppressive 

functions of p53 that ultimately resulted in a significant increase of clonogenic 

capability (Figure 3.2.4A).
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Figure 3.2.4A Mut PML inhibits the growth-suppressive functions of p53. Mut PML inhibits 
p53 functions in colony forming assays. H1299 cells (p53 ''') were transfected with a 
combination of different p53, Mut PML, nPML and HDM2 expression vectors. Colonies were 
stained with crystal violet and counted 15 days after transfection. In the left panel shows 
representative images of the tissue culture plates after the staining. In the right panel are 
means of three independent experiments. Transfected plasmids are reported below and data 
are expressed as mean percentage of increase in colony formation over the control (p53-only 
transduced cells) ± standards deviations.

These findings indicate that Mut PML interferes with the long-term effect of p53 

expression resulting in a diminished proliferative potential of the cells, however, it 

remains to be established whether other effects, such as the induction of cell death are 

also altered. To assess this, cell death was measured in H1299 cells transduced in the 

presence or absence of p53 in combination with Mut PML and HDM2. As expected, 

twenty-four hours after transduction with the different expression vectors, the 

percentage of dead, trypan blue-positive cells was clearly induced by p53 (Figure

3.2.4B).
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Figure 3.2.4B Mut PML inhibits p53-dependent cell death. H1299 cells were transfected with 
a combination of different p53, Mut PML, and HDM2 expression vectors as indicated below the 
graph. Cell death was evaluated 24 hours after transfection by using the trypan blue exclusion 
assay. Data are average of one experiment performed in duplicate.

Remarkably, expression of either Mut PML or HDM2 led to a sim ilar and substantial 

reduction of p53-dependent cell death (Figure 3.2.4B, left). Overall, these observations 

are in accordance with the results obtained in the transcriptional assays and reinforce 

the hypothesis that Mut PML could impair the tumour suppressive functions of p53 

both in short and long-term settings.

3.2.5 Mut PML inhibits H-RasV12- induced cellular senescence

Deregulation of cellular growth is undoubtedly a hallmark of malignant cells. Normal 

cells are unable to replicate indefinitely, in fact, after a serial passaging in vitro they 

enter a state of irreversible growth arrest defined as cellular senescence. The 

properties defining senescent cells are a permanent growth arrest, even at sub

confluent densities in the presence of serum, and a stable and metabolically active 

state accompanied by some characteristic features. These include a flattened and 

enlarged appearance, expression of senescence-associated p-galactosidase (SA-
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(3gal), and the appearance of senescence-associated heterochromatic foci. On the 

contrary, malignant cells acquire the ability to override this physiological brake and to 

proliferate indefinitely. Nonetheless, senescence can also be induced by other 

conditions such as aging (conditions inducing the erosion of the telomeres) but also 

tissue injury. Indeed, a recent study implicated senescence in the response to fibrosis 

of the liver induced by a specific chemical, thus demonstrating that this process in not 

limited to tumour suppression but also regulates tissue repair and regeneration 

(Krizhanovsky et al., 2008). Nevertheless, the molecular mechanisms relating 

oncogenic signalling to senescence have been better characterized (Serrano et al., 

1997). As already discussed in the introduction of this thesis, ectopic expression of an 

oncogenic active form of RAS, H-RasV12, was shown to induce a permanent cell cycle 

arrest accompanied by the accumulation of p16INK4 (p16) and p53 in mouse embryo 

fibroblasts. In this regard, PML has been shown to have a critical role in the modulation 

of senescence in mice and humans (Bischof et al., 2002; Ferbeyre et al., 2000; 

Pearson et al., 2000). Indeed, the expression of H-RasV12 promotes the PML- 

dependent recruitment of p53 and CBP in the PML-NB, thus favouring p53 stabilization 

and activation (Pearson et al., 2000). Taking into consideration the results obtained so 

far, it can be theorized that Mut PML may inhibit stress-induced senescence by 

disrupting the functions of p53 and nPML, which are the critical players in the 

regulation of this essential process. To prove this hypothesis, the effects of Mut PML 

were tested on oncogene-induced senescence using mouse embryonic fibroblasts 

(MEFs). As aforementioned, senescence is entirely controlled through the p53 pathway 

in primary MEFs (Pearson et al., 2000). Thus, these cells were infected with an 

oncogenic form of H-Ras (H-RasV12) along with empty vector (pBABE) and Mut PML 

viral particles. Upon the completion of the infections, cells were cultured for two days in 

the presence of puromycin (PURO) in order to select transduced cells. After selection, 

cells were plated at subconfluent density and senescence was evaluated on different
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days by measuring the activity of the senescence associated p-galactosidase (SA- 

Pgal), which is optimally active at (a slightly acidic pH) pH6, and it is therefore 

considered a well defined marker to identify senescent cells [(Goldstein, 1990) and 

figure 3.2.5A], In fact, SA-(3gal positive cells become green/light blue when stained with 

a solution that contains X-gal.

Infection Infection 
Ras Mut PML Selection Time points

i i i
Day 0 Day 1 Day 2

I
Day 4

" T
Day 5-6

Figure 3.2.5A Overview of the experimental settings. Primary MEFs at early passages were 
transduced with empty vector (pBABE-PURO), H-Ras^12 alone or in combination with Mut PML 
viral particles. Note that Ras and Mut PML infections were carried out one after the other. Cells 
were selected with puromycin for two days and replated at low density. Senescence was 
assessed measuring the number of cells positive to the SA-pgal at day 5 and 6, (day 1 and day 
2 post-selection) respectively.

As previously reported, after an initial burst of proliferation H-RasV12-only expressing 

cells rapidly ceased to grow and acquired a typical senescence-like phenotype 

(Bischof et al., 2002; Di Micco et al., 2006). Remarkably, by day 1 the number of SA- 

pgal positive cells was considerably lower in cells co-transduced with H-RasV12 and 

Mut PML as compared to H-RasV12 expressing cells. The difference was maintained 

also at day 2 when almost the majority of cells of H-RasV12 infected cells were 

irreversibly arrested (Figure 3.2.5B). In contrast, control cells infected with empty 

vector (pBABE) appeared normal, grew nicely, did not change morphology and readily 

reached a confluent cellular density after 3 days (not shown).
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BABE RAS

Figure 3.2.5B Mut PML inhibits H-Rasv12-induced senescence. MEFs were infected with 
control or H-RasV12 alone or in combination with Mut PML viral particles (see figure 3.2.4A). 
Right panel: show a representative image of infected cells. Senescent cells appear in green as 
a consequence of the catabolism of X-Gal by the SA-pgalactosidase activity, a well defined 
marker of senescence (Goldstein, 1990). Left panel: the percentage of senescent cells was 
measured in cells infected with empty vector (Babe), H-RasV12 and Mut PML after 1 or 2 days 
post-infection (referred to as d1 and d2) from the end of antibiotic selection. Data are means of 
fold induction over empty vector infected cells ± standard deviations (SD) of three independent 
experiments.

To exclude that the observed effects were not simply due to differences in Ras protein 

levels within the different cell populations analyzed, cellular extracts were prepared 

from a portion of cells isolated immediately after the puromycin selection and protein 

analysis was performed (Figure 3.2.5C).
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Figure 3.2.5C Mut PML and H-RasV12 are equally expressed in primary MEFs. MEFs were 
infected with H-RasV12 alone or in combination with Mut PML viral particles. Protein extracts 
prepare from empty vector (Babe), single or double H-Ras/Mut PML infected cells, were 
analyzed using anti-Ras (upper panel) and anti-HA antibodies (lower panel), p-actin was used 
as loading control.

Notably, H-RasV12 was expressed at comparable levels in H-RasV12-only and H- 

RasV12/Mut PML transduced cells, demonstrating that Mut PML does not affect Ras 

protein levels. Taken together, these findings demonstrated that in response to 

oncogenic stress the induction of senescence is impaired by Mut PML, thus suggesting 

that Mut PML activity phenocopy the inactivation of nPML.

3.2.6 Mut2 impairs p53 growth suppressive function in a transcriptional- 

independent manner

To further strengthen the relevance of the data obtained using Mut PML (Mut1), I 

decided to test whether also the other mutant identified in APL, Mut2, was able to 

inhibit p53 transcription and growth suppressive functions. Firstly, we studied the effect 

of Mut2 on p53 transcriptional activity by overexpressing the protein along with p53 

and a GADD45 reported in SAOS-2 cells as previously described in section 3.2.2.
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Surprisingly, experiments revealed that this Mut2 was unable to inhibit p53 

transcriptional activation of the reporter (Figure 3.2.6A).

2 80

+ p53 
MutPML(Mut1) 

+ Mut2
Figure 3.2.6A Mut 2 does not block p53 transcriptional activity in SAOS-2 cells. The
activity of a GADD45-Luc reporter vector was assessed in SAOS-2 cells transiently transduced 
with combinations of expression vectors encoding for a p53 and Mut PML 1 and Mut PML 2 as 
indicated below the graph. (3-galactosidase activity was used to normalize transfection 
efficiency. Luciferase and p-gal activity were measured 36 hours after transfection as relative 
luminescence units (RLU). Transcriptional assay values are means ± SD of three independent 
experiments performed in triplicate.

Notably, confocal/immunofluorescence of Mut2 transduced fibroblasts indicated that as 

opposed to Mut1, this mutant also accumulated in PML-NBs. This suggests that Mut2 

does not have the capabilities to perturb the structure of the PML-NB thereby it might 

not completely phenocopy Mut 1 in blocking nPML/CBP-mediated activation of p53. 

However, it is possible that this effect is cell-type specific and that different nuclear 

PML isoforms could instead be more sensitive to the expression of Mut2. Thus, future 

experiments are needed to study Mut 2 activity in different cellular settings, for 

example in hematopoietic cells. Secondly, we tested whether Mut2 alters the growth 

suppressive functions of p53 in H1299 cells (Figure 3.2.6B).
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Figure 3.2.6B Mutt inhibits the growth-suppressive functions of p53. Mutt inhibits p53 
functions in colony forming assays. H1299 cells (p53 ''') were transfected with p53 alone or in 
combination with Mut PML (Mut1) and Mutt. Colonies were stained with crystal violet and 
counted 15 days after transfection. Data in the graph are expressed as mean percentage of 
increase in colony formation over the control (p53-only transduced cells) ± standards deviations 
of three independent experiments.

Interestingly, experiment indicted that Mut2 inhibits p53 growth suppressive function 

promoting the formation of a significantly higher number of colonies as compare to 

cells transduced with p53 alone. Thus, Mut2 inhibits p53 function, albeit it is not as 

potent as Mut1, probably in a transcription-independent manner. These intriguing 

findings support the hypothesis that Mut PML inhibits p53 at different levels, thus 

suggesting that additional levels of complexity exist.
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3.3 Discussion

When taken together, data presented in this chapter demonstrate that: (i) Mut PML 

affects the localization of PML-NB components, (ii) impairs p53-dependent 

transcription and cell death and (iii) alters the induction of oncogene-induced 

senescence in mouse primary cells, thus providing the first evidence of a potential 

transforming potential of PML cytoplasmic proteins.

Intriguingly, data presented in this chapter indicate that cytoplasmic Mut PML can 

counteract p53 tumour suppressive functions in different experimental settings, thus 

suggesting that aberrant PML cytoplasmic proteins may function in promoting rather 

than blocking tumour formation. In line with this, PML cytoplasmic delocalization was 

observed in some human cancers (Chan et al., 1998; Terris et al., 1995). The absence 

of a direct interaction between p53 and Mut PML implies that an indirect mechanism 

accounts for the observed effects. As a matter of fact, a possible explanation for the 

repressive functions of Mut PML could be ascribed to the cytoplasmic hijacking of p53 

nuclear co-activators. Confocal analysis revealed that Mut PML was able to relocate 

specific PML-NB components to the cytoplasm both in fibroblasts and haematopoietic 

cells. Specifically, exogenous and endogenous PML were sequestered in the 

cytoplasm in the presence of Mut PML. In accordance with this, the total number of 

PML-NB was reduced in Mut PML-expressing cells. Further analysis identified the 

acetyltransferase CBP, another PML-NB component, together with Mut PML in PML- 

CBs. In light of the importance of both PML and CBP in controlling p53 activity, it is 

conceivable that Mut PML may have a profound impact on some of the tumour 

suppressive pathways regulated by the PML-NB. In this regard, it has recently been 

shown that PML-NBs undergo physiological re-organization during the cell cycle 

including changing in number, shape and composition (Dellaire et al., 2006a; Dellaire
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et al., 2006b). In fact, a large portion of PML is found organized in cytoplasmic bodies, 

referred to as mitotic accumulation of PML protein (MAPP), in the early G1 phase of 

the cell cycle. Notably, MAPP domains are qualitatively divergent from PML-NB. 

Nevertheless, it is still unclear what is the exact role of MAPPs, whether they simply 

represent a transient depot for the recycling of PML proteins until the mid-G1 phase 

when reorganization of the PML-NB is completed, or whether they also bare 

cytoplasmic functions. To test whether Mut PML interferes with p53 functions, the 

transcriptional activity of p53 was assayed in the presence of Mut PML. Transcriptional 

assays using a GADD45 reporter construct suggested that the ability of p53 to activate 

the transcription of target genes was severely reduced in the presence of Mut PML. 

Importantly, the over-expression of nPML could rescue the inhibitory effect of Mut PML 

on p53, thus suggesting that the two proteins could counteract each other’s function. 

However, a more detailed analysis of p53 transcriptional activity is needed. For 

instance, it will be important to assess whether Mut PML has a general effect on p53 

transcription or selectively inhibits only some p53 target genes. This will definitely 

corroborate the data obtained by using the artificial GADD45 reporter assay. In line 

with its tumour suppressive properties, the main p53 functions are indeed as a 

negative regulator of the cell cycle, via p21 and GADD45 or pro-apoptotic factor, for 

instance inducing Bax levels. Furthermore, PML is itself a target gene of p53, adding 

another level of complexity to the whole process. The effects of Mut PML expression 

on the growth suppressive functions of p53 were then tested. Remarkably, Mut PML 

was able to significantly diminish the growth suppressive functions of p53 in colony 

forming assays, to an extent similar to HDM2, which is one of the major negative 

regulators of p53 (Kubbutat et al., 1997). The absence of a direct interaction between 

p53 and Mut PML implies that an indirect mechanism accounts for the observed 

effects. As a matter of fact, it is reasonable to believe that Mut PML may negatively 

influence p53 activity possibly through cytoplasmic hijacking of p53 nuclear co
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activators. Nevertheless, it cannot be ruled out that Mut PML may also affect p53 

transcriptional-independent functions. This possibility is further supported by interesting 

data obtained using Mut2, which inhibits p53 growth suppressive functions in a 

transcriptional-independent manner, thus suggesting that different levels of complexity 

exist. Interestingly, it has been shown that the cytoplasmic portion of p53 possesses an 

important role in triggering apoptosis in response to stress stimuli. In this regard, it can 

be hypothesized that Mut PML alters the function of PUMA (p53-up-regulated modifier 

of apoptosis) a specific p53 transcriptional target gene, in response to cellular stimuli. 

Notably, PUMA has been shown to couple the nuclear and cytoplasmic pro-apoptotic 

functions of p53. In this regard, the analysis of PUMA transcriptional rate and protein 

levels would certainly provide more insights into this aspect. Finally, it is also evident 

that Mut PML affects p53 functions in physiological settings. Indeed, a significant 

defect in the activation of oncogene-induced senescence was observed in mouse 

fibroblasts expressing an oncogenic form of RAS together with Mut PML as compared 

to RAS-only infected cells. The ability of Mut PML to relocate important p53 co

activators to the cytoplasm may represent an important inhibitory mechanism. In fact, 

the inhibition of post-translational p53 modification may result in a profound defect of 

p53 activity. From another standing point, it could be also envisaged that the 

expression of Mut PML could alter the apparatus responsible for the maintenance of 

the genomic integrity. In this respect, a connection between DNA damage and 

senescence following oncogenic stress has recently been described (Di Micco et al., 

2006). Indeed, experimental evidence indicates that oncogenic activation triggers a 

transient hyper-proliferative phase that in turn results in generation of stalled replication 

forks. These stalled forks activate a DNA damage response resulting in the induction of 

senescence. These findings suggested that senescence cells may also be arrested in

S-phase, thus it would be interesting to analyze whether during RAS-induced 

senescence Mut PML preferentially alter the G1 or the S-phase checkpoints. In this
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regard, it has been reported that cells challenged with oncogenes (for instance Ras) 

accumulated partly replicated DNA, thus indicating a critical role of the S-phase 

checkpoint in the induction of senescence (Di Micco et al., 2006). Evidence coming 

from another study suggest that the number of PML-NBs can change during the cell 

cycle: more PML-NBs are found in S phase and in response to cellular stress, such as 

DNA damage (Dellaire et al., 2006b). Albeit a direct connection has not yet been 

established, it is plausible that oncogene-induced senescence and S-phase control of 

PML-NB are co-regulated. In accordance, some essential molecular players, such as 

CHK2 and ATM are involved in both processes. Yet, it would be intriguing to 

investigate the role of PML-NB in senescence induced by DNA-damage and whether 

Mut PML can impair the function of the S-phase checkpoint. It would be also 

interesting to check whether in Mut PML expressing cells the phosphorylation status of 

H2AX, a checkpoint marker, is affected (Hovest et al., 2006). Another intriguing aspect 

to consider is how Mut PML expression can affect the regulation of the tumour 

suppressor protein pRB. pRB acts as a main gatekeeper of the cell cycle, colocalizes 

with and is in part regulated by nPML (Alcalay et al., 1998; Bischof et al., 2002; 

Labbaye et al., 1999). PML contributes to maintain pRB in its hypophoshorylated state, 

so that, it can inhibit E2F function and block the G1/S transition. In this regard, it is 

conceivable that in addition to p53, Mut PML may also directly or indirectly impair the 

function of pRB, for instance by modifying its phosphorylation status. Importantly, it has 

been shown that the adenoviral oncoprotein E1A can cooperate with activated Ras to 

bypass the induction of senescence, thus promoting transformation (Deng et al., 2005). 

Specifically, E1A overrides RAS-induced senescence by interfering with the activities 

of both pRB/p16 and CBP/p300 pathways. Analysis of the effect of Mut PML on 

oncogene-induced senescence in human cells will also be very important. As a human 

cell model of oncogene-induced senescence has been described, namely IDH4 cells 

(Jiang and Ringertz, 1997), it will be worth exploring the function of Mut PML in this
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system to gain more functional insights. Furthermore, our laboratory has recently 

demonstrated that PML regulation of pRB function is of crucial importance for the 

general homeostasis of the progenitor/stem cell niche in the nervous system (Regad, 

T, Bellodi, C, Nicotera, P, and P Salomoni, submitted manuscript). In neuronal 

progenitors/stem cells in the developing neocortex, in progenitors of the gut and bone 

marrow, PML loss results in profound deregulation of cellular proliferation (Regad, T, 

Bellodi, C, Nicotera, P, and P Salomoni, submitted manuscript). At least in neural 

progenitor/stem cells this event appears to depend on pRB deregulation. Indeed, the 

lack of PML is accompanied by hyperphosphorylation and subsequent inactivation of 

pRB, thus leading to unrestricted proliferation of the progenitor/stem cells. In 

haematopoietic tissue, this may lead to the exhaustion of the pluripotent stem cell 

population, thus altering the ability to produce the different blood cellular elements.

Taken together, data presented in this chapter demonstrate that Mut PML: (i) affects 

the localization of PML-NB components, (ii) impairs p53-dependent transcription and 

cell death and (iii) alters the induction of the oncogene-induced senescence in mouse 

primary cells, thus providing the first evidence showing that PML cytoplasmic proteins 

favour cellular transformation. However, future investigations are needed in order to 

explore this possibility and gain more molecular mechanistic insights into the functions 

of cytoplasmic PML proteins.
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Chapter 4
“Mutant PML and PML-RARa cytoplasmic functions in APL”
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4.1 Introduction

In the previous chapter the effects of Mut PML have been tested in respect to the 

activity of nPML and p53. Collectively data demonstrated that Mut PML inhibits the 

growth suppressive functions of p53 through the cytoplasmic sequestration of nPML. 

Nevertheless, it remains unclear whether Mut PML possesses additional function in 

APL cells. In this chapter we will try to address this outstanding question primarily 

trying to investigate whether Mut PML and PML-RARa cooperate in promoting 

leukaemogenesis. Specifically, we will study the effect of Mut PML on the localization, 

the regulation and the activity of PML-RARa by co-expressing the two proteins in both 

fibroblasts and haematopoietic cells. These experiments will possibly provide a 

mechanistic explanation for the very aggressive form of leukaemia described in the 

APL patients carrying PML missense mutations (Gurrieri et al., 2004b). In the second 

part of this chapter, we will try to understand whether PML-RARa bears cytoplasmic 

functions and how these contribute to leukaemogenesis. To date, there is no clear 

evidence suggesting that PML-RARa localizes to the cytoplasm in leukaemic cells. 

Indeed, the only data describing PML-RARa in the cytoplasm have been obtained 

overexpressing the fusion protein in cell lines (Kastner et al., 1992; Perez et al., 1993). 

Furthermore, the majority of the functional studies on PML-RARa both in vitro and in 

vivo have been conducted using the bcrl isoform, which is for the most part nuclear. In 

contrast, the functions of the short form, bcr3, have not been investigated in depth. 

Remarkably, this isoform lacks the NLS of PML and is predicted to acquire a more 

pronounced cytoplasmic localization as compared to bcr-1. A number of studies have 

suggested that bcr3 expression is associated with poorer prognosis as opposed to the 

bcr-1 isoform (Huang et al., 1993; Jurcic et al., 2001; Vahdat et al., 1994). This is still a 

very controversial matter in the field of APL. To address these important questions, we
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will take advantage of a cytoplasmic mutant of PML-RARa to investigate the role of the 

fusion protein outside the nucleus in the absence of chromatin remodelling events. 

Altogether, data presented in this chapter will possibly clarify some of the dogmas in 

the APL field and reveal new fascinating insights into the molecular mechanisms 

contributing to leukaemogenesis.

4.2 Results

4.2.1 Mut PML colocalizes and interacts with PML-RARa

As described in the previous chapter, two missense mutations in the pml allele not 

involved in the specific translocation t(15; 17) have been identified in APL patients. 

Patients carrying the mutations experienced a very aggressive disease (Gurrieri et al., 

2004b). It is conceivable that the presence of Mut PML may somehow modulate the 

functions of PML-RARa. Notably, PML-RARa is a strong inhibitor of the RARa/RXRa 

nuclear receptor complex, thus impairing the transcription of RA-responsive gene and 

the RA-dependent differentiation. Thus, it is possible that Mut PML may contribute to 

PML-RARa-dependent inhibition of RA activities within the leukaemic cells. In addition, 

as both Mut PML and PML-RARa retain the RBCC domain of PML at their N-terminal 

portion, which mediates proteins interactions, it is likely that the two proteins interact 

and form heterodimers. To test this, the cellular localization of Mut PML and PML- 

RARa was studied in primary fibroblasts (BJ) co-infected with retroviruses encoding for 

the two proteins (Figure 4.2.1 A). Interestingly, confocal analysis indicated that a portion 

of cytoplasmic PML-RARa colocalized with Mut PML (Figure 4.2.1 A).
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Figure 4.2.1A Mut PML colocalizes with PML-RARa in PML-CB. Human primary fibroblasts 
were co-infected with PML-RARa and HA-tagged Mut PML retroviruses. Cells were stained with 
anti-RARa (green) and anti-HA (red) antibodies. Nuclei were counterstained with DAPI (blue). 
Yellow speckles in the merge image (right) represent colocalization between the two proteins.

Furthermore, immunoprecipitation experiments were conducted in 293T and BJ cells 

by co-transfecting PML-RARa and a HA-tagged version of Mut PML in order to prove 

the interaction between the two proteins. In both cell lines a band corresponding to 

PML-RARa appeared in the anti-HA immunoprecipitates from cotransfected cells, 

although this interaction was less pronounced in BJ cells. These differences probably 

reflect the method used to transduce the proteins. Indeed, while 293T cells were 

transiently transfected, BJ cells were stably transduced via retroviral infection. 

Nevertheless, these finding convincingly demonstrated that Mut PML and PML-RARa 

directly interact. It is conceivable that the two proteins homodimerize through their 

RING and coiled-coil domains as reported for many TRIM fam ily members (Meroni and 

Diez-Roux, 2005; Reymond et al., 2001) (Figure 4.2.1 B).
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Figure 4.2.1 B Mut PML interacts with PML-RARa. Interaction between Mut PML and PML- 
RARa was tested in co-immunoprecipitation experiments by transducing 293T and BJ cells with 
combinations of expressing vectors encoding for the two proteins, as indicated above in the 
panels. Right panels, anti-HA immunoprecipitates (IP) from 293T (top) and BJ (bottom) cells 
were probed using an anti-RARa antibody. 1/10 of the total lysate was loaded as a control for 
protein expression (left panels). Mut PML and PML-RARa bands are pointed by black arrows, 
whereas, asterisk indicates non-specific bands. Molecular weight are reported on the left
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4.2.2 Mut PML potientates PML-RARa block of ATRA-dependent

transcription

As aforementioned, PML-RARa is able to negatively affect the activity of RA on 

responsive nuclear receptor complexes, such as RARa/RXRa. Thus, in order to test 

whether Mut PML cooperates with PML-RARa in blocking RA-dependent transcription, 

transcriptional assays were performed in COS-1 cells by using a reporter vector, 

referred to as DR5-Luc, which had the open reading frame (ORF) of the firefly 

luciferase (Luc) under the control of a promoter containing multimeric repeats of DR5, 

the retinoic acid responsive element (RARE) modular sequence specific for the 

RARa/RXRa nuclear receptor.

Figure 4.2.1A Mut PML potentiates PML-RARa inhibition of RA-dependent transcription.
To assess the effect of the coexpression of Mut PML and PML-RARa on RA-induced 
transcription, three independent transcriptional assay experiments were performed in COS-1 
cells. Cells were transduced with a combination of a DR5-luciferase reporter along with PML- 
RARa and Mut PML as indicated below the graph, and cultured for 24 hours in the absence 
(white) or presence of 0.1 iaM of ATRA. p-galactosidase (P-gal) activity of a p-gal control vector 
was used to normalize the luciferase intensity in each sample. Data are mean ± SEM of three 
independent experiments expressed as fold induction over the value of the untreated control 
sample.
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As expected the activity of DR5-Luc reporter was nicely induced by ATRA in control 

cells (10.4 ± 0,6 fold) and strongly inhibited in the presence of PML-RARa (3,1 ± 0,3). 

Interestingly, the expression of Mut PML potentiates the inhibitory activity of PML- 

RARa (1,9 ± 0,1) (Figure 4.2.2A).

4.2.3 Mut PML inhibits ATRA-dependent down-modulation of PML-RARa

To uncover the mechanisms by which Mut PML exacerbates the inhibitory functions of 

PML-RARa, the effect of Mut PML expression on PML-RARa stability was analyzed in 

the presence of ATRA and As20 3, two chemotherapeutic agents that, at 

pharmacological doses (pM concentrations), can induce the degradation of the fusion 

protein and are used for treating APL patients.

ATRA
PR + + + +  + +

Mut PML 1 *  1/4 1/6

110 kDa

47 kDa 

47 kDa

PR 

Mut PML 

Actin

Figure 4.2.3A Mut PML inhibits ATRA-mediated downmodulation of PML-RARa.
Cos-1 cells were co-transduced with HA-tagged PML-RARa (PR, 1.6 ng) and two different 
amounts of Myc-tagged Mut PML: 1/4 and 1/6, respectively. Cells were cultured for 24 hours 
with or without 0.1 ^M ATRA and protein levels were assessed using anti-HA (top) and anti-Myc 
(middle). Actin was used as loading control (bottom).

COS-1 cells were co-transduced with PML-RARa along with different amounts 1/4 or 

1/6 of Mut PML. Cells were cultured in the presence of pharmacological concentrations
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of ATRA and As20 3 and the levels of the proteins were measured. Surprisingly, 

expression of Mut PML resulted in impaired PML-RARa down-modulation in the 

presence of ATRA at both 1 fiM and 0.1 pM (Figure 4.2.3A and not shown). In 

contrast, Mut PML did not influence the As20 3-mediated degradation of PML-RARa 

(Figure 4.2.3B).

PR 
Mut PML

ASA  
+ + + +  + +

1/4 1 *  1/4 1 *

PR

Mut PML 

Actin

Figure 4.2.3B Mut PML does not inhibit As20 3-mediated downmodulation of PML-RARa.
Cos-1 cells were co-transduced with PML-RARa and Mut PML as described above. Cells were 
cultured for 24 hours with 1 |uM arsenic trioxide. Protein levels were analyzed probing the 
membranes with the relevant antibodies as aforementioned.

A s20 3 is known to induce SUMOylation of the lysine K160 in the PML portion of PML- 

RARa, and this event is thought to mediate the recruitment of the 11S subunit o f the 

proteasome, thus causing the proteasomal-mediated degradation of the protein 

(Lallemand-Breitenbach et al., 2001). In line with this, As20 3 also caused the down- 

regulation of Mut PML levels, thus explaining its lack of protection (Figure 4.2.3B). 

Notably, As20 3-induced degradation of Mut PML is PML-RARa-independent as the 

protein is degraded also in the absence of the fusion protein (not shown). In fact, Mut 

PML retains the critical lysine, K160 required for SUMOylation and proteasome-
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dependent degradation (Kamitani et al., 1998b; Lallemand-Breitenbach et al., 2001). 

This also suggests that the interaction between Mut PML and PML-RARa does not 

affect the binding of the specific E3 ubiquitin ligase in response to As20 3.

4.2.4 Mut PML inhibits ATRA-dependent down-modulation of PML-RARa

To determine the effect of Mut PML on RA-dependent differentiation, Mut PML 

retroviruses were used to infect NB4 cells, which endogenously express PML-RARa 

but do not express NE (Figure 4.2.4A left panel). In agreement with the data obtained 

using fibroblasts, immunofluorescence analysis reveals that also in these cells Mut 

PML and PML-RARa partially colocalized in cytoplasmic bodies (Figure 4.2.4A right 

panel).

PML-RARa Mut PML Merge

Figure 4.2.4A Mut PML colocalizes with PML-RARa in NB4 cells. NB4 cells were infected 
with HA-tagged Mut PML retroviruses, cytospun and stained with anti-RARa (green) anti-HA 
(red) antibodies. Nuclei were counterstained with DAPI. The cytoplasmic colocalization between 
the two proteins is indicated with white arrows.

Accordingly, subcellular fractionation studies indicated that PML-RARa equally 

distributed between the nuclear and cytoplasmic fractions, whereas, as expected, Mut 

PML accumulated exclusively in the latter (Figure 4.2.4B).
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PML-RARa 
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Figure 4.2.4B PML-RARa is equally distributed in the nucleus and cytoplasm of NB4 
cells. NB4 cells were infected with Mut PML as previously described and protein levels were 
analyzed in the nuclear and cytoplasmic fraction by western blot. Membranes were probed with 
an anti-PML antibody and tubulin was used as loading control.

Thus, vector and Mut PML-expressing NB4 cells were cultured in the presence of 0.1 

and 1 pM ATRA and the percentage of cells undergoing granulocytic maturation was 

assessed by measuring the levels of the myelomonocytic marker CD11b (Figure 

4.2.4C).
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Figure 4.2.4C Mut PML inhibits RA-dependent differentiation in transduced NB4 cells. 
Top: NB4 cells were infected with Mut PML and culture in the presence or absence of either 
vehicle or 0.1 (top) /1 (bottom) pM ATRA. Differentiation was measured by using fluorescent 
activated cell sorter (FACS), staining the cells with FITC conjugated anti-CD11b antibody, 
which targets the granulocytic-monocytic maturation marker CD11b. Black trace represents 
untreated control cells. Bottom: histogram showing the percentage of cells undergoing terminal 
differentiation in NB4 cells infected with vector (Babe) or Mut PML retroviruses cultured for 4 
days in the presence of 0.1 and 1 ^M ATRA. Percentages were calculated as number of CD11b 
positive cells over the total number of cells in each sample. Measurements were performed 
plotting the side scatter (SSC) signal over the intensity of the fluorescence 1 channel (FL1). 
Data is from one experiment representative of two repeats.
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Remarkably, the fluorescence-activated cell sorting (FACS) analysis demonstrated that 

the number of CD11b-positive cells was significantly reduced in the presence of Mut 

PML as compared to control cells at both concentrations of ATRA (Figure 4.2.4D).

Overall these data demonstrated that Mut PML synergizes with PML-RARa and 

worsens the inhibitory effects of the fusion protein on RA-dependent transcription and 

differentiation. Specifically, our findings suggest that Mut PML interacts with PML- 

RARa, counteracting the degradation induced by ATRA. The net result is the 

stabilization and the potentiation of PML-RARa inhibitory functions. Another possibility 

is that Mut PML modulates the SUMOylation of PML-RARa, a modification that has 

been shown to be indispensable for PML-RARa-transforming capability (Zhu et al., 

2005). This requires further investigation.
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4.2.5 Cytoplasmic PML-RARa inhibits the response to RA

Previous studies showed that PML accumulated in the cytoplasm in the majority of 

primary leukaemic cells derived from APL patients that were not yet treated with 

chemotherapeutic agents (Daniel et al., 1993). Furthermore, PML-RARa over

expression was also reported to accumulate in the cytoplasm (Figure 4.2.1 A) (Kastner 

et al., 1992; Perez et al., 1993). Our confocal and subcellular fractionation studies 

confirmed that PML-RARa evenly accumulated both in the nucleus and in the 

cytoplasm of NB4 cells, which endogenously express the fusion protein (Figure 4.2.4A- 

B). Nevertheless, to date, very little is known on the consequences of cytoplasmic 

localization of PML-RARa. Yet, it is still unclear whether PML-RARa accumulates in 

the cytoplasm in vivo and whether this event contributes to transformation and 

leukaemogenesis. To answer these questions, two mutants of PML-RARa, isotype 

bcrl, were generated by site-direct mutagenesis of the nuclear localization sequences 

(NLS). Indeed, it has been proposed that PML-RARa cellular localization relies on the 

presence of two NLS, of which one is found in the PML portion and the other in the 

RARa portion (Figure 4.2 .5A).

b c r l P M L-R A R a  

A l P M L-R A R a

Exon 1-3 4 5 6

RING B1 B2 COIL-COIL RAR alpha
NLS NLS

RING B1 B2 COIL-COIL RAR alpha

NLS

A2 P M L-R A R a  r in g  b i B2 c o i l - c o i l RAR alpha

Figure 4.2.5A Generation of PML-RARa cytoplasmic mutants.
Scheme depicting P M L-R A R a and its NLS-depleted mutants. Top the structure of bcrl PM L- 
R A R a (top). Note that the bcrl isoform retains two NLS. The PML NLS or both PML and R A R a  
NLS were mutated to generate the A1 and A2 PM L-R A R a mutants, respectively.
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A single (A1PR or A1) and a double (A2PR or A2) of PML-RARa were generated and 

their subcellular distribution was analyzed in retrovirally infected COS-1 and U937 cells 

by immunofluorescence (Figure 4.2.5B).

wt PR A1 PR A2 PR

W

Figure 4.2.5B PML-RARa NLS mutants localize to the cytosol in PML-CB.
COS-1 (top panels) and U937 (bottom panels) cells were transduced with retroviruses for the 
bcrl and the two NLS mutants, A1 and A2, isotypes of PML-RARa. The cellular distribution of 
the proteins was studied by confocal microscopy. Cells were fixed and stained with anti RARa 
(green) antibody. Nuclei were counterstained with DAPI.

Immunofluorescence analysis revealed that A2 was exclusively localized to the 

cytoplasm (Figure 4.2.5B left panels). In contrast, the wild type PML-RARa
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accumulated in the nucleus only or in the nucleus as well as in the cytoplasm, as 

previously described (Alcalay et al., 1992)(Figure 4.2.5B right panels). Intriguingly, the 

single NLS mutant, A1, predominantly accumulated in the cytoplasm, thus suggesting 

that the NLS retained in the PML portion controls the nuclear distribution of PML-RARa 

(Figure 4.2.5B middle panels). To gain more insight into the cytoplasmic functions of 

PML-RARa, the response to ATRA was tested in cells transduced with A2. Firstly, the 

effect of the two cytoplasmic PML-RARa mutants on RA-dependent transcription was 

tested in COS-1 cells.
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Figure 4.2.5D Cytoplasmic mutant of PML-RARa inhibits ATRA-dependent transcription.
COS-1 cells were transiently transduced with a DR5-Luc reporter vector along with bcrl PML- 
RARa (PR) or its double NLS mutant A2. Cells were cultured in the absence or presence of 0.1 
liM ATRA for 24 hours, p-galactosidase (p-gal) activity of a p-gal control vector was used to 
normalize the luciferase intensity in each sample. Data show mean ± SEM of three independent 
experiments expressed as fold induction over the value of the untreated control sample.

As expected wild type b c rl PML-RARa strongly blocked (3.8 + 0.1) the activity of a 

DR5 luciferase reporter vector (14.2 ± 0.9) in response to 0.1 |iM RA (Figure 4.2.5C). 

Surprisingly, ATRA-dependent transcriptional activation was also clearly inhibited in
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the presence of A 2, although to a lesser extent (6.4 ± 0.9) than b c rl (Figure 4.2.5C). 

Accordingly, A1 displayed a comparable inhibition of the DR5-Luc reporter activity in 

response to ATRA (not shown). These findings support the intriguing possibility o f the 

presence of an additional inhibitory circuitry governed by PML-RARa. These 

alternative pathways may act in parallel to the nuclear chromatin remodelling activity 

thus complementing the oncogenic potential of the fusion protein. Furthermore, the 

mechanism underlying the inhibitory activity of A2 was studied. As suggested by the 

data described earlier in this chapter, cytoplasmic localization may result in a 

diminished RA-mediated degradation. Thus, the levels PML-RARa and A 2 were 

analyzed in the same extracts prepared from the transcriptional assays in the presence 

or absence of ATRA (Figure 4.2.5E).

PR A2 PR
ATRA

110 kDa PML-RARa

Figure 4.2.5E Cytoplasmic PML-RARa is more resistant to RA-induced degradation.
Cellular extracts from the transcriptional assays described above (Figure 4.2.5D) were analyzed 
by Western blot. Protein levels of PML-RARa and A2 (A2 PR) were measured in transduced 
cells cultured in the presence or absence of 0.1 ATRA by using an anti-RARa antibody. 
Extracts were normalized according to the p-galactosidase activity measured in each sample.

Interestingly, A 2 was not downmodulated in the presence of ATRA. By contrast, the 

levels of wild type PML-RARa were substantially reduced (Figure 4 .2 .5 E ) . This data 

implies that cytoplasmic localization may alter the degradation of PML-RARa. 

Alternatively, A 2 inhibitory activity could possibly rely on the protein ’s ability to relocate 

essential nuclear co-activators of RA-functions to the cytoplasm. Notably, a sim ilar 

functional mechanism has already been described for the APL-associated cytoplasmic
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mutant of PML, Mut PML (discussed in chapter 3). Importantly, previous studies 

showed that overexpression of PML-RARa led to the sequestration of the nuclear 

receptor component RXRa, the transcriptional partner of RARa (Mangelsdorf and 

Evans, 1995), into aberrant nuclear and cytoplasmic foci (Perez et al., 1993). 

Specifically, PML-RARa mediated sequestration of RXRa also impairs the activity of 

many nuclear receptor complexes. Indeed, it has been shown that beside RARa, PML- 

RARa also affects the functions of the vitamin D3 receptor (VDR) and the thyroid 

hormone receptor (TR) (Perez et al., 1993). These findings suggested that the 

inhibition mediated by PML-RARa of the nuclear receptors could possibly account for a 

combination of nuclear and cytoplasmic repressive events. However, the function of 

cytoplasmic PML-RARa was still unclear. Thus, to clarify this point, exogenous and 

endogenous RXRa cellular distribution was analyzed in the presence or absence of A2 

using fluorescence microscopy. Remarkably, A2 caused a clear relocation of both 

endogenous and exogenous RXRa into PML-CB (Figure 4.2.5F). Conversely, in 

control cells RXRa displayed an almost exclusively nuclear diffused distribution and 

did not show accumulation in cytoplasmic speckles (Figure 4.2.5F and not shown).

A2 RXRa

Figure 4.2.5F RXRa is delocalized to PML-CB by cytoplasmic A2 PML-RARa.
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Cytoplasmic PML-RARa causes the RXRa relocation to PML-CB. COS-1 cells were transduced 
with HA-tagged A2, fixed and stained with anti-HA (red) and anti-RXRa (green) antibodies. 
Nuclei were counterstained with DAPI. Slides were analyzed by using a confocal microscope.

To determine whether the cytoplasmic delocalization RXRa is required fo r the 

transcriptional inhibition mediated by A 2, a mutated version o f A 2 lacking the ability to 

interact with RXRa was generated. More precisely, the essential residues involved in 

RXRa binding (Zhu et al., 2 0 0 5 ), the methionine (M) at position 883 and the threonine 

(T) at position 886 were mutated into arginine (R) to generate the A 2 M883R/T886R 

mutant unable to bind RXRa.

o
□  CTRL 
■  ATRA 0 1 nM

DR5-Luc + + +
A2 +

A2 M883R/T886R +

Figure 4.2.5G RXRa binding is important for A2-mediated RA-dependent transcription.
RXRa is important for A2 inhibition of RA transcription. Mutation of M883R and T886R impair 
the RXRa binding ability of A2. The activity of a DR5-Luc reporter was assessed along with A2 
or A2 M883R/T886R (mutant unable to bind RXRa) in transduced cells cultured in the absence 
or presence of 0.1 pM ATRA for 24 hours, p-galactosidase (p-gal) activity of a p-gal control 
vector was used to normalize the luciferase intensity in each sample. Data are mean ± SEM of 
three independent experiments expressed as fold induction over the value of the untreated 
control sample.

Subsequently, the transcriptional properties of A2 M883R/T886R were tested in the 

presence or absence of ATRA in COS-1 cells. Interestingly, the A 2 M883R/T886R was 

less potent in inhibiting RA-dependent transcription (6.8 ± 0.1) as compared to the
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original A2 (3.8 ± 0.1), thus suggesting that recruitment of RXRa is at least in part 

required for transcriptional repression (Figure 4.2.5G). Indeed, as the rescue of RA- 

dependent transcription is incomplete there is the possibility that additional alternative 

mechanisms might be involved. To further corroborate these findings, the activity of 

vitamin D3 (VD3), which relies on the function of RXRa (Mangelsdorf and Evans, 1995), 

was analyzed. Notably, it has been shown that VD3-dependent transcription is inhibited 

by PML-RARa (Grignani et al., 1993b), thus it is plausible that also A2 may have a 

similar effect. Indeed, transcriptional assays carried out in the presence or absence of 

1 pM dihydroxyvitamin D3 using a VDR luciferase reporter vector, specific for the VDR- 

RXRa nuclear receptor, revealed that A2 (1.2 ± 0.4) blocked VD3-dependent 

transcription as efficiently as PML-RARa (1.1 ±0 .1 ) (Figure 4.2.5H).

o 25 □  CTRL 
■  VD3

VDR-Luc

Figure 4.2.5H A2 inhibits vitamin D3 (VD3)-induced transcription. The activity of a VD3 
responsive (VDR)-luciferase reporter was tested in COS-1 transduced cells alone or in 
combination with bcrl PML-RARa or A2. Cells were cultured with 1 pM VD3 for 24 hours and 
luciferase was measured in the extracts, p-galactosidase (p-gal) activity of a p-gal control vector 
was used to normalize the luciferase intensity in each sample. Data show are mean ± SEM of 
three independent experiment expressed as fold induction over the value of the untreated 
control sample.
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4.2.6 Cytosolic PML-RARa inhibits differentiation of haematopoietic cells

Retinoids are potent inducers of differentiation, an effect that is associated with the RA- 

dependent inhibition of cellular proliferation. Therefore, we theorized that in addition to 

transcription, A2 could also alter RA-induced differentiation. To test this, U937 cells, a 

promyelocytic tum our cell line that does not express PML-RARa, were transduced with 

control and A2 retroviruses. Subsequently, single cellular clones that expressed high 

levels of A2 were selected by clonal dilution of the total population of infected cells 

(Figure 4.2.6A).

Babe A2PR 
G1 G2 D 2 D 9

47 kDa

Figure 4.2.6A Cytoplasmic PML-RARa expression in retrovirally-transduced U937 cells.
U937 cells were infected with control (Babe) or HA-tagged A2 retroviruses. Cells were selected 
with puromycin and two clones for Babe (G1 and G2) and A2 (D2 and D9) were isolated by 
clonal dilution of the cells. Protein levels were measured in the extracts probing the membrane 
with anti-HA antibody.

Specifically, two clones for control (referred to as G1 and G2) and A2 (referred to as 

D2 and D9) were analyzed for their sensitivity to ATRA-induced differentiation (Figure 

4.2.6A-B).
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U937 clones monocytes
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Figure 4.2.6B Overview experimental settings to assess the effect of cytoplasmic PML- 
RARa on RA-induced differentiation.

To this end, cells were cultured in the presence or absence of ATRA for 4 days and 

differentiation was studied by morphological analysis of the cells and by measuring the 

levels of the myelomocytic marker CD11b, which is highly expressed on the cell 

surface of differentiated myeloid cells (Figure 4.2.6B). Strikingly, the morphology of 

ATRA-treated A2 cells was nearly indistinguishable from untreated cells, whereas 

vector-infected cells underwent to evident morphological changes (Figure 4.2.6C).
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Figure 4.2.6C Cytoplasmic PML-RARa impairs RA-induced differentiation. Morphological 
analysis of U937 cells transduced with empty vector (Babe) or A2 retroviruses. Cells were 
treated with vehicle or 0.1 ATRA for 4 days, cytospun and stained with hematoxylin-eosin 
(H/E). Arrows indicate: undifferentiated cells (blue), differentiated cells (red) and mitotic figures 
(green).

Indeed, empty vector (Babe) cells in the presence of ATRA became smaller than 

untreated cells, which is a direct effect of the differentiation. More precisely, the 

nucleus, big and round in promyelocytes (blue arrows), became indented with an 

evident bean-shape, that is typical of mature monocytes (Figure 4.2.6C, red arrows). 

Strikingly, proliferation was not substantially blocked by ATRA in A2 cells, which
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continue to proliferate even when treated with high concentrations of ATRA as 

demonstrated by the presence of mitotic figures in the cytospin preparation (Figure 

4.2.6C green arrows and not shown). These interesting morphological observations 

were corroborated by measuring the levels of expression of CD11b on the surface of 

the cells (Figure 4.2.6D).

G2/D9
A2PR Babe 

/

CD11b

G1/D2
a p p r  Babe

Figure 4.2.6D Cytoplasmic PML-RARa inhibits RA-dependent differentiation. A2-
expressing cells (D2 and D9) and control (G1 and G2) clones were treated with 0.1 |aM ATRA 
and analyzed for the expression of the differentiation marker CD11b. Flow cytometry traces of 
untreated (black), Babe control (green) and A2 (purple) cells stained with a FITC-conjugated 
anti-CD 11b antibody.
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Accordingly, a significant reduction, approximately 40%, of the percentage of mature 

cells (CD11b positive) was evident in both A2 cellular clones as compared to control 

cells that instead nicely expressed the marker on their surface (Figure 4.2.6E).

I] CTRL 
■  ATRA 0.1 pM

Babe Babe A2PR A2PR
G1 G2 D2 D9

Figure 4.2.6E Cytoplasmic PML-RARa inhibits RA-dependent differentiation. Histogram 
showing the percentage of CD11b-positive cells in control and D2 clones cultured in the 
presence or absence of 0.1 îM ATRA for 4 days as described above (Figure 4.2.6D). 
Percentages were calculated as number of CD11b positive cells over the total number of cells 
in each sample. Measurements were performed plotting side scatter (SSC) over the intensity of 
the fluorescence 1 channel (FL1). Data are average ± range of two independent experiments.

Altogether, these results suggest that cytoplasmic PML-RARa can interfere with the 

physiological function mediated by ATRA on transcription and development.
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4.2.7 bcr3 PML-RARa largely localizes to the cytoplasm and colocalizes 

with RXRa

As mentioned in the introduction, depending on the breakpoint in the PML gene two 

predominant variants of PML-RARa are found in APL patients, referred to as b c rl and 

bcr3. Notably, the bcr3 variant, also referred to as short PML-RARa, lacks the NLS 

retained in the PML portion and its properties, including its cellular distribution have not 

yet been thoroughly investigated. As previously discussed, a A1 mutant of PML-RARa, 

which also lacks the PML NLS, accumulated for the most part in the cytoplasm, thus 

suggesting that the PML portion dominates and regulates the cellular distribution of the 

fusion protein. Remarkably, A1 is structurally similar to bcr3 (Figure 4.2.7A).

Exon 1-3

bcr3  P M L-R A R a  

A1 P M L-R A R a

RING

RING

B1

B1

B2

B2

COIL-COIL

COIL-COIL

RAR alpha

NLS

RAR alpha

NLS

Figure 4.2.7A Schematic o f bcr3 PML-RARa and the single NLS mutant A1. bcr3 is the 
short isoform of P M L-R A R a which is expressed in patients carrying a translocation involving a 
breakpoint in the intron 3 of PML (top). Therefore in the resulting fusion protein PML exon 3 is 
translocated in frame with the R ARa portion. Notably, bcr3 lacks the NLS signal present in the 
exon 6 of PML. bcr-3 structure shows similarity with A1 mutant of bcr-1 P M L-R A R a in which the 
PML NLS sequence has been mutated. Interestingly, A1 expression results in a pronounced 
cytoplasmic distribution of the protein (as described in figure 4.2.5B).

Thus, it is plausible that as for A 1, bcr3 could also be predominantly found in the 

cytoplasm. To test this, bcr3 was transduced in COS-1 cells and the distribution of the 

protein was analyzed by confocal m icroscopy (Figure 4.2.7B). Indeed, the analysis of 

bcr3-expressing cells revealed that this isoform of PML-RARa accumulates mainly in 

cytoplasmic bodies (Figure 4.2.7B).
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Figure 4.2.7B bcr3 PML-RARa accumulates in the cytoplasm and delocalizes RXRa.
COS-1 cells were transduced with empty or HA-bcr3 PML-RARa expression vectors. Cells 
were fixed and probed with anti-RXRa (green) and anti-HA (red) antibodies. DAPI were used to 
counterstain nuclei and slides were analyzed by using a confocal microscope. Colocalization 
between bcr3 and endogenous RXRa is represented by the yellow-orange dots in the merge 
image (right bottom panel).

Importantly, both endogenous and exogenous RXRa was found relocated to the 

cytosol only in the presence of bcr3. Similarly, the co-expression of RXRa and bcr3 

confirmed that the two proteins colocalized in the cytoplasm (Figure 4.2.7B and not 

shown). In keeping with these finding, it can be hypothesized that bcr3 and A2 may 

share common inhibitory pathways. Thus, PML-RARa sub-cellular distribution was 

investigated in primary APL cells isolated from a patient carrying the translocation 

t(15; 17), which was carrying the bcr3 breakpoint. The type of breakpoint was assessed 

by RT-PCR as described elsewhere by Huang and collaborators (Huang et al., 1993) 

(not shown). Remarkably, sub-cellular fractionation of primary blasts clearly 

demonstrated that the majority of PML-RARa accumulated in the cytoplasmic fractions 

(Figure 4.2.7C). In addition, the analysis confirmed that also RXRa was distributed in 

the cytosolic fractions of primary APL cells (Figure 4.2.7C).
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Figure 4.2.7C bcr3 PML-RARa accumulates in the cytosolic fraction of primary APL cells.
APL cells isolated from a patient carrying the bcr3 translocation were fractionated into nuclear 
extracts (N.E.) and cytosolic fractions (total cytoplasmic extracts (C.E.)), pellet (P100) and 
supernatant (S100). Filters were probed with anti-RARa, anti-RXRa and lamin A/C anti
tubulin antibodies.

This is the very first evidence demonstrating that PML-RARa accumulates in the 

cytoplasm in vivo. For this reason, these data represent a key finding of this work and 

strongly support our hypothesis that cytoplasmic PML-RARa may alter transcription 

and differentiation independently from chromatin-remodelling phenomena.

156



4.3 Discussion

PML-RARa mediated leukaemogenesis is believed to occur mainly in the nucleus 

through alterations of the chromatin status, which, in turn, lead to dramatic changes in 

the transcriptome of the cells. However, limited information is available on alternative 

mechanisms that could contribute to transformation. The differentiation of malignant 

blasts and the remission of the disease in the patients can be achieved by supplying 

high levels of RA. For this reason, the regulation of PML-RARa is critical aspect in the 

treatment of this subtype of leukaemia. Some studies have reported that the RA- 

induced down-modulation of PML-RARa depends on whether or not PML-RARa was 

efficiently bound to the DNA (Zhu et al., 2005). Nevertheless, it is currently unclear 

whether the stability of the protein relies on its association with different cellular 

compartments. In the previous section the function of Mut PML, recently identified in a 

RA-resistant APL patient, was analyzed in respect to the PML-NB tumour suppressive 

functions. Nevertheless, it is not known whether Mut PML could function in the context 

of APL. Data presented here suggest that Mut PML could modulate the repressive 

functions of PML-RARa. Specifically, Mut PML and PML-RARa colocalize and interact 

in both adherent cells and malignant blasts. Surprisingly, Mut PML potentiates PML- 

RARa-mediated repression of RA-dependent transcription, thus suggesting that 

cytoplasmic localization of PML-RARa may function in the absence of a direct effect on 

chromatin. Furthermore, Mut PML augments the differentiation block exerted by PML- 

RARa in response to pharmacological concentrations of retinoic acid. In this regard, 

Mut PML hampers RA-mediated degradation of PML-RARa, thus providing a 

mechanistic explanation for the increased refractoriness to RA. Based on these 

findings, it can be theorized that Mut PML interferes with the proteasome-mediated 

degradation of PML-RARa, a phenomenon that is still poorly understood. 

Nevertheless, it cannot be ruled out that Mut PML may also affect other modifications
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of the fusion protein. In this regard, it has been recently demonstrated that sumoylation 

of PML-RARa is required for its transforming activity (Zhu et al., 2005). It would be 

therefore interesting to test whether Mut PML affects the SUMOylation status of PML- 

RARa. Furthermore, it has been shown that NE cleaves PML-RARa leading to the 

cytoplasmic accumulation of the PML portion. Interestingly, this proteolytic event 

appears to be required for leukaemogenesis (Lane and Ley, 2003). Thus, it would be 

important to test whether Mut PML is able to interfere with the function of NE or other 

proteases such as CG and PR3, thus preventing the cleavage and stabilizing PML- 

RARa. This aspect warrants more future investigations. As previously showed 

(Kastner et al., 1992; Khan et al., 2004; Koken et al., 1994; Perez et al., 1993), over

expression of PML-RARa results in both nuclear and cytoplasmic localization. One of 

the outstanding questions in the APL field is whether or not PML-RARa bears 

alternative functions. To address this question we generated a cytoplasmic mutant of 

the fusion protein, A2, by site direct mutagenesis of the nuclear localization sequences 

present in PML and RARa portions. Albeit, A2 almost exclusively localizes to the 

cytoplasm, still retains the ability to inhibit RA-dependent transactivation of a DR5- 

luciferase reporter. Indeed, A2 and the full-length PML-RARa display a comparable 

repressive activity of RA-induced transcription. Interestingly, A2 appears to be less 

sensitive to RA-dependent degradation than its bcrl counterpart, thus suggesting that 

cytoplasmic localization may hamper the RA-mediated proteasomal degradation of the 

fusion protein. However, more investigations are needed to clarify this aspect. 

Furthermore, we also found that RXRa, the nuclear receptor partner of RARa, is 

relocated and colocalizes with A2 in discrete cytoplasmic foci. Accordingly, previous 

studies proposed that cytoplasmic titration of RXRa results in its transcriptional 

inactivation (Perez et al., 1993). Interestingly, we found that A2-mediated sequestration 

of RXRa accounts for part of the repressive activities of this cytoplasmic isoform.
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Notably, a mutant of A2 unable to bind RXRa is less potent in repressing RA-mediated 

transcription. However, as the transcriptional rescue was not complete, there is the 

possibility that additional inhibitory mechanisms might be involved. Furthermore, we 

also found that ATRA-induced differentiation of U937 cells is impaired in the presence 

of A2. Indeed, A2 decreases the percentage of CD11b-positive differentiated cells by 

approximately 40% in the presence of pharmacological concentrations of RA. In 

addition, A2 also abrogates the growth suppressive functions of RA. In fact, A2 

expressing cells continue to proliferate even at very high concentrations of ATRA (1 

pM). Remarkably, we had the possibility to analyzed primary blasts derived from an 

APL patient carrying the bcr3 breakpoint. Biochemical analysis of these cells provided 

the first in vivo evidence showing that a large portion of PML-RARa is found in the 

cytoplasm. Notably, we were able to demonstrate that bcr3 PML-RARa and RXRa 

accumulates in the same cytoplasmic fractions in primary leukaemic cells. These 

findings are of paramount importance for our hypothesis and contribute to clarify the 

mechanisms underlying PML-RARa-dependent leukemogenesis.
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Chapter 5
“PML-RARa cytoplasmic functions in myeloid progenitor and primary haematopoietic

stem cells”
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5.1 Introduction

In the previous chapter two major findings have been achieved: i- the first evidence of 

cytoplasmic accumulation of PML-RARa in vivo and ii- the demonstration that PML- 

RARa is also able to inhibit RA-dependent transcription and differentiation from the 

cytoplasm. Altogether these data strongly support our hypothesis. As the majority of 

the data has been so far obtained by using cell lines, it would be extremely important to 

assess whether these observations can be confirmed in physiological settings. 

Therefore, in this chapter we will test the function of A2 in i- a non-tumorigenic murine 

cellular model, 32Dcl3 myeloid precursor cell line (32D) (Valtieri et al., 1987) and ii- in 

primary haematopoietic progenitors cells. In particular, proliferation and differentiation 

can be modulated in 32D cells, by culturing the cells in the presence of two different 

cytokines: interleukin-3 (IL-3) and the granulocytic-colony stimulating factor (G-CSF), 

respectively. IL-3 induces the cells to proliferate and its removal from the culture media 

triggers caspase-dependent apoptosis (Hamilton et al., 2001; Valtieri et al., 1987). 

Alternatively, cells can be differentiated into mature granulocytes within 5 to 10 days in 

the presence of G-CSF, which is indeed a potent inducer of granulocytic differentiation 

in both human and murine bone marrow cells (Figure 5.1 A).

Granulocytic differentiation

I
Death

*

Figure 5.1A 32D cellular model.
32D cells consist of mouse myeloid precursor cells that grow in IL-3 dependent manner. Cells 
cultured in the presence of G-CSF differentiate in mature granulocytes within 5 to 10 days. 
Alternatively, if IL-3 is removed from the culture, cells undergo apoptosis.
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Notably, the kinetics of differentiation of these cells mimics the physiological process 

occurring in the normal marrow. For this reason, we decided to use 32D cells as a 

model to study the effects of A2 on myeloid differentiation. As previously mentioned, no 

information is available on the leukaemogenic potential of bcr3 PML-RARa in vivo. 

Indeed, all animal models of APL currently available have been generated using bcrl 

isoform (Rego and Pandolfi, 2001; Westervelt et al., 2003). Thus, in the second part of 

this chapter, we will analyze the effect of A2 on primary haematopoietic murine 

progenitors. In adult mammals, all the cellular elements of the blood arise from somatic 

haematopoietic stem cells (HSCs) residing in the bone marrow. HSCs possess the 

unique property of self-renewal and also, through cell division and differentiation give 

rise to progenitor cells committed toward all the main haematopoietic lineages. 

Importantly, progenitors cells are referred to lineage minus (Lin ) cells as they do not 

expressed any of the lineage-specific surface markers (Terskikh et al., 2003; 

Weissman, 2002). The direct descendents of HSC are the common lymphoid 

progenitor (CLP) and myeloid progenitor (CMP), respectively. The former give rise to 

lymphoid lineage-committed cells that, in turn, lead to mature B and T lymphocytes, 

whereas, the latter is the progenitor of all the different types of leukocytes (white blood 

cells), erythrocytes and megakaryocytes. Interestingly, a number of culture systems 

have been developed to study the proliferation of the committed progenitors toward the 

major marrow lineages. In this chapter, long-term colony forming assay of primary 

progenitor cells transduced with bcrl and A2 will be performed to compare their ability 

to grow in methylcellulose containing growth factors that promote myeloid 

differentiation. These data will possibly provide important information on the role of 

cytoplasmic PML-RARa in vivo.
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5.2 Results

5.2.1 Generation of 32D clones stably expressing b c r l PML-RARa and its 

cytoplasmic mutant A2.

32D cells were transduced with PML-RARa and A2 using retroviral-based techniques. 

Initially, cDNAs corresponding to A2 and PML-RARa were subcloned into the retroviral 

expression vector MigR1, a mouse stem cells viral vector (MSCV), in order to produce 

highly efficient amphotropic retroviruses able to infect human as well as mouse cells. 

This transduction system allows the expression of both: the gene of interest, under the 

control the 5 ’ viral long terminal repeat (5’ LTR) and the enhancing green fluorescent 

protein (eGFP) downstream the internal ribosomal entry site (IRES) (Figure 5.2.1 A).

MigFn vector

IRESy>-[ eGFP \5' LTR 3 ’ LTR

Figure 5.2.1A MigR1 backbone schematic structure. Scheme summarizing the structure of 
MigR1 expression cassette. cDNA encoding for the gene of interest (i.e. A2) is inserted 
upstream an IRES-GFP cassette, so that transduced cells co-express the transgene along with 
the GFP. MCS, multiple cloning sites, IRES, internal ribosomal sequence, eGFP, enhanced 
green fluorescence protein, 573’ LTR, long terminal repeat, x¥, packaging sequence.

Infected cells can be monitored and sorted based on their ability to express the GFP, 

and finally plated for the relevant assays (Figure 5.2.1 A). Notably, the different 

retroviral preparations were first tested in 293T cells before being used for the infection
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of 32D cells (Figure 5.2 .1B). Prelim inary experiments confirmed that infected 293T 

cells expressed both transgenes: b c rl PML-RARa and A2 (Figure 5 .2 .1B).

PML-RARa +  
A2

a-PML

a-Actin

Figure 5.2.1 B Retroviral transduction of cytoplasmic PML-RARa.
Retroviruses encoding for PM L-R AR a and A2 were tested in 293T  cells before being used to 
infect haematopoietic cells. Protein levels were assessed using an anti-PML antibody. Actin 
was used as loading control.

In all infected cells, the expression of the transgene was accompanied by the 

expression of the GFP that could be detected using a fluorescence microscope (not 

shown). Thus, 32D cells were infected with control, PML-RARa and A2 retroviral 

particles and GFP-positive cells, sorted and plated at clonal density in order to isolate 

single cell clones highly expressing the transgene. A number of different clones from 

vector, PML-RARa (b c r l) and A2 were screened by immunostaining and western blot 

and two A2 clones (referred as C3 and C6) were identified. Conversely, it was no 

possible to generate any PML-RARa clone. Indeed, out o f 96 clones, only a few 

showed a PML and/or a RARa nuclear and/or cytoplasmic staining that, however, 

never colocalized (i.e. clone B23, Figure 5.2.1C). This suggests that the b c rl is 

extremely unstable in these cells.
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PML RARa

Figure 5.2.1C PML-RARa is cleaved in 32D ceils.
Expression of PML-RARa in myeloid precursor cells give rise to different PML and RARa 
localization patterns. Immunofluorescence analysis of 32D cells (clone B23) infected with PML- 
RARa retroviral particles, cytospun and stained with anti-PML (left) and anti-RARa (right) 
antibodies. Nuclei were counterstained with DAPI (blue).

Accordingly, western blot analysis of one clone transduced with bcrl retroviruses, 

referred to as B23, confirmed that b c rl is cleaved to produce two faster migrating PML 

and RARa fragments (Figure 5.2.1D). Another clone, B29, carried only a RARa 

fragment (not shown), thus suggesting that in these cells different enzymatic 

activity/ies might cleave the fusion protein. Indeed, promyelocytes are characterized by 

high levels of neutrophil elastase (NE), a serine protease that is expressed during the 

early stages of myeloid-differentiation. Importantly, NE has been shown to cleave PML- 

RARa and that this event may have a role in leukaemogenesis (Lane and Ley, 2003). 

Lane and collaborators demonstrated that NE recognizes a specific cleavage 

consensus motif located before the NLS in PML portion also recognizes alternative 

motifs that are spread along the aminoacidic sequence of the fusion protein (Lane and 

Ley, 2003). This would explain the presence of multiple cleavage fragments in the 

extracts of 32D clones transduced with PML-RARa. However, there is the possibility 

that NE may not be the only protease involved in PML-RARa proteolysis.
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Figure 5.2.1 D PML-RARa cleavage results in the generation of PML and RARa 
fragments. Analysis of protein extracts prepared from a cells retrovirally transduced 
with PML-RARa (clone B23). The membrane was probed using anti-PML (left) and 
anti-RARa (right up). Actin was used to normalize the protein levels.

It can be theorized that during differentiation PML-RARa might be cleaved by 

additional proteases that somehow cooperate with NE to the catabolism of the fusion 

protein (Lane and Ley, 2003). This aspect warrants further investigations. Furthermore, 

it would be extremely important to establish whether the resulting PML and RARa 

fragments, some of which display cytoplasm ic localization (Figure 5.2.1C), contribute 

to the development of the leukaemia.

5.2.2 Cytoplasmic PML-RARa inhibits G-CSF-induced differentiation of 

transduced myeloid precursor cells (32D cells)

To study the effect of cytoplasmic PML-RARa expression on myeloid differentiation 

induced by G-CSF, two cellular clones for vector (A2 and A3) and A2 (C3 and C6) 

were selected (Figure 5.2.2A). Initially, cells were carefully washed out from all 

possible residuals of IL-3 and, subsequently cultured in the presence of G-CSF. The
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removal of IL-3 is critical for the proper assessment of differentiation using this cellular 

model in fact even a little amount of IL-3 can delay the maturation of the cells. To avoid 

experimental pitfalls, a small portion of cells was plated in media without cytokines in 

order to assess the complete depletion of IL-3. Then, terminal differentiation was 

assessed by culturing vector and A2-expressing clones in media supplemented with 25 

ng/ml of G-CSF and myeloid differentiation was determined by morphological analysis 

after 5 and 7 days of culture (Figure 5.2.2A).

Figure 5.2.2A Schematic overview of the experimental settings.
32D cells were infected with control and A2 retroviral particles. GFP-positive cells were isolated 
using a cell sorter and 2 clones for control and A2 were used to study G-CSF induced myeloid 
differentiation. Specifically, the morphology of the cells was assessed after 5 or 7 days of 
culture by counting the number of terminally differentiated cells in the May-Grunwald 
preparations.

The expressions of A2 did not affect survival/proliferation of the cells during the 

differentiation. Indeed, no substantial differences in proliferation (not shown) or survival 

(Figure 5.2.2B) were found between G-CSF culture of control and A2-expressing cells.

Cell clone
differentiation

♦G-CSF

Retroviral
infection
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Figure 5.2.2B Cytoplasmic PML-RARa does not affect cell viability.
Control (A1 and A2) and A2 (C3 and C6) clones were culture in the presence of 25 ng/ml G- 
CSF and the percentage of viable cells was assessed after 5 and 7 days of culture. Viability 
was measured using trypan blue-exclusion assay. Data are mean ± SEM of three independent 
experiments.

May-Grunwal preparations revealed that a large portion of vector cells clearly 

underwent differentiation after 7 days of culture in the presence of G-CSF. In fact, 

vector-transduced myelocytes, which were reminiscent of large lymphocytes (rounded

shaped with an big ovoid nucleus), differentiated to neutrophils (smaller cells easily 

distinguishable for their multi-lobulate nucleus and clear cytoplasm) (Figure 5.2.2C). 

Conversely, A2 expressing cells appeared significantly less sensitive to G-CSF 

treatment. In fact, only a few mature neutrophils were found in the morphological 

preparations of these cells at day 7 (Figure 5.2.2C).
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Figure 5.2.2C Cytoplasmic PML-RARa affects G-CSF-induced differentiation. Empty 
vector and A2 expressing cells were culture in the presence of IL-3 (left panels) or G-CSF (right 
panels). Cells were cytospun after 5 and 7 days and morphology was analyzed by using the 
May-Grunwald/Giemsa staining protocol.

These observations were corroborated by counting the number of term inally 

differentiated cells in control and A2 clones in the cytological preparations. More than 

200 cells were counted for each clone at the different time-points (day 5 and 7 of 

differentiation) and experiments were performed in triplicate. The result of the cellular 

counts confirmed that the number of mature neutrophils was decreased in A2 

compared to control cells as soon as after 5 days. Importantly, this negative trend 

became even more pronounced and statistically significative (P=0.0052) with days in 

culture. Indeed, at day 7 of differentiation, the number of differentiated cells was 

diminished of approximately 40% in A2 as compare to control cells (Figure 5.2.2D).

169



Day 7

"O SO- 
f t

|  40-
f t
3=
TJ 30- 
>*

.£ 20H 
E
TLm
f t<+*
f t
f t  o

10-

Day 5

A

P=0.0052
i i

T

Empty A2 Empty A2

Figure 5.2.2D Cytoplasmic PML-RARa inhibits G-CSF-dependent differentiation of 32D 
cells. Cytoplasmic PML-RARa expression reduces number of mature neutrophils as compare 
to control cells. The number of terminally differentiated cells was determined in cytological 
preparations (Figure 5.2.2C) from empty vector and A2 infected cells, cultured in the presence 
of G-CSF (25 ng/ml). Cells were cytospun and stained by using May Grunwald/Giemsa protocol 
after 5 and 7 days. Data are mean ± SEM of three independent experiments. Statistical analysis 
was carried out using the un-paired f-test.

To further support our findings, the expression levels of three genes known to be 

upregulated during granulocytic maturation were analyzed using reverse transcription 

(RT) followed by quantitative real time PCR (qPCR). The first two genes analyzed were 

both belonging to the inhibitor of DNA binding (ID1 and ID2) family of proteins, which 

were reported to heterodimerize with helix-loop-helix (HLH) transcription factors such 

as the stem-cell leukaemia/T-cell acute lymphoblastic leukaemia-1 (SCL/Tal-1) and 

lymphoblastic leukaemia derive sequence 1 (Lyl-1). It has been reported that IDs 

inhibit HLH-dependent transcriptional activation through the sequestration of HLH 

members into non-transcriptional active complexes. Indeed, HLH-ID dimers contained
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an incomplete and therefore inefficient DNA binding region (Buitenhuis et al., 2005). 

IDs genes appeared to be widely expressed in both lymphoid as well as myeloid cells 

lines, however, their levels are differentially modulated throughout the haematopoietic 

development (Cooper and Newburger, 1998). Moreover, a study reported that ID1 

mRNA was absent or expressed at very low levels in HSC and developing lymphoid 

and erythroid cells (Cooper et al., 1997). In contrast, ID1 expression increased in cells 

undergoing myeloid maturation, thus implying a role in controlling the specific 

commitment of myeloid cells (Leeanansaksiri et al., 2005). Another study indicated that 

ID1 was induced during early granulopoiesis but that the levels diminished in more 

terminally differentiated cells (Buitenhuis et al., 2005). ID2 mRNA levels were reported 

to be markedly increased during granulocytic differentiation of both primary and 

established human myeloid cells (Ishiguro et al., 1995; Ishiguro et al., 1996). A recent 

study conducted using APL cells demonstrated that both ID1 and ID2 were induced 

following ATRA treatment, thus suggesting a role for these proteins in the RA- 

dependent differentiation (Nigten et al., 2005). The third messenger analyzed was the 

lactoferrin (LF) a protein involved in the innate immune defence. Importantly, LF 

associates with the late secondary granules within the cytoplasm of granulocytes, and 

it is expression is consider one of the hallmarks of terminal neutrophil differentiation 

(Gupta et al., 2003). Furthermore, LF expression is controlled by the CCAAT-enhancer 

binding protein alpha and epsilon (C-EBPa and C-EBPs) and, is reduced during ATRA- 

induced differentiation of NB4 cells (Gupta et al., 2003). Thus, total RNA was prepared 

from vector and A2 cells at day 7, retro-transcribed into cDNA and used to perform a 

gene specific quantitative real-time PCRs (qPCR) (Figure 5.2.2E). Importantly, the 

results obtained using the qPCR, were in line with the morphological study previously 

described. Indeed, the levels of transcription of the three genes, LF, ID1 and ID2 were 

significantly diminished in cells expressing A2 as compared to control cells. 

Specifically, among the three messengers analyzed LF showed the most important
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reduction in A2-expressing cells, almost a 50% reduction in A2 cells. Notably, LF 

expression is restricted to the very final steps of differentiation (Valtieri et al., 1987), 

thus it is conceivable that A2 might exerts its maximal inhibitory activity during the final 

stage of the myeloid maturation (Figure 5.2.2E).
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Figure 5.2.2E Cytoplasmic PML-RARa inhibits the expression of genes induced during 
myeloid differentiation. Total RNA was prepared from control and A2 clones cultured for 7 
days in the presence or absence of G-SCF at concentration 25 ng/ml. The levels of inhibitor of 
differentiation ID1, ID2 and lactoferrin (LF) were measured by using quantitative real-time PCR 
(qPCR). Mouse GAPDH was used as internal mRNA housekeeping control. Each sample was 
analyzed in triplicate and values represent the means ± SD of two independent experiments.

The levels of myeloperoxidase (MPO), another gene up-regulated during differentiation 

(Valtieri et al., 1987), were also assessed and found decreased in the presence of A2 

(not shown). Furthermore, immunofluorescence was performed to analyze the 

expression of A2 in the cells during differentiation. Confocal/immunofluorescence 

analysis of A2-expressing clones was performed using anti-human PML and anti- 

RARa antibodies (Figure 5.2.2F).
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Figure 5.2.2F A2 is downmodulated during myeloid differentiation. The expression of A2 
during G-CSF-induced granulocytic differentiation of 32D cells was analyzed by 
confocal/immunofluorescence. Cells from two different A2-expressing clones (C3 and C6) were 
cultured in the presence of IL-3 or G-CSF for 7 days. Cells were cytospun and stained by using 
anti-PML (red) and anti-RARa (green) antibodies. Nuclei were counterstained with DAPI (blue). 
Colocalization between PML and RARa signals is represented by yellow dots in the cytoplasm 
of the cells in the merge images (right column).
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Images showed that both clones expressed high levels of A2 in the presence of IL-3. 

Surprisingly, the expression of the protein was sharply dimmed during G-CSF-induced 

differentiation (Figure 5.2.2F). Indeed, by using the same settings both PML and RARa 

signal became diffused and barely detectable, indicating that down-modulation of the 

protein occurred during differentiation. These findings were confirmed also by western 

blotting. Protein extracts from control and A2 clones were analyzed during the G-CSF 

treatment at day 0, 3, 5 and 7 using anti-PML and anti-RARa antibodies. In keeping 

with the immunofluorescence data, A2 protein levels were diminishing upon G-CSF in 

the extracts from C3 and C6 clones. Interestingly, the decrement of the band 

corresponding to the full-length A2, approximately 80-90 kDa, was accompanied by the 

appearance of a number of faster migrating bands, suggesting that a A2 was cleaved 

at different positions (Figure 5.2.2G). The degradation products were clearly 

accumulating in the extracts prepared from the clone C6, which showed the higher 

levels of expression of the cytoplasmic fusion protein (Figure 5.2.2G). Interestingly, the 

proteolytical-activity responsible for the G-CSF-dependent down-modulation of A2 had 

its maximal activity after 3 and 5 days of culture. This implied that the cleavage could 

be ascribed to a protease, for example neutrophil elastase, transiently expressed 

during myeloid differentiation. Despite a degree of A2 downmodulation during myeloid 

differentiation, these data indicate that cytoplasmic localization results in a significant 

increase in the stabilization of the fusion protein, This aspect warrants further 

investigation, and for instance inhibitors of different proteolytical activities could be 

exploited to understand the mechanism underlying A2 degradation during G-CSF- 

induced differentiation.
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Figure 5.2.2G A2 is downregulated during myelopoiesis. Levels of expression of A2 were 
analyzed during G-CSF-induce myeloid differentiation. Protein extracts prepared from control 
(A1 and A2) and A2-expressing (C3 and C6) clones were analyzed using anti-PML (upper 
panel) and anti-RARa (middle panel) antibodies. Actin was used as loading control (lower 
panel).

5.2.3 Functions of cytoplasmic PML-RARa in primary haematopoietic 

progenitor cells

To test the effect of cytoplasmic PML-RARa on differentiation of primary 

haematopoietic progenitors, lineage negative (Lin-) cells were isolated from 6-8 weeks 

old mice, cultured and transduced with vector, PML-RARa (bcrl)  and A2 retroviral 

particles. The infections were carried out in the presence of a cocktail of cytokines to 

maintain viabilitity and at the same time preserve the primitive state. As previously

175



mentioned, the retroviral vector used for this purpose allowed the co-expression of the 

transgene along with the green fluorescence protein (GFP). Thus, infected cells could 

be sorted based on the expression of the GFP. Subsequently, after being sorted, GFP- 

positive (GFP+) cells were plated in methylcellulose media containing: IL-3, IL-6, GM- 

CSF, SCF and high doses of G-CSF in order to induce granulocytic differentiation. 

Different types of colony forming unit (granulocyte, monocyte and macrophage) were 

generated from infected control, PML-RARa and A2 progenitor cells. Notably, the 

different colonies possessed a distinctive shape that was easily recognizable using a 

light microscope (Figure 5.2.3A). Specifically, CFU-GM appeared as large and sparse 

colonies, CFU-GEMM had a very dense core surrounded by a ring of cells spread 

away from the centre, while, CFU-M appeared as small and very condense colonies 

(Figure 5.2.3A).
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Figure 5.2.3A Morphological differences between the colony forming units (CFU) 
generated in methylcellulose. Representative images of colonies generated by lineage minus 
cells plated in methylcellulose in the presence of the following cytokines: 60 ng/ml G-CSF, 100 
ng/ml SCF, 20 ng/ml GM-CSF, IL-3 and IL-6, respectively. Colonies were analyzed under a light 
microscope 8-10 days after plating. From the top: (a) CFU-M (monocyte), (b and c) CFU-GM 
(grunulocyte-macrophage) and (d) CFU-G (grunulocyte).
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Importantly, the number of colonies originated directly mirrors the clonogenic potential, 

a feature related to the proliferative properties of the cells. Serial replatings of the cells 

is therefore of extreme importance to test whether a protein interferes with the 

maturation process leading to transformation of the progenitors cells. Thus, vector-, 

PML-RARa and A2-infected cells were plated on methylcellulose and colonies formed 

were counted 8 to 10 days later. Cells were recovered from methylcellulose and 

replated until no colonies were formed in vector-transduced cells, and this normally 

occurred after the third plating. Three independent experiments were performed and, 

as expected, in the presence of high concentrations of G-CSF control cells terminally 

differentiated as soon as after the first plating (Figure 5.2.3B).
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Figure 5.2.3B Cytoplasmic PML-RARa induces a partial transformation of primary 
haematopoietic progenitors. The number of colonies formed in vector, PML-RARa and A2 
lineage minus cells was assessed after individual plating (approximately every 10 days). Data 
represent mean ± SEM of three independent experiments.
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Conversely, the number of colonies arising from cells transduced with PML-RARa 

augmented over the passages indicating that these cells remained fully capable of 

generating colonies regardless to the presence of differentiating factors (Figure 

5.2.3B). Expression of A2 led to different results (Figure 5.2.3B). Although the number 

of colonies formed throughout the serial passaging was substantially diminished, a 

residual clonogenic activity of A2-transduced cells was still noticeable at the third 

replating resulting in a number significantly higher than the control (P=0.043, f-test). 

However, this effect appears of a limited extent as compared to the strong transforming 

activity of the bcrl PML-RARa. Taken together, these data suggest that cytoplasmic 

PML-RARa may have a transforming capacity albeit limited when compared to bcrl 

PML-RARa. Primary progenitor cells were isolated from the methylcellulose at each 

replating in order to assess cellular morphology and to measure the expression levels 

of the fusion proteins. Remarkably, the cytological analysis of the cells after the first 

passage in methylcellulose revealed that the control cells readily differentiated mainly 

to granulocytes and macrophages. Instead, the majority of PML-RARa-expressing 

cells were clearly arrested at the promyelocytic stage of myeloid differentiation (Figure 

5.2.3C), thus confirming the strong transforming potential of PML-RARa in these 

experimental settings as previously reported by a number of other groups (Minucci et 

al., 2002; Sternsdorf et al., 2006; Zhu et al., 2005). In line with the previous results, A2- 

expressing cells displayed intermediate levels of differentiation. In fact, a fraction of 

cells differentiated into granulocytes/macrophages, whereas, a small fraction remained 

in an immature state, reminiscent of PML-RARa blasts (Figure 5.2.3C).
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Figure 5.2.3C Cytoplasmic PML-RARa expressing cells display an intermediate state of 
differentiation. Empty vector, A2 and PML-RARa cells were recovered from the 
methylcellulose after being cultured for 10 days in the presence of high concentrations of G- 
CSF. Cells were subjected to cytological analysis by means of May Grunwald/Giemnsa 
staining. Light microscope images of vector (left), A2 (middle) and PML-RARa infected cells.

Alongside, confocal/immunofluorescence analysis of the cells was performed using an 

anti-human PML antibody in order to detect the expression of the fusion proteins 

(Figure 5.2.3D). As expected vector cells displayed a faint background staining, 

whereas, the majority of cells expressing PML-RARa showed the accumulation of 

PML-positive nuclear microspeckles (Figure 5.2.3D). Conversely, A2-expressing cells 

displayed a PML punctuated cytoplasmic staining reminiscent of that observed in 

transduced U937 cells (Figure 5.2.3D).

PML-RARaA2 PML-RARa
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Figure 5.2.3D A2 accumulates in the cytoplasm of progenitors cells. Confocal images of 
vector, PML-RARa and A2 cells cultured for 10 days in the presence of G-CSF. Cells were 
stained with an anti-PML antibody (red). Nuclei were counterstained with DAPI (blue).

Immunostaining of endogenous PML using an anti-mouse PML antibody indicated that 

the protein normally accumulated in nuclear bodies in these cells (not shown). A t the 

same time, levels of the transduced proteins were analyzed in the extracts prepared 

from vector, PML-RARa and A2 cells after different passages (Figure 5.2.3E). PML 

reactive bands corresponding to PML-RARa and A2 were readily detected in the 

extracts using an anti-human PML antibody (Figure 5.2.3E). Remarkably, the 

expression of the proteins was diminished but not completely depleted during 

differentiation. Moreover, the basal levels of PML-RARa were significantly lower than 

A2 (Figure 5.2.3E).
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Figure 5.2.3E Expression levels of PML-RARa and A2 during G-CSF-induced 
differentiation of primary haematopoietic progenitors. The levels of PML-RARa and A2 
were analyzed in primary progenitors cultured in methylcellulose in the presence of high 
concentrations of G-CSF at different platings. Proteins extracts were equally divided and 
subjected to independent SDS-PAGE. Membranes were probed with anti-PML (top) and anti- 
RARa antibodies (middle). Black arrows, on the right of each panel, indicate the bands 
corresponding to the fusion proteins. Notably, the anti-PML antibody used poorly recognized 
A2, which instead was expressed, as shown in the anti-RARa blot. In fact, the anti-PML 
antibody has the targets epitope within exons 5 and 6 of PML, which are in part deleted in the 
A2 mutant, p-actin was used as loading control (bottom).

This is in agreement with previous studies suggesting that low levels of PML-RARa are 

necessary to fully transform progenitors cells. Nevertheless, it was not possible to 

establish whether PML-RARa and A2 were cleaved in these cells, as no clearly 

detectable products were present in the extracts (Figure 5.2.3E).
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5.3 Discussion

In adult mammals, all the cellular elements of the blood arise from somatic 

haematopoietic stem cells (HSCs) residing in the bone marrow. HSCs possess the 

unique property of self-renewal and, in response to specific stimuli, to divide in order to 

give rise to populations of progenitor cells. Then, committed progenitors further divide 

to generate the diverse haematopoietic lineages. Leukaemogenesis mediated by PML- 

RARa has been proposed to affect haematopoiesis by reducing the levels of cell death 

within the pool of HSCs and, at the same time, by blocking the myeloid lineage 

maturation, causing accumulation of malignant cells (Grignani et al., 1993a; Grignani et 

al., 1993b). The mechanisms underlying the pathogenesis of APL have been ascribed 

to chromatin remodelling effect mediated by the fusion protein in the nucleus. 

Nevertheless, accumulating evidence obtained by using transgenic animals and ex- 

vivo cultures of HSC suggest that the PML-RARa might have additional functions 

(Lane and Ley, 2003; Sternsdorf et al., 2006; Yoshida et al., 2007; Zhou et al., 2006; 

Zhu et al., 2007; Zhu et al., 2005). Limited information is available on the mechanisms 

that could promote transformation without a direct effect on chromatin. In this respect, 

data presented in chapter 4 indicates that cytoplasmic localization of PML-RARa 

blocks transcription and hampers RA-dependent differentiation in haematopoietic cells. 

In this section, the cytoplasmic functions of PML-RARa were investigated using more 

physiologically relevant systems: a mouse non-tumorigenic myeloid cellular model 

(32D cells) and murine primary haematopoietic progenitors. The coding sequence of 

PML-RARa and A2 were cloned into a retroviral expression vector to produce highly 

efficient viral particles and enable the transduction of the fusion proteins along with the 

GFP in 32D cells. GFP-positive cells were sorted and cellular clones encoding empty 

vector, PML-RARa and A2 were isolated. Nonetheless, we were unable to generate 

stable clones expressing full-length PML-RARa as the fusion protein was extremely
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unstable in these cells. Accordingly, it has been shown that high levels of PML-RARa 

are toxic for the cells that counter-react downmodulating its expression (Ferrucci et al., 

1997; Minucci et al., 2002; Westervelt et al., 2003). Furthermore, PML-RARa has been 

shown to be cleaved by neutrophil elastase, an enzyme highly active in promyelocytes 

(Lane and Ley, 2003). Although it has been proposed that PML-RARa cleavage is 

important for the development of the disease, it is not known whether the resulting 

cleavage products are involved in this process. Thus, future experiments using clones 

expressing cytoplasmic portions of PML-RARa could clarify this issue. In this regard, a 

PML-RARa clone (B23) expressed only a short cytoplasmic PML portion and appeared 

strongly refractory to undergo G-CSF-induced differentiation (C.Bellodi and P.Salomoni 

unpublished observations). Conversely, A2 was not cleaved and accumulated in the 

cytoplasm of 32D cells, thus suggesting that cytoplasmic localization greatly stabilizes 

the fusion protein and reduces toxicity even at very high expression levels (not shown). 

Accordingly, no morphological differences were noticed between control and A2 cells 

cultured in normal growing conditions. Thus, we tested whether A2 affected G-CSF- 

induced differentiation by comparing control and A2 stable clones. Cells were 

identically viable thus confirming that A2 does not alter growth and the survival of the 

cells during differentiation. Nonetheless, May Grunwald/Giemnsa preparation outlined 

striking morphological differences between control and A2-expressing cells as soon as 

after 5 days of G-CSF treatment. Indeed, we found the percentage of A2 cells 

terminally differentiated was reduced by almost 50% as compare to control cells. In 

keeping with this, we found that the expression levels of LF, ID1 and ID2, reported to 

increase during myeloid maturation and to be repressed by bcrl, were substantially 

downmodulated in the presence of A2. Specifically, LF showed the highest reduction, 

almost 50 % less than control cells. Interestingly, LF expression is regulated CCAAT- 

enhancer binding protein (C-EBP) family of proteins, which transcription is regulated by
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PU.1, that has been shown to be repress  ̂by PML-RARa (Yoshida et al., 2007). Thus, 

there is the possibility that D2 also deregulate PU.1 activity, this aspect warrants more 

future investigations. Furthermore, we found that A2 levels are reduced upon G-CSF 

treatment. Previous studies have demonstrated that NE cleaves PML-RARa during 

myeloid differentiation (Lane and Ley, 2003); thus it is possible that A2 undergoes to a 

similar processing. Nonetheless, it remains to be established whether NE is also 

involved in A2 catabolism. Experiment using the specific NE inhibitor can clarify this 

aspect. Altogether these results suggest that A2 impairs G-CSF-induced differentiation 

of myeloid progenitor cells, possibly altering the transcription of important genes 

required for the correct timing of the maturation.

Subsequently, we investigated the consequences of A2 expression in primary 

haematopoietic progenitors, an elegant and powerful tool to study the transforming 

potential of a given protein in ex-vivo settings. Progenitor cells were infected with PML- 

RARa or A2 and serially re-plated in methylcellulose supplemented with high doses of 

G-CSF to induce differentiation until no colonies were detected in control cells due to 

terminal differentiation. In line with data in the literature, PML-RARa immortalized Lin- 

cells so that the number of colonies increased over passages (Minucci et al., 2002; 

Zhou et al., 2006). Interestingly, A2 was able to induce partial immortalization, thus 

confirming that the nuclear functions of the fusion protein remain indispensable to 

induce full-transformation. Notably, A2 showed a consistently reduced number of 

colonies at the first passage. These findings suggest that A2 may interfere with the cell 

cycle in primary cells however this aspect has not been analyzed in depth. 

Furthermore, morphological analysis revealed that A2 cells were a combination of 

terminally differentiated cells and immature blasts while in PML-RARa preparations the
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majority of cells were blocked at the promyelocytic stage of maturation, thus 

demonstrating that A2-dependent block of differentiation is not complete.

Immunofluorescence and protein analysis confirmed that the expression levels of the 

two fusion proteins were strikingly different. Yet, in these cells A2 was found to 

accumulate at higher levels as compare to bcrl. Nonetheless, these data suggest that 

low levels of PML-RARa are sufficient to block differentiation and promote 

transformation ex-vivo. Accordingly, in transgenic animals low levels of PML-RARa are 

required to favour the acquisition of critical mutations that lead to the overt leukaemia 

(Minucci et al., 2002; Westervelt et al., 2003).

Overall, data presented in this chapter demonstrated that cytoplasmic PML-RARa is 

able to impair differentiation induced by G-CSF and promotes partial immortalization in 

non-transformed and primary haematopoietic progenitor cells. Nevertheless, 

transformation analysis suggests that the nuclear functions of PML-RARa remain 

indispensable to acquire the oncogenic potential necessary for the development of 

APL in vivo. Finally, our data suggest the possibility that the combination of nuclear 

and cytoplasmic functions of PML-RARa, as for bcr3, could lead to a more severe and 

aggressive leukaemia, however, only by generating suitable transgenic animals for 

bcr3 could provide a final answer to this important question.
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Chapter 6
General discussion
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Nearly two decades of intense research has revealed that PML is a very 

intriguing and multifaceted protein. The vast majority of the studies on PML have 

focused on its growth suppressive and pro-apoptotic functions that are orchestrated 

from the PML-NB through the modulation of a number of key regulators of the cellular 

homeostasis including p53 and pRB (Salomoni and Pandolfi, 2002). In APL, PML is 

inactivated as consequence of the reciprocal and balanced translocation t(15;17), 

which leads to the generation of the oncogenic fusion protein PML-RARa. As opposed 

to PML, PML-RARa promotes survival as well as blocks myeloid differentiation 

possibly by exerting a dominant negative effect on PML and RARa functions. PML- 

RARa has been proposed to act at the level of the chromatin by deregulating gene 

expression. According to this model, PML-RARa promotes the formation of aberrant 

macromolecular nuclear receptor complexes that display increased affinity for 

transcriptional corepressors, thereby hampering the expression of genes regulating 

myeloid differentiation. Nevertheless, increasing evidence suggest that additional 

mechanisms might also by involved in PML-RARa-mediated leukaemogenesis 

(Sternsdorf et al., 2006). In keeping with this hypothesis, it has been shown that 

alternative splicing and/or mutations generate PML and PML-RARa transcripts, which 

are predicted to encode for cytoplasmic proteins. Nonetheless, it is still unclear 

whether these aberrant messengers are successfully translated into cytoplasmic 

proteins. Interestingly, atypical cytoplasmic accumulation of PML has been described 

in certain type of cancers such as hepatocellular, skin carcinomas and also in primary 

blasts derived from APL patients, however, it is currently unclear whether this is a 

primary or secondary event in tumorigenesis (Condemine et al., 2007; Daniel et al., 

1993; Terris et al., 1995). Accordingly, mutations in the remaining PML allele resulting 

in aberrant cytoplasmic proteins have been described in two RA-resistant APL patients 

that experienced a very aggressive form of leukaemia. Furthermore, the 

overexpression PML-RARa in cell lines results in both nuclear and cytoplasmic
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distribution, however, evidence demonstrating the same type of phenomena in vivo is 

still missing. This is in part due to the lack of suitable transgenic animal models for 

cytoplasmic isoforms of PML and PML-RARa. Hence, the work carried out in this 

thesis has aimed to establish whether PML-RARa and PML possess cytoplasmic 

functions that could possibly contribute to tumorigenesis.

Figure 6A Summary of the key findings described in this thesis.
Data presented in this thesis suggest that PML-RARa drives tumorigenesis through nuclear as 
well as cytoplasmic repressive activities. On the one hand, PML-RARa functions in the nucleus 
through the formation of aberrant macromolecular complexes with RXRa and co-repressors, 
thus blocking the transcription of RA-target genes. On the other hand, PML-RARa represses 
the nuclear receptors function hijacking important factors such as RXRa in the cytoplasm. 
Furthermore, an APL-associated cytoplasmic mutant of PML inhibits RA-dependent down 
modulation of PML-RARa, thus augmenting its repressive potential.

Data presented in this thesis provide novel exciting findings and contribute to clarify 

some of the currently outstanding questions in the field:

i- bcr3 PML-RARa isoform accumulates in cytoplasm of human primary

RARE

Cytoplasm Nucleus

MutPML
Stabilization

RA-target genes

leukaemic cells. I would like to emphasised that this is the first in vivo

evidence demonstrating the cytoplasmic localization of the fusion protein;
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ii- exogenous expression of a cytoplasmic mutant of PML-RARa inhibits RA- 

dependent transcription, differentiation and promote partial transformation of 

primary murine haematopoietic progenitors;

iii- expression of Mut PML in APL cells inhibits RA-mediated degradation of PML- 

RARa as well as augments its repressive functions;

iv- Cytoplasmic PML when transduced in non-APL cells, hampers p53 growth 

suppressive functions through the deregulation of PML-NB. Altogether these 

data provide novel and extremely provocative insights as well as contribute to 

broad our understanding of the molecular mechanisms underlying APL 

leukaemogenesis. With regard to future opportunities, these findings can 

possibly open new avenues of research focused on the development of more 

effective diagnostic and therapeutic tools.

Mut PML functions

The first question that we tried to address was to understand whether cytoplasmic 

accumulation of PML might participate in disease progression. To address this 

outstanding question we used as a tool cytoplasmic PML mutants recently identified in 

APL-resistant patients (Gurrieri et al., 2004b). Data obtained by expressing Mut PML in 

fibroblasts and haematopoietic cell lines was informative. Notably, Mut PML hampered 

the growth suppressive functions of p53 potentially by altering both its transcription- 

dependent and -independent functions. The importance of these findings is outlined by 

the fact that oncogene-induced senescence, a first key barrier against cellular 

transformation, is impaired in primary mouse fibroblasts expressing Mut PML. The 

main molecular mechanisms that we think is involved relies on the ability of Mut PML 

to promote the cytoplasmic relocation of nuclear PML and CBP, both of which function 

as important nuclear co-activators of p53 (Figure 6B).
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MutPML

p53 PML RARa

I
Tumor suppression Differentiation Block

Figure 6B Working model summarizing the function of Mut PML. Our data suggest that Mut 
PML-dependent modulation of nPML, p53 and PML-RARa functions may contribute to the 
pathogenesis of APL. On one hand, Mut PML impairs p53 activation mainly through 
cytoplasmic relocation and inhibition of nPML. On the other hand, Mut PML potentiates PML- 
RARa inhibitory activity hampering its RA-dependent down-modulation. Overall, the net effect 
of Mut PML expression leads to a stronger differentiation block accompanied by an increased 
growth survival advantage of the leukaemic cells.

Nevertheless, many questions still remain unanswered. First of all, a more accurate 

investigation of p53 transcription in the presence of Mut PML is required. For instance, 

microarrays using RNA from control and Mut PML cells treated with ionizing radiation 

or subjected to oncogenic expression could reveal which p53 target genes are 

inhibited in the presence of Mut PML. Beside the effect on p53 transcription, Mut PML 

seems to inhibit also p53 transcriptional-independent functions. Interestingly, it has 

been shown that the cytoplasmic p53 possesses important roles in triggering apoptosis 

in response to different stress stimuli. In this regard, PUMA is essential in coupling and 

modulating nuclear and cytoplasmic pro-apoptotic functions of p53 (Chipuk et al., 

2005). Thus, it would be important to analyze PUMA expression, mRNA and protein 

levels as well as its subcellular distribution in the presence of Mut PML. Importantly, it

190



has been shown that a natural p53 proline (P) to arginine (R) polymorphism occurs at 

aminoacid 72. Interestingly, the R72 displays increased nuclear export, mitochondrial 

trafficking and apoptotic potential as compared to P72 (Dumont et al., 2003; 

Marchenko et al., 2000). Thus, it would be important to study whether upon stress 

condition Mut PML is able to inhibit p53 mitochondrial translocation, thus diminishing 

the release of pro-apoptotic factors from the mitochondria. One way to test this 

possibility would be by measuring cell death in p53-deficient cells transduced with p53 

R72 or cytoplasmic mutant of p53 along with Mut PML. As Mut PML is unable to 

directly interact with p53, it is possible that in addition to nPML, some of the factor 

regulating p53 can be hijacked to the cytoplasm thus altering the stability of the 

protein. In line with this hypothesis, it has been reported that an NLS mutant of nPML 

relocates Mdm2 to the cytoplasm (Bernardi et al., 2004). Thus, it can be theorized that 

as a consequence of Mdm2 redistribution the cytoplasmic portion of p53 could be 

subjected to increased proteasomal degradation. Beside Mdm2, it is possible that Mut 

PML could also alter the activity of some positive regulators of p53. An interesting 

candidate would be the 14-3-35 protein, that has been shown to promote p53 stability 

(Yang et al., 2003). Interestingly, 14-3-36 is together with PML, a member of the TRIM 

family of proteins. Thus, it is conceivable that Mut PML could heterodimerize with 8 14- 

3-3 altering its function. Moreover, future experiments are needed to test whether Mut 

PML can affect endogenous cytoplasmic PML, cPML, which has been implicated in the 

modulation of TGF-p signalling pathway (Lin et al., 2004; Seo et al., 2006). In fact, 

some of our preliminary data suggest that the two proteins homodimerize through their 

RING domains (not shown). For this reason it would be very important to analyze how 

cells expressing both Mut PML and cPML respond to TGF-p treatment. This could 

possibly provide important insights to explain some of the molecular mechanisms 

underlying deregulation of TGF-p signalling pathway in cancer.
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Effects of Mut PML expression on PML-RARa functions

We have studied the role of Mut PML in APL. Strikingly we found that Mut PML 

potentiates PML-RARa inhibitory functions. Data show that the proteins interact in the 

cytoplasm and favour the stabilization of the fusion protein in response to treatment 

with pharmacological concentration of RA. These findings suggest that Mut PML 

interferes with the activity of proteins involved in PML-RARa catabolism (Figure 6B). 

Nonetheless, the molecular mechanisms underlying this process remain in part to be 

clarified. For example, it would be important to assess whether Mut PML can possibly 

interfere with the recruitment of the proteasomal subunit 11S, which is believed to 

trigger the degradation of the fusion protein (Lallemand-Breitenbach et al., 2001). 

Alternatively, Mut PML could affect SUMOylation of the PML portion, which has also 

been described to induce the proteasomal degradation of PML-RARa (Lallemand- 

Breitenbach et al., 2001). In this regard, it has been shown that the mammalian 

homologues of Drosophila Seven in Absentia (SIAH) targets several TRIM family 

members including PML for proteasomal degradation (Fanelli et al., 2004). 

Accordingly, SIAH overexpression diminishes the number of PML-NB, thus leading to 

loss of PML pro-apoptotic functions. Similarly, when expressed in PML-RARa positive 

cells, SIAH triggers the degradation of the fusion protein and, partially rescues the 

differentiation block (Fanelli et al., 2004). Interestingly, SIAH transcription depends on 

p53. Thus, it is possible that Mut PML by inhibiting p53 activity, could also suppress 

SIAH, thus promoting the stabilization of PML-RARa. It can also be hypothesized that 

Mut PML interferes with the activity of the ubiquitin-activating E1-like protein (UBEL1), 

which has been shown to promote the ubiquitylation and proteasomal-dependent 

degradation of PML-RARa (Pitha-Rowe et al., 2004). UBEL1 is induced in APL cells 

after treatment with ATRA. Remarkably, PML-RARa counteracts UBEL1 function 

inhibiting its RA-induced transcription (Pitha-Rowe et al., 2004).
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Cytoplasmic PML-RARa

Two major isoforms of PML-RARa, bcrl or bcr3, are found in APL. However, it is still 

controversial whether the presence of bcrl or bcr3 could have a different impact on 

disease progression. Some studies suggest that the presence of bcr3 correlates with a 

worse prognosis. This is a very intriguing aspect considering that: very few data have 

been generated using this isoform and that bcr3 lacks PML NLS motif and is predicted 

to gain a more pronounced cytoplasmic localization than bcrl. Importantly, we were 

able to demonstrate that bcr3 PML-RARa accumulates in the cytoplasm of primary 

human leukaemic cells. This evidence supported by the data obtained using Mut PML 

lead us to study the role of cytoplasmic PML-RARa. Our findings suggest that a 

cytoplasmic mutant of PML-RARa, A2, still exerts a strong repression of RA-dependent 

functions, suggesting that it could act through indirect or even chromatin-remodelling 

independent mechanisms. The use of HDAC inhibitors combined to the analysis of the 

chromatin status, hystones acetylation/methylation, in cells expressing A2 and 

subjected to treatment with RA would certainly provide useful clues. Alternatively, 

PML-RARa could promote the cytoplasmic trafficking of important nuclear factors. 

Indeed, we found that A2 and bcr3 can titrate RXRa, thus inducing its cytoplasmic 

relocation in vitro and in vivo, therefore, it would be important to study bcr3 and A2 

movements between the different cellular compartments. This can be studied, for 

example, to tracking GFP-tagged versions of bcr3 or A2 using a fluorescence 

microscope. It would also be interesting to test whether an impaired nuclear export of 

PML-RARa could sensitize APL cells to ATRA. Accordingly, we found that A2 is less 

sensitive to ATRA-dependent degradation, thus suggesting that the degradation rely in 

part on the nuclear localization. Nonetheless, future efforts are needed to assess what 

is the sensitivity of cytoplasmic PML-RARa to other therapeutic agents. A recent study
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identified the specific the E3 ubiquitin ligase RNF4 as the key factor for the degradation 

of PML-RARa (bcrl) in response to As20 3 treatment, in this regard, the SUMOylation 

of the fusion protein appears to have a central role in this process. Thus, a more 

complete analysis of the SUMOylation levels of bcr3 is needed to understand whether 

this isoform is also subjected to RNF4-dependent degradation. Importantly, 

SUMOylation of PML-RARa has been shown to be required for transformation. In fact, 

the SUMOylation of K160 in the PML portion allows binding of DAXX which promotes 

the aberrant recruitment of nuclear co-repressor complexes (e.g. HDACs) (Zhu et al., 

2005). Nevertheless, it needs to be established whether SUMOylation and DAXX 

sequestration/recruitment are also required for the cytoplasmic function of the fusion 

protein. This is a very important point that can be addressed using SUMOylation- 

deficient mutant of A2 that can be generated by single aminoacid mutagenesis of the 

crucial K160. Interestingly, we found that cytoplasmic localization increases the 

stability of the PML-RARa during myeloid differentiation in U937, 32D cells and also in 

mouse haematopoietic progenitors. Remarkably, the analysis of A2 levels in myeloid 

progenitor cells undergoing G-CSF-dependent differentiation demonstrated that the 

protein was downmodulated. However, the enzyme responsible for the cleavage has 

not been identified yet. It is possible that NE could be also responsible for the cleavage 

of A2. The use of specific inhibitors for NE (i.e. PMSF) or for other proteases 

expressed during myeloid differentiation such as cathepsin G and proteinase 3 could 

contribute to address this issue. Furthermore, it is still not clear the exact contribution 

(if any) of the cleavage products to the pathogenesis disease. Lane and colleagues by 

using NE-deficient animals suggested that the cleavage might be important for the 

progression of the disease (Lane and Ley, 2003). Furthermore, it can also be theorized 

that PML-RARa while in the cytoplasm, may interfere with the synthesis of key 

regulators of cellular homeostasis and myeloid differentiation. Increasing evidence 

suggest that deregulation of microRNAs (miRNAs) activity, which function as
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translational repressor of specific RNA messengers, can contribute to tumorigenesis 

(Kumar et al., 2007a). Interestingly, it has been reported that a specific miRNA, 

referred to as miR-223, is implicated in the regulation of granulopoiesis and that its 

deregulation may play a role in the pathogenesis of myeloid disorders including APL 

(Fazi et al., 2005). Nonetheless, the analysis of the specific miRNA expression profile 

in APL cells has not been carried out yet, and more future investigation are needed to 

explore this intriguing hypothesis. Alternatively, it could be speculated that cytoplasmic 

PML-RARa interferes with the translation of messengers stored in cytoplasmic 

ribonucleoproteic complexes, for example the G-bodies (Liu et al., 2005a; Liu et al., 

2005b). This process is very important in response to specific stress stimuli when 

translation of specific transcript needs to be rapid and efficient in order to allow cell 

homeostasis. In fact, it has been shown that amid these messengers some encode for 

important proteins involved in the regulation of the cell cycle, apoptosis (Liu et al., 

2005a; Liu et al., 2005b). The determination of the number and morphology of G- 

bodies in control and A2-expressing cells will give an indication on whether PML-RARa 

can affect this pathway. Different laboratories have reported that bcrl PML- 

RARa blocks of differentiation and promotes immortalization of primary haematopoietic 

progenitors in clonogenic assays (Minucci et al., 2002; Zhou et al., 2006). 

Nevertheless, it has also been shown that immortalization is not always accompanied 

by transformation (Minucci and Pelicci, 2007; Sternsdorf et al., 2006; Zhu et al., 2007; 

Zhu et al., 2005). As PML-RARa has a mild leukaemogenic potential in vivo, it is 

conceivable that additional genetic events, for example inactivation of other tumour 

suppressor genes, could be required to develop overt leukaemia (Westervelt et al.,

2003). Our findings suggest that nuclear functions of PML-RARa are essential to 

promote full transformation of haematopoietic progenitors. Thus, It would be important 

to investigate whether, for instance, cytoplasmic functions of PML-RARa are favouring 

the accumulation of secondary leukaemogenic events. Insinga and co-workers
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demonstrated that bcrl inhibits p53 activity in a PML-dependent manner (Insinga et al.,

2004). It is possible that PML-RARa impairs p53 but also other tumour suppressors 

hijacking nPML and/or other PML-NB components into the cytoplasm. In this regard, 

affinity purification of PML-RARa cytoplasmic bodies in combination with mass 

spectrometry could lead to the identification of potential new targets. Altogether, data 

presented in this thesis support the possibility that bcr3 PML-RARa nuclear and 

cytoplasmic repressive functions may contribute to a more severe form of leukaemia, 

however, only the generation of transgenic animals for bcr3 and A2 will provide the 

essential genetic tools to answers these fascinating questions.
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Salomoni P. Cell Cycle. 2006 Nov;5(22):2688-92.

New insights into the cytoplasmic function of PML.
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Effect of cytoplasmic PML-RARa on differentiation of mouse 32D myeloid 

precursor and primary haematopoietic progenitor cells.
Bellodi C, Calabretta B, Salomoni P (Manuscript in preparation)

197



References

Alcalay, M., Tomassoni, L., Colombo, E., Stoldt, S., Grignani, F., Fagioli, M., Szekely, 
L., Helin, K. and Pelicci, P.G. (1998) The promyelocytic leukemia gene product 
(PML) forms stable complexes with the retinoblastoma protein. Mol Cell Biol,
18, 1084-1093.

Alcalay, M., Zangrilli, D., Fagioli, M., Pandolfi, P.P., Mencarelli, A., Lo Coco, F., Biondi, 
A., Grignani, F. and Pelicci, P.G. (1992) Expression pattern of the RAR alpha- 
PML fusion gene in acute promyelocytic leukemia. Proc Natl Acad Sci USA,  
89, 4840-4844.

Arnould, C., Philippe, C., Bourdon, V., Grgoire, M.J., Berger, R. and Jonveaux, P.
(1999) The signal transducer and activator of transcription STAT5b gene is a 
new partner of retinoic acid receptor alpha in acute promyelocytic-like 
leukaemia. Hum Mol Genet, 8, 1741-1749.

Astrom, A., Pettersson, U., Chambon, P. and Voorhees, J.J. (1994) Retinoic acid
induction of human cellular retinoic acid-binding protein-ll gene transcription is 
mediated by retinoic acid receptor-retinoid X receptor heterodimers bound to 
one far upstream retinoic acid-responsive element with 5-base pair spacing. J 
Biol Chem, 269, 22334-22339.

Attisano, L. and Wrana, J.L. (2002) Signal transduction by the TGF-beta superfamily. 
Science, 296, 1646-1647.

Azuma, Y. and Dasso, M. (2002) A new clue at the nuclear pore: RanBP2 is an E3 
enzyme for SUMOI. Dev Cell, 2, 130-131.

Bartkova, J., Rezaei, N., Liontos, M., Karakaidos, P., Kletsas, D., Issaeva, N.,
Vassiliou, L.V., Kolettas, E., Niforou, K., Zoumpourlis, V.C., Takaoka, M., 
Nakagawa, H., Tort, F., Fugger, K., Johansson, F., Sehested, M., Andersen,
C.L., Dyrskjot, L., Orntoft, T., Lukas, J., Kittas, C., Helleday, T., Halazonetis, 
T.D., Bartek, J. and Gorgoulis, V.G. (2006) Oncogene-induced senescence is 
part of the tumorigenesis barrier imposed by DNA damage checkpoints. Nature, 
444, 633-637.

Behrens, A., Sibilia, M. and Wagner, E.F. (1999) Amino-terminal phosphorylation of c- 
Jun regulates stress-induced apoptosis and cellular proliferation. Nat Genet,
21, 326-329.

Benedetti, L., Grignani, F., Scicchitano, B.M., Jetten, A.M., Diverio, D., Lo Coco, F., 
Avvisati, G., Gambacorti-Passerini, C., Adamo, S., Levin, A.A., Pelicci, P.G. 
and Nervi, C. (1996) Retinoid-induced differentiation of acute promyelocytic 
leukemia involves PML-RARalpha-mediated increase of type II 
transglutaminase. Blood, 87, 1939-1950.

Bernardi, R., Guernah, I., Jin, D., Grisendi, S., Alimonti, A., Teruya-Feldstein, J.,
Cordon-Cardo, C., Simon, M.C., Rafii, S. and Pandolfi, P.P. (2006) PML inhibits 
HIF-1 alpha translation and neoangiogenesis through repression of mTOR. 
Nature, 442, 779-785.

Bernardi, R. and Pandolfi, P.P. (2007) Structure, dynamics and functions of
promyelocytic leukaemia nuclear bodies. Nat Rev Mol Cell Biol, 8, 1006-1016.

Bernardi, R., Scaglioni, P.P., Bergmann, S., Horn, H.F., Vousden, K.H. and Pandolfi, 
P.P. (2004) PML regulates p53 stability by sequestering Mdm2 to the 
nucleolus. Nat Cell Biol, 6, 665-672.

Best, J.L., Ganiatsas, S., Agarwal, S., Changou, A., Salomoni, P., Shirihai, O., Meluh, 
P.B., Pandolfi, P.P. and Zon, L.l. (2002) SUMO-1 protease-1 regulates gene 
transcription through PML. Mol Cell, 10, 843-855.

198



Bischof, O., Kirsh, O., Pearson, M., Itahana, K., Pelicci, P.G. and Dejean, A. (2002) 
Deconstructing PML-induced premature senescence. Embo J, 21, 3358-3369.

Bischof, O., Nacerddine, K. and Dejean, A. (2005) Human papillomavirus oncoprotein 
E7 targets the promyelocytic leukemia protein and circumvents cellular 
senescence via the Rb and p53 tumor suppressor pathways. Mol Cell Biol, 25, 
1013-1024.

Bissonnette, N. and Hunting, D.J. (1998) p21-induced cycle arrest in G1 protects cells 
from apoptosis induced by UV-irradiation or RNA polymerase II blockage. 
Oncogene, 16, 3461-3469.

Blander, G., Zalle, N., Daniely, Y., Taplick, J., Gray, M.D. and Oren, M. (2002) DNA 
damage-induced translocation of the Werner helicase is regulated by 
acetylation. J Biol Chem, 277, 50934-50940.

Block, G.J., Eskiw, C.H., Dellaire, G. and Bazett-Jones, D.P. (2006) Transcriptional 
regulation is affected by subnuclear targeting of reporter plasmids to PML 
nuclear bodies. Mol Cell Biol, 26, 8814-8825.

Boddy, M.N., Duprez, E., Borden, K.L. and Freemont, P.S. (1997) Surface residue
mutations of the PML RING finger domain alter the formation of nuclear matrix- 
associated PML bodies. J Cell Sci, 110 (Pt 18), 2197-2205.

Borden, K.L., Boddy, M.N., Lally, J., O'Reilly, N.J., Martin, S., Howe, K., Solomon, E. 
and Freemont, P.S. (1995) The solution structure of the RING finger domain 
from the acute promyelocytic leukaemia proto-oncoprotein PML. Embo J, 14, 
1532-1541.

Brown, D., Kogan, S., Lagasse, E., Weissman, I., Alcalay, M., Pelicci, P.G., Atwater, S. 
and Bishop, J.M. (1997) A PMLRARalpha transgene initiates murine acute 
promyelocytic leukemia. Proc Natl Acad Sci USA,  94, 2551-2556.

Brugarolas, J., Chandrasekaran, C., Gordon, J.I., Beach, D., Jacks, T. and Hannon,
G.J. (1995) Radiation-induced cell cycle arrest compromised by p21 deficiency. 
Nature, 377, 552-557.

Bruno, S., Ghiotto, F., Fais, F., Fagioli, M., Luzi, L., Pelicci, P.G., Grossi, C.E. and 
Ciccone, E. (2003) The PML gene is not involved in the regulation of MHC 
class I expression in human cell lines. Blood, 101, 3514-3519.

Buitenhuis, M., van Deutekom, H.W., Verhagen, L.P., Castor, A., Jacobsen, S.E.,
Lammers, J.W., Koenderman, L. and Coffer, P.J. (2005) Differential regulation 
of granulopoiesis by the basic helix-loop-helix transcriptional inhibitors Id1 and 
Id2. Blood, 105,4272-4281.

Cainarca, S., Messali, S., Ballabio, A. and Meroni, G. (1999) Functional
characterization of the Opitz syndrome gene product (midin): evidence for 
homodimerization and association with microtubules throughout the cell cycle. 
Hum Mol Genet, 8, 1387-1396.

Campisi, J. (2005) Senescent cells, tumor suppression, and organismal aging: good 
citizens, bad neighbors. Cell, 120, 513-522.

Campisi, J. and d'Adda di Fagagna, F. (2007) Cellular senescence: when bad things 
happen to good cells. Nat Rev Mol Cell Biol, 8, 729-740.

Cao, T., Duprez, E., Borden, K.L., Freemont, P.S. and Etkin, L.D. (1998) Ret finger
protein is a normal component of PML nuclear bodies and interacts directly with 
PML. J Cell Sci, 111 (Pt 10), 1319-1329.

Carbone, R., Pearson, M., Minucci, S. and Pelicci, P.G. (2002) PML NBs associate 
with the hMrel 1 complex and p53 at sites of irradiation induced DNA damage. 
Oncogene, 21, 1633-1640.

Chambon, P. (1996) A decade of molecular biology of retinoic acid receptors. Faseb J, 
10, 940-954.

Chan, J.Y., Chin, W., Liew, C.T., Chang, K.S. and Johnson, P.J. (1998) Altered
expression of the growth and transformation suppressor PML gene in human

199



hepatocellular carcinomas and in hepatitis tissues. Eur J Cancer, 34, 1015- 
1022.

Chang, K.S., Lu, J.F., Wang, G., Trujillo, J.M., Estey, E., Cork, A., Chu, D.T., Freireich,
E.J. and Stass, S.A. (1992a) The t(15;17) breakpoint in acute promyelocytic 
leukemia cluster within two different sites of the myl gene: targets for the 
detection of minimal residual disease by the polymerase chain reaction. Blood, 
79, 554-558.

Chang, K.S., Stass, S.A., Chu, D.T., Deaven, L.L., Trujillo, J.M. and Freireich, E.J. 
(1992b) Characterization of a fusion cDNA (RARA/myl) transcribed from the 
t(15;17) translocation breakpoint in acute promyelocytic leukemia. Mol Cell Biol, 
12,800-810.

Chelbi-Alix, M.K., Pelicano, L., Quignon, F., Koken, M.H., Venturini, L., Stadler, M., 
Pavlovic, J., Degos, L. and de The, H. (1995) Induction of the PML protein by 
interferons in normal and APL cells. Leukemia, 9, 2027-2033.

Chen, J.D. and Evans, R.M. (1995) A transcriptional co-repressor that interacts with 
nuclear hormone receptors. Nature, 377, 454-457.

Chen, L.Y. and Chen, J.D. (2003) Daxx silencing sensitizes cells to multiple apoptotic 
pathways. Mol Cell Biol, 23, 7108-7121.

Ching, R.W., Dellaire, G., Eskiw, C.H. and Bazett-Jones, D.P. (2005) PML bodies: a 
meeting place for genomic loci? J Cell Sci, 118, 847-854.

Chipuk, J.E., Bouchier-Hayes, L., Kuwana, T., Newmeyer, D.D. and Green, D.R.
(2005) PUMA couples the nuclear and cytoplasmic proapoptotic function of 
p53. Science, 309, 1732-1735.

Cohen, N., Sharma, M., Kentsis, A., Perez, J.M., Strudwick, S. and Borden, K.L. (2001) 
PML RING suppresses oncogenic transformation by reducing the affinity of 
elF4E for mRNA. Embo J, 20, 4547-4559.

Collins, S.J., Robertson, K.A. and Mueller, L. (1990) Retinoic acid-induced granulocytic 
differentiation of HL-60 myeloid leukemia cells is mediated directly through the 
retinoic acid receptor (RAR-alpha). Mol Cell Biol, 10, 2154-2163.

Condemine, W., Takahashi, Y., Le Bras, M. and de The, H. (2007) A nucleolar 
targeting signal in PML-I addresses PML to nucleolar caps in stressed or 
senescent cells. J Cell Sci, 120, 3219-3227.

Condemine, W., Takahashi, Y., Zhu, J., Puvion-Dutilleul, F., Guegan, S., Janin, A. and 
de The, H. (2006) Characterization of endogenous human promyelocytic 
leukemia isoforms. Cancer Res, 66, 6192-6198.

Connell, C.M., Colnaghi, R. and Wheatley, S.P. (2008) Nuclear survivin has reduced 
stability and is not cytoprotective. J Biol Chem, 283, 3289-3296.

Cooper, C.L., Brady, G., Bilia, F., Iscove, N.N. and Quesenberry, P.J. (1997)
Expression of the Id family helix-loop-helix regulators during growth and 
development in the hematopoietic system. Blood, 89, 3155-3165.

Cooper, C.L. and Newburger, P.E. (1998) Differential expression of Id genes in
multipotent myeloid progenitor cells: Id-1 is induced by early-and late-acting 
cytokines while Id-2 is selectively induced by cytokines that drive terminal 
granulocytic differentiation. J Cell Biochem, 71, 277-285.

D'Orazi, G., Cecchinelli, B., Bruno, T., Manni, I., Higashimoto, Y., Saito, S., Gostissa, 
M., Coen, S., Marchetti, A., Del Sal, G., Piaggio, G., Fanciulli, M., Appella, E. 
and Soddu, S. (2002) Homeodomain-interacting protein kinase-2 
phosphorylates p53 at Ser 46 and mediates apoptosis. Nat Cell Biol, 4, 11-19.

Damm, K., Heyman, R.A., Umesono, K. and Evans, R.M. (1993) Functional inhibition 
of retinoic acid response by dominant negative retinoic acid receptor mutants. 
Proc Natl Acad Sci USA,  90, 2989-2993.

Daniel, M.T., Koken, M., Romagne, O., Barbey, S., Bazarbachi, A., Stadler, M.,
Guillemin, M.C., Degos, L., Chomienne, C. and de The, H. (1993) PML protein

200



expression in hematopoietic and acute promyelocytic leukemia cells. Blood, 82, 
1858-1867.

de Stanchina, E., Querido, E., Narita, M., Davuluri, R.V., Pandolfi, P.P., Ferbeyre, G. 
and Lowe, S.W. (2004) PML is a direct p53 target that modulates p53 effector 
functions. Mol Cell, 13, 523-535.

de The, H., Chomienne, C., Lanotte, M., Degos, L. and Dejean, A. (1990) The t(15;17) 
translocation of acute promyelocytic leukaemia fuses the retinoic acid receptor 
alpha gene to a novel transcribed locus. Nature, 347, 558-561.

de The, H., Lavau, C., Marchio, A., Chomienne, C., Degos, L. and Dejean, A. (1991) 
The PML-RAR alpha fusion mRNA generated by the t(15; 17) translocation in 
acute promyelocytic leukemia encodes a functionally altered RAR. Cell, 66, 
675-684.

de The, H., Marchio, A., Tiollais, P. and Dejean, A. (1989) Differential expression and 
ligand regulation of the retinoic acid receptor alpha and beta genes. Embo J, 8, 
429-433.

Dellaire, G. and Bazett-Jones, D.P. (2004) PML nuclear bodies: dynamic sensors of 
DNA damage and cellular stress. Bioessays, 26, 963-977.

Dellaire, G., Ching, R.W., Dehghani, H., Ren, Y. and Bazett-Jones, D.P. (2006a) The 
number of PML nuclear bodies increases in early S phase by a fission 
mechanism. J Cell Sci, 119, 1026-1033.

Dellaire, G., Eskiw, C.H., Dehghani, H., Ching, R.W. and Bazett-Jones, D.P. (2006b) 
Mitotic accumulations of PML protein contribute to the re-establishment of PML 
nuclear bodies in G1. J Cell Sci, 119, 1034-1042.

Deng, Q., Li, Y., Tedesco, D., Liao, R., Fuhrmann, G. and Sun, P. (2005) The ability of 
E1A to rescue ras-induced premature senescence and confer transformation 
relies on inactivation of both p300/CBP and Rb family proteins. Cancer Res, 65, 
8298-8307.

Derynck, R., Akhurst, R.J. and Balmain, A. (2001) TGF-beta signaling in tumor 
suppression and cancer progression. Nat Genet, 29, 117-129.

Desterro, J.M., Rodriguez, M.S. and Hay, R.T. (1998) SUMO-1 modification of 
IkappaBalpha inhibits NF-kappaB activation. Mol Cell, 2, 233-239.

Di Croce, L., Raker, V.A., Corsaro, M., Fazi, F., Fanelli, M., Faretta, M., Fuks, F., Lo 
Coco, F., Kouzarides, T., Nervi, C., Minucci, S. and Pelicci, P.G. (2002) 
Methyltransferase recruitment and DNA hypermethylation of target promoters 
by an oncogenic transcription factor. Science, 295, 1079-1082.

Di Micco, R., Fumagalli, M., Cicalese, A., Piccinin, S., Gasparini, P., Luise, C., Schurra,
C., Garre, M., Nuciforo, P.G., Bensimon, A., Maestro, R., Pelicci, P.G. and 
dAdda di Fagagna, F. (2006) Oncogene-induced senescence is a DNA 
damage response triggered by DNA hyper-replication. Nature, 444, 638-642.

Dong, S., Geng, J.P., Tong, J.H., Wu, Y., Cai, J.R., Sun, G.L., Chen, S.R., Wang, Z.Y., 
Larsen, C.J., Berger, R. and et al. (1993) Breakpoint clusters of the PML gene 
in acute promyelocytic leukemia: primary structure of the reciprocal products of 
the PML-RARA gene in a patient with t(15;17). Genes Chromosomes Cancer,
6, 133-139.

Doucas, V., Tini, M., Egan, D.A. and Evans, R.M. (1999) Modulation of CREB binding 
protein function by the promyelocytic (PML) oncoprotein suggests a role for 
nuclear bodies in hormone signaling. Proc Natl Acad Sci USA,  96, 2627-2632.

Dumont, P., Leu, J.I., Della Pietra, A.C., 3rd, George, D.L. and Murphy, M. (2003) The 
codon 72 polymorphic variants of p53 have markedly different apoptotic 
potential. Nat Genet, 33, 357-365.

Duprez, E., Wagner, K., Koch, H. and Tenen, D.G. (2003) C/EBPbeta: a major PML- 
RARA-responsive gene in retinoic acid-induced differentiation of APL cells. 
Embo J, 22, 5806-5816.

201



Dyck, J.A., Maul, G.G., Miller, W.H., Jr., Chen, J.D., Kakizuka, A. and Evans, R.M. 
(1994) A novel macromolecular structure is a target of the promyelocyte- 
retinoic acid receptor oncoprotein. Cell, 76, 333-343.

Early, E., Moore, M.A., Kakizuka, A., Nason-Burchenal, K., Martin, P., Evans, R.M. and 
Dmitrovsky, E. (1996) Transgenic expression of PML/RARalpha impairs 
myelopoiesis. Proc Natl Acad Sci USA,  93, 7900-7904.

Ecsedy, J.A., Michaelson, J.S. and Leder, P. (2003) Homeodomain-interacting protein 
kinase 1 modulates Daxx localization, phosphorylation, and transcriptional 
activity. Mol Cell Biol, 23, 950-960.

Ellis, N.A., Lennon, D.J., Proytcheva, M., Alhadeff, B., Henderson, E.E. and German,
J. (1995) Somatic intragenic recombination within the mutated locus BLM can 
correct the high sister-chromatid exchange phenotype of Bloom syndrome 
cells. Am J Hum Genet, 57, 1019-1027.

Eskiw, C.H., Dellaire, G. and Bazett-Jones, D.P. (2004) Chromatin contributes to 
structural integrity of promyelocytic leukemia bodies through a SUMO-1 - 
independent mechanism. J Biol Chem, 279, 9577-9585.

Everett, R.D., Lomonte, P., Sternsdorf, T., van Driel, R. and Orr, A. (1999) Cell cycle 
regulation of PML modification and ND10 composition. J Cell Sci, 112 (Pt 24), 
4581-4588.

Everett, R.D. and Murray, J. (2005) ND10 components relocate to sites associated with 
herpes simplex virus type 1 nucleoprotein complexes during virus infection. J 
Virol, 79, 5078-5089.

Everett, R.D., Rechter, S., Papior, P., Tavalai, N., Stamminger, T. and Orr, A. (2006) 
PML contributes to a cellular mechanism of repression of herpes simplex virus 
type 1 infection that is inactivated by ICP0. J Virol, 80, 7995-8005.

Fagioli, M., Alcalay, M., Pandolfi, P.P., Venturini, L., Mencarelli, A., Simeone, A.,
Acampora, D., Grignani, F. and Pelicci, P.G. (1992) Alternative splicing of PML 
transcripts predicts coexpression of several carboxy-terminally different protein 
isoforms. Oncogene, 7,1083-1091.

Fagioli, M., Alcalay, M., Tomassoni, L., Ferrucci, P.F., Mencarelli, A., Riganelli, D., 
Grignani, F., Pozzan, T., Nicoletti, I. and Pelicci, P.G. (1998) Cooperation 
between the RING + B1-B2 and coiled-coil domains of PML is necessary for its 
effects on cell survival. Oncogene, 16, 2905-2913.

Fanelli, M., Fantozzi, A., De Luca, P., Caprodossi, S., Matsuzawa, S., Lazar, M.A., 
Pelicci, P.G. and Minucci, S. (2004) The coiled-coil domain is the structural 
determinant for mammalian homologues of Drosophila Sina-mediated 
degradation of promyelocytic leukemia protein and other tripartite motif proteins 
by the proteasome. J Biol Chem, 279, 5374-5379.

Fazi, F., Rosa, A., Fatica, A., Gelmetti, V., De Marchis, M.L., Nervi, C. and Bozzoni, I.
(2005) A minicircuitry comprised of microRNA-223 and transcription factors 
NFI-A and C/EBPalpha regulates human granulopoiesis. Cell, 123, 819-831.

Ferbeyre, G. (2002) PML a target of translocations in APL is a regulator of cellular 
senescence. Leukemia, 16, 1918-1926.

Ferbeyre, G., de Stanchina, E., Querido, E., Baptiste, N., Prives, C. and Lowe, S.W. 
(2000) PML is induced by oncogenic ras and promotes premature senescence. 
Genes Dev, 14, 2015-2027.

Ferrucci, P.F., Grignani, F., Pearson, M., Fagioli, M., Nicoletti, I. and Pelicci, P.G.
(1997) Cell death induction by the acute promyelocytic leukemia-specific 
PML/RARalpha fusion protein. Proc Natl Acad Sci USA,  94, 10901-10906.

Gack, M.U., Shin, Y.C., Joo, C.H., Urano, T., Liang, C., Sun, L., Takeuchi, O., Akira,
S., Chen, Z., Inoue, S. and Jung, J.U. (2007) TRIM25 RING-finger E3 ubiquitin 
ligase is essential for RIG-l-mediated antiviral activity. Nature, 446, 916-920.

Gasser, S.M. and Cockell, M.M. (2001) The molecular biology of the SIR proteins. 
Gene, 279, 1-16.

202



Ghadimi, B.M., Sackett, D.L., Difilippantonio, M.J., Schrock, E., Neumann, T., Jauho,
A., Auer, G. and Ried, T. (2000) Cehtrosome amplification and instability occurs 
exclusively in aneuploid, but not in diploid colorectal cancer cell lines, and 
correlates with numerical chromosomal aberrations. Genes Chromosomes 
Cancer, 27, 183-190.

Gianni, M., Terao, M., Fortino, I., LiCalzi, M., Viggiano, V., Barbui, T., Rambaldi, A. and 
Garattini, E. (1997) Statl is induced and activated by all-trans retinoic acid in 
acute promyelocytic leukemia cells. Blood, 89,1001-1012.

Gill, G. (2005) Something about SUMO inhibits transcription. CurrOpin Genet Dev, 15, 
536-541.

Glass, C.K. and Rosenfeld, M.G. (2000) The coregulator exchange in transcriptional 
functions of nuclear receptors. Genes Dev, 14,121-141.

Goddard, A.D., Borrow, J., Freemont, P.S. and Solomon, E. (1991) Characterization of 
a zinc finger gene disrupted by the t(15;17) in acute promyelocytic leukemia. 
Science, 254, 1371-1374.

Goldstein, S. (1990) Replicative senescence: the human fibroblast comes of age. 
Science, 249, 1129-1133.

Grignani, F., De Matteis, S., Nervi, C., Tomassoni, L., Gelmetti, V., Cioce, M., Fanelli, 
M., Ruthardt, M., Ferrara, F.F., Zamir, I., Seiser, C., Lazar, M.A., Minucci, S. 
and Pelicci, P.G. (1998) Fusion proteins of the retinoic acid receptor-alpha 
recruit histone deacetylase in promyelocytic leukaemia. Nature, 391, 815-818.

Grignani, F., Fagioli, M., Ferrucci, P.F., Alcalay, M. and Pelicci, P.G. (1993a) The 
molecular genetics of acute promyelocytic leukemia. Blood Rev, 7, 87-93.

Grignani, F., Ferrucci, P.F., Testa, U., Talamo, G., Fagioli, M., Alcalay, M., Mencarelli, 
A., Grignani, F., Peschle, C., Nicoletti, I. and et al. (1993b) The acute 
promyelocytic leukemia-specific PML-RAR alpha fusion protein inhibits 
differentiation and promotes survival of myeloid precursor cells. Cell, 74, 423- 
431.

Grignani, F., Testa, U., Rogaia, D., Ferrucci, P.F., Samoggia, P., Pinto, A., Aldinucci,
D., Gelmetti, V., Fagioli, M., Alcalay, M., Seeler, J., Nicoletti, I., Peschle, C. and 
Pelicci, P.G. (1996) Effects on differentiation by the promyelocytic leukemia 
PML/RARalpha protein depend on the fusion of the PML protein dimerization 
and RARalpha DNA binding domains. Embo J, 15, 4949-4958.

Grisolano, J.L., Wesselschmidt, R.L., Pelicci, P.G. and Ley, T.J. (1997) Altered myeloid 
development and acute leukemia in transgenic mice expressing PML-RAR 
alpha under control of cathepsin G regulatory sequences. Blood, 89, 376-387.

Guo, A., Salomoni, P., Luo, J., Shih, A., Zhong, S., Gu, W. and Paolo Pandolfi, P.
(2000) The function of PML in p53-dependent apoptosis. Nat Cell Biol, 2, 730- 
736.

Gupta, V., Tabak, D. and Keating, A. (2003) Acute promyelocytic leukemia: a case- 
based review. Hematology, 8, 105-113.

Gurrieri, C., Capodieci, P., Bernardi, R., Scaglioni, P.P., Nafa, K., Rush, L.J., Verbel,
D.A., Cordon-Cardo, C. and Pandolfi, P.P. (2004a) Loss of the tumor 
suppressor PML in human cancers of multiple histologic origins. J Natl Cancer 
Inst, 96, 269-279.

Gurrieri, C., Nafa, K., Merghoub, T., Bernardi, R., Capodieci, P., Biondi, A., Nimer, S., 
Douer, D., Cordon-Cardo, C., Gallagher, R. and Pandolfi, P.P. (2004b) 
Mutations of the PML tumor suppressor gene in acute promyelocytic leukemia. 
Blood, 103, 2358-2362.

Hamilton, E., Miller, K.M., Helm, K.M., Langdon, W.Y. and Anderson, S.M. (2001)
Suppression of apoptosis induced by growth factor withdrawal by an oncogenic 
form of c-Cbl. J Biol Chem, 276, 9028-9037.

203



Hanada, K., Ukita, T., Kohno, Y., Saito, K., Kato, J. and Ikeda, H. (1997) RecQ DNA 
helicase is a suppressor of illegitimate recombination in Escherichia coli. Proc 
Natl Acad Sci USA,  94, 3860-3865.

Harmon, F.G. and Kowalczykowski, S.C. (1998) RecQ helicase, in concert with RecA 
and SSB proteins, initiates and disrupts DNA recombination. Genes Dev, 12, 
1134-1144.

Hay, R.T. (2005) SUMO: a history of modification. Mol Cell, 18, 1-12.
Hayakawa, F. and Privalsky, M.L. (2004) Phosphorylation of PML by mitogen-activated 

protein kinases plays a key role in arsenic trioxide-mediated apoptosis. Cancer 
Cell, 5, 389-401.

Hayflick, L. and Moorhead, P.S. (1961) The serial cultivation of human diploid cell 
strains. Exp Cell Res, 25, 585-621.

He, D., Mu, Z.M., Le, X., Hsieh, J.T., Pong, R.C., Chung, L.W. and Chang, K.S. (1997) 
Adenovirus-mediated expression of PML suppresses growth and tumorigenicity 
of prostate cancer cells. Cancer Res, 57, 1868-1872.

He, L.Z., Tolentino, T., Grayson, P., Zhong, S., Warrell, R.P., Jr., Rifkind, R.A., Marks, 
P.A., Richon, V.M. and Pandolfi, P.P. (2001) Histone deacetylase inhibitors 
induce remission in transgenic models of therapy-resistant acute promyelocytic 
leukemia. J Clin Invest, 108, 1321-1330.

Hoetelmans, R.W. (2004) Nuclear partners of Bcl-2: Bax and PML. DNA Cell Biol, 23, 
351-354.

Hofmann, T.G., Moller, A., Sirma, H., Zentgraf, H., Taya, Y., Droge, W., Will, H. and 
Schmitz, M.L. (2002) Regulation of p53 activity by its interaction with 
homeodomain-interacting protein kinase-2. Nat Cell Biol, 4, 1-10.

Hofmann, T.G., Stollberg, N., Schmitz, M.L. and Will, H. (2003) HIPK2 regulates
transforming growth factor-beta-induced c-Jun NH(2)-terminal kinase activation 
and apoptosis in human hepatoma cells. Cancer Res, 63, 8271-8277.

Hofmann, T.G. and Will, H. (2003) Body language: the function of PML nuclear bodies 
in apoptosis regulation. Cell Death Differ, 10, 1290-1299.

Hollenbach, A.D., McPherson, C.J., Mientjes, E.J., Iyengar, R. and Grosveld, G. (2002) 
Daxx and histone deacetylase II associate with chromatin through an 
interaction with core histones and the chromatin-associated protein Dek. J Cell 
Sci, 115, 3319-3330.

Horn, E.J., Albor, A., Liu, Y., El-Hizawi, S., Vanderbeek, G.E., Babcock, M., Bowden, 
G.T., Hennings, H., Lozano, G., Weinberg, W.C. and Kulesz-Martin, M. (2004) 
RING protein Trim32 associated with skin carcinogenesis has anti-apoptotic 
and E3-ubiquitin ligase properties. Carcinogenesis, 25, 157-167.

Hovest, M.G., Bruggenolte, N., Hosseini, K.S., Krieg, T. and Herrmann, G. (2006)
Senescence of human fibroblasts after psoralen photoactivation is mediated by 
ATR kinase and persistent DNA damage foci at telomeres. Mol Biol Cell, 17, 
1758-1767.

Huang, W., Sun, G.L., Li, X.S., Cao, Q., Lu, Y., Jang, G.S., Zhang, F.Q., Chai, J.R., 
Wang, Z.Y., Waxman, S. and et al. (1993) Acute promyelocytic leukemia: 
clinical relevance of two major PML-RAR alpha isoforms and detection of 
minimal residual disease by retrotranscriptase/polymerase chain reaction to 
predict relapse. Blood, 82, 1264-1269.

Imai, S., Armstrong, C.M., Kaeberlein, M. and Guarente, L. (2000) Transcriptional
silencing and longevity protein Sir2 is an NAD-dependent histone deacetylase. 
Nature, 403, 795-800.

Iniguez-Lluhi, J.A. and Pearce, D. (2000) A common motif within the negative
regulatory regions of multiple factors inhibits their transcriptional synergy. Mol 
Cell Biol, 20, 6040-6050.

Inman, G.J. and Hill, C.S. (2002) Stoichiometry of active smad-transcription factor 
complexes on DNA. J Biol Chem, 277, 51008-51016.

204



Insinga, A., Monestiroli, S., Ronzoni, S., Carbone, R., Pearson, M., Pruneri, G., Viale,
G., Appella, E., Pelicci, P. and Minucci, S. (2004) Impairment of p53 
acetylation, stability and function by an oncogenic transcription factor. Embo J, 
23,1144-1154.

Ishiguro, A., Spirin, K., Shiohara, M., Tobler, A., Norton, J.D., Rigolet, M., Shimbo, T. 
and Koeffler, H.P. (1995) Expression of Id2 and Id3 mRNA in human 
lymphocytes. LeukRes, 19, 989-996.

Ishiguro, A., Spirin, K.S., Shiohara, M., Tobler, A., Gombart, A.F., Israel, M.A., Norton, 
J.D. and Koeffler, H.P. (1996) Id2 expression increases with differentiation of 
human myeloid cells. Blood, 87, 5225-5231.

Ishov, A.M., Sotnikov, A.G., Negorev, D., Vladimirova, O.V., Neff, N., Kamitani, T.,
Yeh, E.T., Strauss, J.F., 3rd and Maul, G.G. (1999) PML is critical for ND10 
formation and recruits the PML-interacting protein daxx to this nuclear structure 
when modified by SUMO-1. J Cell Biol, 147, 221-234.

Ishov, A.M., Vladimirova, O.V. and Maul, G.G. (2004) Heterochromatin and ND10 are 
cell-cycle regulated and phosphorylation-dependent alternate nuclear sites of 
the transcription repressor Daxx and SWI/SNF protein ATRX. J Cell Sci, 117, 
3807-3820.

Jansen, J.H., Mahfoudi, A., Rambaud, S., Lavau, C., Wahli, W. and Dejean, A. (1995) 
Multimeric complexes of the PML-retinoic acid receptor alpha fusion protein in 
acute promyelocytic leukemia cells and interference with retinoid and 
peroxisome-proliferator signaling pathways. Proc Natl Acad Sci USA,  92, 
7401-7405.

Jensen, K., Shiels, C. and Freemont, P.S. (2001) PML protein isoforms and the 
RBCC/TRIM motif. Oncogene, 20, 7223-7233.

Jiang, W.Q. and Ringertz, N. (1997) Altered distribution of the promyelocytic leukemia- 
associated protein is associated with cellular senescence. Cell Growth Differ, 8, 
513-522.

Jurcic, J.G., Nimer, S.D., Scheinberg, D.A., DeBlasio, T., Warrell, R.P., Jr. and Miller, 
W.H., Jr. (2001) Prognostic significance of minimal residual disease detection 
and PML/RAR-alpha isoform type: long-term follow-up in acute promyelocytic 
leukemia. Blood, 98, 2651-2656.

Kakizuka, A., Miller, W.H., Jr., Umesono, K., Warrell, R.P., Jr., Frankel, S.R., Murty, 
V.V., Dmitrovsky, E. and Evans, R.M. (1991) Chromosomal translocation 
t(15;17) in human acute promyelocytic leukemia fuses RAR alpha with a novel 
putative transcription factor, PML. Cell, 66, 663-674.

Kamitani, T., Kito, K., Nguyen, H.P., Wada, H., Fukuda-Kamitani, T. and Yeh, E.T. 
(1998a) Identification of three major sentrinization sites in PML. J Biol Chem, 
273, 26675-26682.

Kamitani, T., Nguyen, H.P., Kito, K., Fukuda-Kamitani, T. and Yeh, E.T. (1998b)
Covalent modification of PML by the sentrin family of ubiquitin-like proteins. J 
Biol Chem, 273, 3117-3120.

Kastner, P., Lawrence, H.J., Waltzinger, C., Ghyselinck, N.B., Chambon, P. and Chan, 
S. (2001) Positive and negative regulation of granulopoiesis by endogenous 
RARalpha. Blood, 97, 1314-1320.

Kastner, P., Perez, A., Lutz, Y., Rochette-Egly, C., Gaub, M.P., Durand, B., Lanotte,
M., Berger, R. and Chambon, P. (1992) Structure, localization and 
transcriptional properties of two classes of retinoic acid receptor alpha fusion 
proteins in acute promyelocytic leukemia (APL): structural similarities with a 
new family of oncoproteins. Embo J, 11, 629-642.

Kawai, T., Akira, S. and Reed, J.C. (2003) ZIP kinase triggers apoptosis from nuclear 
PML oncogenic domains. Mol Cell Biol, 23, 6174-6186.

205



Keeshan, K., Santilli, G., Corradini, F., Perrotti, D. and Calabretta, B. (2003)
Transcription activation function of C/EBPalpha is required for induction of 
granulocytic differentiation. Blood, 102,1267-1275.

Kentsis, A., Dwyer, E.C., Perez, J.M., Sharma, M., Chen, A., Pan, Z.Q. and Borden, 
K.L. (2001) The RING domains of the promyelocytic leukemia protein PML and 
the arenaviral protein Z repress translation by directly inhibiting translation 
initiation factor elF4E. J Mol Biol, 312, 609-623.

Khan, M.M., Nomura, T., Chiba, T., Tanaka, K., Yoshida, H., Mori, K. and Ishii, S.
(2004) The fusion oncoprotein PML-RARalpha induces endoplasmic reticulum 
(ER)-associated degradation of N-CoR and ER stress. J Biol Chem, 279, 
11814-11824.

Khan, M.M., Nomura, T., Kim, H., Kaul, S.C., Wadhwa, R., Shinagawa, T., Ichikawa- 
Iwata, E., Zhong, S., Pandolfi, P.P. and Ishii, S. (2001a) Role of PML and PML- 
RARalpha in Mad-mediated transcriptional repression. Mol Cell, 7,1233-1243.

Khan, M.M., Nomura, T., Kim, H., Kaul, S.C., Wadhwa, R., Zhong, S., Pandolfi, P.P. 
and Ishii, S. (2001b) PML-RARalpha alleviates the transcriptional repression 
mediated by tumor suppressor Rb. J Biol Chem, 276, 43491-43494.

Khelifi, A.F., D'Alcontres, M.S. and Salomoni, P. (2005) Daxx is required for stress- 
induced cell death and JNK activation. Cell Death Differ.

Khetchoumian, K., Teletin, M., Tisserand, J., Mark, M., Herquel, B., Ignat, M., Zucman- 
Rossi, J., Cammas, F., Lerouge, T., Thibault, C., Metzger, D., Chambon, P. and 
Losson, R. (2007) Loss of Trim24 (Tif1 alpha) gene function confers oncogenic 
activity to retinoic acid receptor alpha. Nat Genet, 39, 1500-1506.

Khorasanizadeh, S. and Rastinejad, F. (2001) Nuclear-receptor interactions on DNA- 
response elements. Trends Biochem Sci, 26, 384-390.

Kim, W.Y. and Sharpless, N.E. (2006) The regulation of INK4/ARF in cancer and 
aging. Cell, 127, 265-275.

Klugbauer, S. and Rabes, H.M. (1999) The transcription coactivator HTIF1 and a 
related protein are fused to the RET receptor tyrosine kinase in childhood 
papillary thyroid carcinomas. Oncogene, 18, 4388-4393.

Koken, M.H., Linares-Cruz, G., Quignon, F., Viron, A., Chelbi-Alix, M.K., Sobczak- 
Thepot, J., Juhlin, L., Degos, L., Calvo, F. and de The, H. (1995) The PML 
growth-suppressor has an altered expression in human oncogenesis.
Oncogene, 10, 1315-1324.

Koken, M.H., Puvion-Dutilleul, F., Guillemin, M.C., Viron, A., Linares-Cruz, G.,
Stuurman, N., de Jong, L., Szostecki, C., Calvo, F., Chomienne, C. and et al.
(1994) The t(15;17) translocation alters a nuclear body in a retinoic acid- 
reversible fashion. EmboJ, 13, 1073-1083.

Kubbutat, M.H., Jones, S.N. and Vousden, K.H. (1997) Regulation of p53 stability by 
Mdm2. Nature, 387, 299-303.

Kudryashova, E., Kudryashov, D., Kramerova, I. and Spencer, M.J. (2005) Trim32 is a 
ubiquitin ligase mutated in limb girdle muscular dystrophy type 2H that binds to 
skeletal muscle myosin and ubiquitinates actin. J Mol Biol, 354, 413-424.

Kulkarni, A.B., Huh, C.G., Becker, D., Geiser, A., Lyght, M., Flanders, K.C., Roberts, 
A.B., Sporn, M.B., Ward, J.M. and Karlsson, S. (1993) Transforming growth 
factor beta 1 null mutation in mice causes excessive inflammatory response 
and early death. Proc Natl Acad Sci USA,  90, 770-774.

Kumar, M.S., Lu, J., Mercer, K.L., Golub, T.R. and Jacks, T. (2007a) Impaired
microRNA processing enhances cellular transformation and tumorigenesis. Nat 
Genet, 39, 673-677.

Kumar, P.P., Bischof, O., Purbey, P.K., Notani, D., Urlaub, H., Dejean, A. and
Galande, S. (2007b) Functional interaction between PML and SATB1 regulates 
chromatin-loop architecture and transcription of the MHC class I locus. Nat Cell 
Biol, 9, 45-56.

206



Kuo, H.Y., Chang, C.C., Jeng, J.C., Hu, H.M., Lin, D.Y., Maul, G.G., Kwok, R.P. and 
Shih, H.M. (2005) SUMO modification negatively modulates the transcriptional 
activity of CREB-binding protein via the recruitment of Daxx. Proc Natl Acad Sci 
USA,  102, 16973-16978.

Labbaye, C., Valtieri, M., Grignani, F., Puglisi, R., Luchetti, L., Masella, B., Alcalay, M., 
Testa, U. and Peschle, C. (1999) Expression and role of PML gene in normal 
adult hematopoiesis: functional interaction between PML and Rb proteins in 
erythropoiesis. Oncogene, 18, 3529-3540.

Lai, H.K. and Borden, K.L. (2000) The promyelocytic leukemia (PML) protein
suppresses cyclin D1 protein production by altering the nuclear cytoplasmic 
distribution of cyclin D1 mRNA. Oncogene, 19,1623-1634.

Lallemand-Breitenbach, V., Guillemin, M.C., Janin, A., Daniel, M.T., Degos, L., Kogan, 
S.C., Bishop, J.M. and de The, H. (1999) Retinoic acid and arsenic synergize to 
eradicate leukemic cells in a mouse model of acute promyelocytic leukemia. J 
Exp Med, 189, 1043-1052.

Lallemand-Breitenbach, V., Jeanne, M., Benhenda, S., Nasr, R., Lei, M., Peres, L., 
Zhou, J., Zhu, J., Raught, B. and de The, H. (2008) Arsenic degrades PML or 
PML-RARalpha through a SUMO-triggered RNF4/ubiquitin-mediated pathway. 
Nat Cell Biol, 10, 547-555.

Lallemand-Breitenbach, V., Zhu, J., Puvion, F., Koken, M., Honore, N., Doubeikovsky, 
A., Duprez, E., Pandolfi, P.P., Puvion, E., Freemont, P. and deThe, H. (2001) 
Role of promyelocytic leukemia (PML) sumolation in nuclear body formation, 
11S proteasome recruitment, and As203-induced PML or PML/retinoic acid 
receptor alpha degradation. J Exp Med, 193,1361-1371.

Lamond, A.I. and Sleeman, J.E. (2003) Nuclear substructure and dynamics. CurrBiol, 
13, R825-828.

Landry, J., Sutton, A., Tafrov, S.T., Heller, R.C., Stebbins, J., Pillus, L. and Sternglanz, 
R. (2000) The silencing protein SIR2 and its homologs are NAD-dependent 
protein deacetylases. Proc Natl Acad Sci USA,  97, 5807-5811.

Lane, A.A. and Ley, T.J. (2003) Neutrophil elastase cleaves PML-RARalpha and is 
important for the development of acute promyelocytic leukemia in mice. Cell, 
115, 305-318.

Langley, E., Pearson, M., Faretta, M., Bauer, U.M., Frye, R.A., Minucci, S., Pelicci,
P.G. and Kouzarides, T. (2002) Human SIR2 deacetylates p53 and 
antagonizes PML/p53-induced cellular senescence. Embo J, 21, 2383-2396.

Lavau, C., Marchio, A., Fagioli, M., Jansen, J., Falini, B., Lebon, P., Grosveld, F., 
Pandolfi, P.P., Pelicci, P.G. and Dejean, A. (1995) The acute promyelocytic 
leukaemia-associated PML gene is induced by interferon. Oncogene, 11, 871- 
876.

Le Douarin, B., Zechel, C., Gamier, J.M., Lutz, Y., Tora, L., Pierrat, P., Heery, D., 
Gronemeyer, H., Chambon, P. and Losson, R. (1995) The N-terminal part of 
TIF1, a putative mediator of the ligand-dependent activation function (AF-2) of 
nuclear receptors, is fused to B-raf in the oncogenic protein T18. Embo J, 14, 
2020-2033.

Le, X.F., Yang, P. and Chang, K.S. (1996) Analysis of the growth and transformation 
suppressor domains of promyelocytic leukemia gene, PML. J Biol Chem, 271, 
130-135.

Lee, Y.J., Jones, L.C., Timchenko, N.A., Perrotti, D., Tenen, D.G. and Kogan, S.C.
(2006) CCAAT/enhancer binding proteins alpha and epsilon cooperate with all- 
trans retinoic acid in therapy but differ in their antileukemic activities. Blood,
108, 2416-2419.

Leeanansaksiri, W., Wang, H., Gooya, J.M., Renn, K., Abshari, M., Tsai, S. and Keller, 
J.R. (2005) IL-3 induces inhibitor of DNA-binding protein-1 in hemopoietic

207



progenitor cells and promotes myeloid cell development. J Immunol, 174, 7014- 
7021.

Lerner, M., Corcoran, M., Cepeda, D., Nielsen, M.L., Zubarev, R., Ponten, F., Uhlen, 
M., Hober, S., Grander, D. and Sangfelt, O. (2007) The RBCC gene RFP2 
(Leu5) encodes a novel transmembrane E3 ubiquitin ligase involved in ERAD. 
Mol Biol Cell, 18, 1670-1682.

Li, H., Leo, C., Zhu, J., Wu, X., O'Neil, J., Park, E.J. and Chen, J.D. (2000)
Sequestration and inhibition of Daxx-mediated transcriptional repression by 
PML. Mol Cell Biol, 20, 1784-1796.

Lin, H.K., Bergmann, S. and Pandolfi, P.P. (2004) Cytoplasmic PML function in TGF- 
beta signalling. Nature, 431, 205-211.

Lin, H.K., Bergmann, S. and Pandolfi, P.P. (2005) Deregulated TGF-beta signaling in 
leukemogenesis. Oncogene, 24, 5693-5700.

Lin, R.J. and Evans, R.M. (2000) Acquisition of oncogenic potential by RAR chimeras 
in acute promyelocytic leukemia through formation of homodimers. Mol Cell, 5, 
821-830.

Lin, R.J., Nagy, L., Inoue, S., Shao, W., Miller, W.H., Jr. and Evans, R.M. (1998) Role 
of the histone deacetylase complex in acute promyelocytic leukaemia. Nature, 
391,811-814.

Lingle, W.L., Barrett, S.L., Negron, V.C., D'Assoro, A.B., Boeneman, K., Liu, W., 
Whitehead, C.M., Reynolds, C. and Salisbury, J.L. (2002) Centrosome 
amplification drives chromosomal instability in breast tumor development. Proc 
Natl Acad Sci USA,  99, 1978-1983.

Liu, J., Rivas, F.V., Wohlschlegel, J., Yates, J.R., 3rd, Parker, R. and Hannon, G.J. 
(2005a) A role for the P-body component GW182 in microRNA function. Nat 
Cell Biol, 7, 1261-1266.

Liu, J., Valencia-Sanchez, M.A., Hannon, G.J. and Parker, R. (2005b) MicroRNA- 
dependent localization of targeted mRNAs to mammalian P-bodies. Nat Cell 
Biol, 7, 719-723.

Livak, K.J. and Schmittgen, T.D. (2001) Analysis of relative gene expression data 
using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method.
Methods, 25, 402-408.

Louria-Hayon, I., Grossman, T., Sionov, R.V., Alsheich, O., Pandolfi, P.P. and Haupt,
Y. (2003) The promyelocytic leukemia protein protects p53 from Mdm2- 
mediated inhibition and degradation. J Biol Chem, 278, 33134-33141.

Luciani, J.J., Depetris, D., Usson, Y., Metzler-Guillemain, C., Mignon-Ravix, C.,
Mitchell, M.J., Megarbane, A., Sarda, P., Sirma, H., Moncla, A., Feunteun, J. 
and Mattei, M.G. (2006) PML nuclear bodies are highly organised DNA-protein 
structures with a function in heterochromatin remodelling at the G2 phase. J 
Cell Sci, 119, 2518-2531.

Luo, J., Nikolaev, A.Y., Imai, S., Chen, D., Su, F., Shiloh, A., Guarente, L. and Gu, W.
(2001) Negative control of p53 by Sir2alpha promotes cell survival under stress. 
Cell, 107, 137-148.

Mahajan, R., Delphin, C., Guan, T., Gerace, L. and Melchior, F. (1997) A small
ubiquitin-related polypeptide involved in targeting RanGAPI to nuclear pore 
complex protein RanBP2. Cell, 88, 97-107.

Mallette, F.A., Gaumont-Leclerc, M.F. and Ferbeyre, G. (2007) The DNA damage 
signaling pathway is a critical mediator of oncogene-induced senescence. 
Genes Dev, 21, 43-48.

Mallette, F.A., Goumard, S., Gaumont-Leclerc, M.F., Moiseeva, O. and Ferbeyre, G.
(2004) Human fibroblasts require the Rb family of tumor suppressors, but not 
p53, for PML-induced senescence. Oncogene, 23, 91-99.

Mangelsdorf, D.J. and Evans, R.M. (1995) The RXR heterodimers and orphan 
receptors. Cell, 83, 841-850.

208



Marchenko, N.D., Zaika, A. and Moll, U.M. (2000) Death signal-induced localization of 
p53 protein to mitochondria. A potential role in apoptotic signaling. J Biol Chem, 
275, 16202-16212.

Mascrez, B., Mark, M., Dierich, A., Ghyselinck, N.B., Kastner, P. and Chambon, P. 
(1998) The RXRalpha ligand-dependent activation function 2 (AF-2) is 
important for mouse development. Development, 125, 4691-4707.

Mattsson, K., Pokrovskaja, K., Kiss, C., Klein, G. and Szekely, L. (2001) Proteins 
associated with the promyelocytic leukemia gene product (PML)-containing 
nuclear body move to the nucleolus upon inhibition of proteasome-dependent 
protein degradation. Proc Natl Acad Sci USA,  98, 1012-1017.

Maul, G.G., Negorev, D., Bell, P. and Ishov, A.M. (2000) Review: properties and
assembly mechanisms of ND10, PML bodies, or PODs. J Struct Biol, 129, 278- 
287.

Maul, G.G., Yu, E., Ishov, A.M. and Epstein, A.L (1995) Nuclear domain 10 (ND10) 
associated proteins are also present in nuclear bodies and redistribute to 
hundreds of nuclear sites after stress. J Cell Biochem, 59, 498-513.

Melnick, A. and Licht, J.D. (1999) Deconstructing a disease: RARalpha, its fusion
partners, and their roles in the pathogenesis of acute promyelocytic leukemia. 
Blood, 93, 3167-3215.

Meroni, G. and Diez-Roux, G. (2005) TRIM/RBCC, a novel class of 'single protein 
RING finger1 E3 ubiquitin ligases. Bioessays, 27, 1147-1157.

Michaelson, J.S., Bader, D., Kuo, F., Kozak, C. and Leder, P. (1999) Loss of Daxx, a 
promiscuously interacting protein, results in extensive apoptosis in early mouse 
development. Genes Dev, 13, 1918-1923.

Michaelson, J.S. and Leder, P. (2003) RNAi reveals anti-apoptotic and transcriptionally 
repressive activities of DAXX. J Cell Sci, 116, 345-352.

Minucci, S., Maccarana, M., Cioce, M., De Luca, P., Gelmetti, V., Segalla, S., Di Croce, 
L., Giavara, S., Matteucci, C., Gobbi, A., Bianchini, A., Colombo, E., Schiavoni,
I., Badaracco, G., Hu, X., Lazar, M.A., Landsberger, N., Nervi, C. and Pelicci, 
P.G. (2000) Oligomerization of RAR and AML1 transcription factors as a novel 
mechanism of oncogenic activation. Mol Cell, 5, 811-820.

Minucci, S., Monestiroli, S., Giavara, S., Ronzoni, S., Marchesi, F., Insinga, A., Diverio,
D., Gasparini, P., Capillo, M., Colombo, E., Matteucci, C., Contegno, F., Lo- 
Coco, F., Scanziani, E., Gobbi, A. and Pelicci, P.G. (2002) PML-RAR induces 
promyelocytic leukemias with high efficiency following retroviral gene transfer 
into purified murine hematopoietic progenitors. Blood, 100, 2989-2995.

Minucci, S. and Pelicci, P.G. (2007) Determinants of oncogenic transformation in acute 
promyelocytic leukemia: the hetero-union makes the force. Cancer Cell, 12, 1- 
3.

Morgenstern, J.P. and Land, H. (1990) A series of mammalian expression vectors and 
characterisation of their expression of a reporter gene in stably and transiently 
transfected cells. Nucleic Acids Res, 18, 1068.

Morris-Desbois, C., Bochard, V., Reynaud, C. and Jalinot, P. (1999) Interaction
between the Ret finger protein and the lnt-6 gene product and co-localisation 
into nuclear bodies. J Cell Sci, 112 (Pt 19), 3331-3342.

Mu, Z.M., Chin, K.V., Liu, J.H., Lozano, G. and Chang, K.S. (1994) PML, a growth
suppressor disrupted in acute promyelocytic leukemia. Mol Cell Biol, 14, 6858- 
6867.

Muratani, M., Gerlich, D., Janicki, S.M., Gebhard, M., Eils, R. and Spector, D.L. (2002) 
Metabolic-energy-dependent movement of PML bodies within the mammalian 
cell nucleus. Nat Cell Biol, 4, 106-110.

Nefkens, I., Negorev, D.G., Ishov, A.M., Michaelson, J.S., Yeh, E.T., Tanguay, R.M., 
Muller, W.E. and Maul, G.G. (2003) Heat shock and Cd2+ exposure regulate

209



PML and Daxx release from ND10 by independent mechanisms that modify the 
induction of heat-shock proteins 70'and 25 differently. J Cell Sci, 116, 513-524.

Nervi, C., Borello, U., Fazi, F., Buffa, V., Pelicci, P.G. and Cossu, G. (2001) Inhibition 
of histone deacetylase activity by trichostatin A modulates gene expression 
during mouse embryogenesis without apparent toxicity. Cancer Res, 61, 1247- 
1249.

Nervi, C., Ferrara, F.F., Fanelli, M., Rippo, M.R., Tomassini, B., Ferrucci, P.F.,
Ruthardt, M., Gelmetti, V., Gambacorti-Passerini, C., Diverio, D., Grignani, F., 
Pelicci, P.G. and Testi, R. (1998) Caspases mediate retinoic acid-induced 
degradation of the acute promyelocytic leukemia PML/RARalpha fusion protein. 
Blood, 92, 2244-2251.

Nigg, E.A. (2002) Centrosome aberrations: cause or consequence of cancer 
progression? Nat Rev Cancer, 2, 815-825.

Nigten, J., Breems-de Ridder, M.C., Erpelinck-Verschueren, C.A., Nikoloski, G., van 
der Reijden, B.A., van Wageningen, S., van Hennik, P.B., de Witte, T., 
Lowenberg, B. and Jansen, J.H. (2005) ID1 and ID2 are retinoic acid 
responsive genes and induce a G0/G1 accumulation in acute promyelocytic 
leukemia cells. Leukemia, 19, 799-805.

Nisole, S., Stoye, J.P. and Saib, A. (2005) TRIM family proteins: retroviral restriction 
and antiviral defence. Nat Rev Microbiol, 3, 799-808.

Nomura, M. and Li, E. (1998) Smad2 role in mesoderm formation, left-right patterning 
and craniofacial development. Nature, 393, 786-790.

Pandolfi, P.P., Alcalay, M., Fagioli, M., Zangrilli, D., Mencarelli, A., Diverio, D., Biondi,
A., Lo Coco, F., Rambaldi, A., Grignani, F. and et al. (1992) Genomic variability 
and alternative splicing generate multiple PML/RAR alpha transcripts that 
encode aberrant PML proteins and PML/RAR alpha isoforms in acute 
promyelocytic leukaemia. EmboJ, 11, 1397-1407.

Pandolfi, P.P., Grignani, F., Alcalay, M., Mencarelli, A., Biondi, A., LoCoco, F. and 
Pelicci, P.G. (1991) Structure and origin of the acute promyelocytic leukemia 
myl/RAR alpha cDNA and characterization of its retinoid-binding and 
transactivation properties. Oncogene, 6, 1285-1292.

Pearson, M., Carbone, R., Sebastiani, C., Cioce, M., Fagioli, M., Saito, S.,
Higashimoto, Y., Appella, E., Minucci, S., Pandolfi, P.P. and Pelicci, P.G.
(2000) PML regulates p53 acetylation and premature senescence induced by 
oncogenic Ras. Nature, 406, 207-210.

Perez, A., Kastner, P., Sethi, S., Lutz, Y., Reibel, C. and Chambon, P. (1993) PMLRAR 
homodimers: distinct DNA binding properties and heteromeric interactions with 
RXR. EmboJ, 12, 3171-3182.

Perlman, R., Schiemann, W.P., Brooks, M.W., Lodish, H.F. and Weinberg, R.A. (2001) 
TGF-beta-induced apoptosis is mediated by the adapter protein Daxx that 
facilitates JNK activation. Nat Cell Biol, 3, 708-714.

Pessah, M., Prunier, C., Marais, J., Ferrand, N., Mazars, A., Lallemand, F., Gauthier, 
J.M. and Atfi, A. (2001) c-Jun interacts with the corepressor TG-interacting 
factor (TGIF) to suppress Smad2 transcriptional activity. Proc Natl Acad Sci U 
SA, 98, 6198-6203.

Petkovic, M., Dietschy, T., Freire, R., Jiao, R. and Stagljar, I. (2005) The human
Rothmund-Thomson syndrome gene product, RECQL4, localizes to distinct 
nuclear foci that coincide with proteins involved in the maintenance of genome 
stability. J Cell Sci, 118, 4261-4269.

Pitha-Rowe, I., Hassel, B.A. and Dmitrovsky, E. (2004) Involvement of UBE1L in
ISG15 conjugation during retinoid-induced differentiation of acute promyelocytic 
leukemia. J Biol Chem, 279, 18178-18187.

210



Platani, M., Goldberg, I., Swedlow, J.R. and Lamond, A.I. (2000) In vivo analysis of 
Cajal body movement, separation, and joining in live human cells. J Cell Biol, 
151, 1561-1574.

Quaderi, N.A., Schweiger, S., Gaudenz, K., Franco, B., Rugarli, E.I., Berger, W., 
Feldman, G.J., Volta, M., Andolfi, G., Gilgenkrantz, S., Marion, R.W.,
Hennekam, R.C., Opitz, J.M., Muenke, M., Ropers, H.H. and Ballabio, A.
(1997) Opitz G/BBB syndrome, a defect of midline development, is due to 
mutations in a new RING finger gene on Xp22. Nat Genet, 17, 285-291.

Quignon, F., De Bels, F., Koken, M., Feunteun, J., Ameisen, J.C. and de The, H.
(1998) PML induces a novel caspase-independent death process. Nat Genet, 
20, 259-265.

Quimby, B.B., Yong-Gonzalez, V., Anan, T., Strunnikov, A.V. and Dasso, M. (2006)
The promyelocytic leukemia protein stimulates SUMO conjugation in yeast. 
Oncogene, 25, 2999-3005.

Rabbitts, T.H. (2001) Chromosomal translocation master genes, mouse models and 
experimental therapeutics. Oncogene, 20, 5763-5777.

Racanicchi, S., Maccherani, C., Liberatore, C., Billi, M., Gelmetti, V., Panigada, M., 
Rizzo, G., Nervi, C. and Grignani, F. (2005) Targeting fusion 
protein/corepressor contact restores differentiation response in leukemia cells. 
Embo J, 24, 1232-1242.

Rastinejad, F. (2001) Retinoid X receptor and its partners in the nuclear receptor 
family. Curr Opin Struct Biol, 11, 33-38.

Rathmell, J.C. and Thompson, C.B. (1999) The central effectors of cell death in the 
immune system. Annu Rev Immunol, 17, 781-828.

Reddel, R.R. (2007) A SUMO ligase for ALT. Nat Struct Mol Biol, 14, 570-571.
Rego, E.M. and Pandolfi, P.P. (2001) Analysis of the molecular genetics of acute 

promyelocytic leukemia in mouse models. Semin Hematol, 38, 54-70.
Rego, E.M., Wang, Z.G., Peruzzi, D., He, L.Z., Cordon-Cardo, C. and Pandolfi, P.P.

(2001) Role of promyelocytic leukemia (PML) protein in tumor suppression. J 
Exp Med, 193, 521-529.

Reineke, E.L., Lam, M., Liu, Q., Liu, Y., Stanya, K.J., Chang, K.S., Means, A.R. and
Kao, H.Y. (2008) Degradation of the tumor suppressor PML by Pin1 contributes 
to the cancer phenotype of breast cancer MDA-MB-231 cells. Mol Cell Biol, 28, 
997-1006.

Reymond, A., Meroni, G., Fantozzi, A., Merla, G., Cairo, S., Luzi, L., Riganelli, D., 
Zanaria, E., Messali, S., Cainarca, S., Guffanti, A., Minucci, S., Pelicci, P.G. 
and Ballabio, A. (2001) The tripartite motif family identifies cell compartments. 
EmboJ, 20, 2140-2151.

Robertson, K.A., Emami, B. and Collins, S.J. (1992) Retinoic acid-resistant HL-60R
cells harbor a point mutation in the retinoic acid receptor ligand-binding domain 
that confers dominant negative activity. Blood, 80, 1885-1889.

Rosenwald, I.B. (1996) Deregulation of protein synthesis as a mechanism of neoplastic 
transformation. Bioessays, 18, 243-250.

Rowley, J.D., Golomb, H.M. and Dougherty, C. (1977) 15/17 translocation, a consistent 
chromosomal change in acute promyelocytic leukaemia. Lancet, 1, 549-550.

Ruggero, D., Montanaro, L., Ma, L., Xu, W., Londei, P., Cordon-Cardo, C. and
Pandolfi, P.P. (2004) The translation factor elF-4E promotes tumor formation 
and cooperates with c-Myc in lymphomagenesis. Nat Med, 10, 484-486.

Ruggero, D. and Pandolfi, P.P. (2003) Does the ribosome translate cancer? Nat Rev 
Cancer, 3, 179-192.

Ruggero, D. and Sonenberg, N. (2005) The Akt of translational control. Oncogene, 24, 
7426-7434.

Saitoh, H. and Hinchey, J. (2000) Functional heterogeneity of small ubiquitin-related 
protein modifiers SUMO-1 versus SUMO-2/3. J Biol Chem, 275, 6252-6258.

211



Salomoni, P., Bernardi, R., Bergmann, S., .Changou, A., Tuttle, S. and Pandolfi, P.P.
(2005) The promyelocytic leukemia protein PML regulates c-Jun function in 
response to DNA damage. Blood, 105, 3686-3690.

Salomoni, P. and Khelifi, A.F. (2006) Daxx: death or survival protein? Trends Cell Biol, 
16, 97-104.

Salomoni, P. and Pandolfi, P.P. (2002) The role of PML in tumor suppression. Cell,
108, 165-170.

Sambrook, J. and Russell, D.W. (2001) Molecular cloning: a laboratory manual. Cold 
Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y.

Saurin, A.J., Borden, K.L., Boddy, M.N. and Freemont, P.S. (1996) Does this have a 
familiar RING? Trends Biochem Sci, 21, 208-214.

Scaglioni, P.P., Yung, T.M., Cai, L.F., Erdjument-Bromage, H., Kaufman, A.J., Singh,
B., Teruya-Feldstein, J., Tempst, P. and Pandolfi, P.P. (2006) A CK2- 
dependent mechanism for degradation of the PML tumor suppressor. Cell, 126, 
269-283.

Schmitt, C.A., Fridman, J.S., Yang, M., Lee, S., Baranov, E., Hoffman, R.M. and Lowe, 
S.W. (2002) A senescence program controlled by p53 and p16INK4a 
contributes to the outcome of cancer therapy. Cell, 109, 335-346.

Schmittgen, T.D. (2001) Real-time quantitative PCR. Methods, 25, 383-385.
Schweiger, S., Foerster, J., Lehmann, T., Suckow, V., Muller, Y.A., Walter, G., Davies, 

T., Porter, H., van Bokhoven, H., Lunt, P.W., Traub, P. and Ropers, H.H. (1999) 
The Opitz syndrome gene product, MIDI, associates with microtubules. Proc 
Natl Acad Sci USA,  96, 2794-2799.

Seo, S.R., Ferrand, N., Faresse, N., Prunier, C., Abecassis, L., Pessah, M.,
Bourgeade, M.F. and Atfi, A. (2006) Nuclear retention of the tumor suppressor 
cPML by the homeodomain protein TGIF restricts TGF-beta signaling. Mol Cell, 
23, 547-559.

Serrano, M., Lin, A.W., McCurrach, M.E., Beach, D. and Lowe, S.W. (1997) Oncogenic 
ras provokes premature cell senescence associated with accumulation of p53 
and p16INK4a. Cell, 88, 593-602.

Shen, T.H., Lin, H.K., Scaglioni, P.P., Yung, T.M. and Pandolfi, P.P. (2006) The 
mechanisms of PML-nuclear body formation. Mol Cell, 24, 331-339.

Sherr, C.J. (2004) Principles of tumor suppression. Cell, 116, 235-246.
Shi, Y. and Massague, J. (2003) Mechanisms of TGF-beta signaling from cell 

membrane to the nucleus. Cell, 113, 685-700.
Shull, M.M., Ormsby, I., Kier, A.B., Pawlowski, S., Diebold, R.J., Yin, M., Allen, R.,

Sidman, C., Proetzel, G., Calvin, D. and et al. (1992) Targeted disruption of the 
mouse transforming growth factor-beta 1 gene results in multifocal 
inflammatory disease. Nature, 359, 693-699.

Siegel, P.M. and Massague, J. (2003) Cytostatic and apoptotic actions of TGF-beta in 
homeostasis and cancer. Nat Rev Cancer, 3, 807-821.

Smith, M.L. and Fornace, A.J., Jr. (1997) p53-mediated protective responses to UV 
irradiation. Proc Natl Acad Sci USA,  94, 12255-12257.

Song, J.J. and Lee, Y.J. (2003) Role of the ASK1-SEK1-JNK1-HIPK1 signal in Daxx 
trafficking and ASK1 oligomerization. J Biol Chem, 278, 47245-47252.

Song, J.J. and Lee, Y.J. (2004) Daxx deletion mutant (amino acids 501-625)-induced 
apoptosis occurs through the JNK/p38-Bax-dependent mitochondrial pathway.
J Cell Biochem, 92, 1257-1270.

Stadler, M., Chelbi-Alix, M.K., Koken, M.H., Venturini, L., Lee, C., Saib, A., Quignon,
F., Pelicano, L., Guillemin, M.C., Schindler, C. and et al. (1995) Transcriptional 
induction of the PML growth suppressor gene by interferons is mediated 
through an ISRE and a GAS element. Oncogene, 11, 2565-2573.

212



Stagno D'Alcontres, M., Mendez-Bermudez, A., Foxon, J.L., Royle, N.J. and Salomoni, 
P. (2007) Lack of TRF2 in ALT cells causes PML-dependent p53 activation and 
loss of telomeric DNA. J Cell Biol, 179, 855-867.

Stauber, R.H., Mann, W. and Knauer, S.K. (2007) Nuclear and cytoplasmic survivin: 
molecular mechanism, prognostic, and therapeutic potential. Cancer Res, 67, 
5999-6002.

Sternsdorf, T., Phan, V.T., Maunakea, M.L., Ocampo, C.B., Sohal, J., Silletto, A.,
Galimi, F., Le Beau, M.M., Evans, R.M. and Kogan, S.C. (2006) Forced retinoic 
acid receptor alpha homodimers prime mice for APL-like leukemia. Cancer Cell, 
9, 81-94.

Takahashi, M., Inaguma, Y., Hiai, H. and Hirose, F. (1988) Developmental^ regulated 
expression of a human "finger-containing gene encoded by the 5' half of the 
ret transforming gene. Mol Cell Biol, 8, 1853-1856.

Tang, J., Qu, L.K., Zhang, J., Wang, W., Michaelson, J.S., Degenhardt, Y.Y., El-Deiry, 
W.S. and Yang, X. (2006) Critical role for Daxx in regulating Mdm2. Nat Cell 
Biol, 8, 855-862.

Tasdemir, E., Chiara Maiuri, M., Morselli, E., Criollo, A., D'Amelio, M., Djavaheri-
Mergny, M., Cecconi, F., Tavernarakis, N. and Kroemer, G. (2008) A dual role 
of p53 in the control of autophagy. Autophagy, 4, 810-814.

Tatham, M.H., Geoffroy, M.C., Shen, L., Plechanovova, A., Hattersley, N., Jaffray,
E.G., Palvimo, J.J. and Hay, R.T. (2008) RNF4 is a poly-SUMO-specific E3 
ubiquitin ligase required for arsenic-induced PML degradation. Nat Cell Biol, 10, 
538-546.

Terris, B., Baldin, V., Dubois, S., Degott, C., Flejou, J.F., Henin, D. and Dejean, A.
(1995) PML nuclear bodies are general targets for inflammation and cell 
proliferation. Cancer Res, 55, 1590-1597.

Terskikh, A.V., Miyamoto, T., Chang, C., Diatchenko, L. and Weissman, I.L. (2003) 
Gene expression analysis of purified hematopoietic stem cells and committed 
progenitors. Blood, 102, 94-101.

Thompson, A., Quinn, M.F., Grimwade, D., O'Neill, C.M., Ahmed, M.R., Grimes, S., 
McMullin, M.F., Cotter, F. and Lappin, T.R. (2003) Global down-regulation of 
HOX gene expression in PML-RARalpha + acute promyelocytic leukemia 
identified by small-array real-time PCR. Blood, 101, 1558-1565.

Tong, J.H., Dong, S., Geng, J.P., Huang, W., Wang, Z.Y., Sun, G.L., Chen, S.J., Chen, 
Z., Larsen, C.J. and Berger, R. (1992) Molecular rearrangements of the MYL 
gene in acute promyelocytic leukemia (APL, M3) define a breakpoint cluster 
region as well as some molecular variants. Oncogene, 7, 311-316.

Topisirovic, I., Guzman, M.L., McConnell, M.J., Licht, J.D., Culjkovic, B., Neering, S.J., 
Jordan, C.T. and Borden, K.L. (2003) Aberrant eukaryotic translation initiation 
factor 4E-dependent mRNA transport impedes hematopoietic differentiation 
and contributes to leukemogenesis. Mol Cell Biol, 23, 8992-9002.

Torii, S., Egan, D.A., Evans, R.A. and Reed, J.C. (1999) Human Daxx regulates Fas- 
induced apoptosis from nuclear PML oncogenic domains (PODs). Embo J, 18, 
6037-6049.

Tournier, C., Hess, P., Yang, D.D., Xu, J., Turner, T.K., Nimnual, A., Bar-Sagi, D., 
Jones, S.N., Flavell, R.A. and Davis, R.J. (2000) Requirement of JNKfor 
stress-induced activation of the cytochrome c-mediated death pathway.
Science, 288, 870-874.

Trotman, L.C., Alimonti, A., Scaglioni, P.P., Koutcher, J.A., Cordon-Cardo, C. and 
Pandolfi, P.P. (2006) Identification of a tumour suppressor network opposing 
nuclear Akt function. Nature, 441, 523-527.

Trotman, L.C., Niki, M., Dotan, Z.A., Koutcher, J.A., Di Cristofano, A., Xiao, A., Khoo, 
A.S., Roy-Burman, P., Greenberg, N.M., Van Dyke, T., Cordon-Cardo, C. and

213



Pandolfi, P.P. (2003) Pten dose dictates cancer progression in the prostate. 
PLoSBiol, 1.E59.

Truong, B.T., Lee, Y.J., Lodie, T.A., Park, D.J., Perrotti, D., Watanabe, N., Koeffler,
H.P., Nakajima, H., Tenen, D.G. and Kogan, S.C. (2003) CCAAT/Enhancer 
binding proteins repress the leukemic phenotype of acute myeloid leukemia. 
Blood, 101, 1141-1148.

Tsukazaki, T., Chiang, T.A., Davison, A.F., Attisano, L. and Wrana, J.L. (1998) SARA, 
a FYVE domain protein that recruits Smad2 to the TGFbeta receptor. Cell, 95, 
779-791.

Turelli, P., Doucas, V., Craig, E., Mangeat, B., Klages, N., Evans, R., Kalpana, G. and 
Trono, D. (2001) Cytoplasmic recruitment of INI1 and PML on incoming HIV 
preintegration complexes: interference with early steps of viral replication. Mol 
Cell, 7, 1245-1254.

Ullman, A.J., Reich, N.C. and Hearing, P. (2007) Adenovirus E4 ORF3 protein inhibits 
the interferon-mediated antiviral response. J Virol, 81, 4744-4752.

Vader, G., Kauw, J.J., Medema, R.H. and Lens, S.M. (2006) Survivin mediates 
targeting of the chromosomal passenger complex to the centromere and 
midbody. EMBO Rep, 7, 85-92.

Vahdat, L., Maslak, P., Miller, W.H., Jr., Eardley, A., Heller, G., Scheinberg, D.A. and 
Warrell, R.P., Jr. (1994) Early mortality and the retinoic acid syndrome in acute 
promyelocytic leukemia: impact of leukocytosis, low-dose chemotherapy, 
PMN/RAR-alpha isoform, and CD13 expression in patients treated with all-trans 
retinoic acid. Blood, 84, 3843-3849.

Valtieri, M., Tweardy, D.J., Caracciolo, D., Johnson, K., Mavilio, F., Altmann, S.,
Santoli, D. and Rovera, G. (1987) Cytokine-dependent granulocytic 
differentiation. Regulation of proliferative and differentiate responses in a 
murine progenitor cell line. J Immunol, 138, 3829-3835.

Vaziri, H., Dessain, S.K., Ng Eaton, E., Imai, S.I., Frye, R.A., Pandita, T.K., Guarente,
L. and Weinberg, R.A. (2001) hSIR2(SIRT1) functions as an NAD-dependent 
p53 deacetylase. Cell, 107, 149-159.

Wang, J., Shiels, C., Sasieni, P., Wu, P.J., Islam, S.A., Freemont, P.S. and Sheer, D. 
(2004) Promyelocytic leukemia nuclear bodies associate with transcriptionally 
active genomic regions. J Cell Biol, 164, 515-526.

Wang, Z.G., Delva, L., Gaboli, M., Rivi, R., Giorgio, M., Cordon-Cardo, C., Grosveld, F. 
and Pandolfi, P.P. (1998a) Role of PML in cell growth and the retinoic acid 
pathway. Science, 279, 1547-1551.

Wang, Z.G., Ruggero, D., Ronchetti, S., Zhong, S., Gaboli, M., Rivi, R. and Pandolfi, 
P.P. (1998b) PML is essential for multiple apoptotic pathways. Nat Genet, 20, 
266-272.

Wei, X., Yu, Z.K., Ramalingam, A., Grossman, S.R., Yu, J.H., Bloch, D.B. and Maki,
C.G. (2003) Physical and functional interactions between PML and MDM2. J 
Biol Chem, 278, 29288-29297.

Weis, K., Rambaud, S., Lavau, C., Jansen, J., Carvalho, T., Carmo-Fonseca, M., 
Lamond, A. and Dejean, A. (1994) Retinoic acid regulates aberrant nuclear 
localization of PML-RAR alpha in acute promyelocytic leukemia cells. Cell, 76, 
345-356.

Weissman, I.L. (2002) The road ended up at stem cells. Immunol Rev, 185, 159-174.
Westervelt, P., Lane, A.A., Pollock, J.L., Oldfather, K., Holt, M.S., Zimonjic, D.B., 

Popescu, N.C., DiPersio, J.F. and Ley, T.J. (2003) High-penetrance mouse 
model of acute promyelocytic leukemia with very low levels of PML-RARalpha 
expression. Blood, 102,1857-1865.

Whang, Y.E., Wu, X., Suzuki, H., Reiter, R.E., Tran, C., Vessella, R.L., Said, J.W., 
Isaacs, W.B. and Sawyers, C.L. (1998) Inactivation of the tumor suppressor

214



PTEN/MMAC1 in advanced human prostate cancer through loss of expression. 
Proc Natl Acad Sci USA,  95, 5246-5250.

Wiesmeijer, K., Molenaar, C., Bekeer, I.M., Tanke, H.J. and Dirks, R.W. (2002) Mobile 
foci of Sp100 do not contain PML: PML bodies are immobile but PML and 
Sp100 proteins are not. J Struct Biol, 140, 180-188.

Wu, J.W., Fairman, R., Penry, J. and Shi, Y. (2001) Formation of a stable heterodimer 
between Smad2 and Smad4. J Biol Chem, 276, 20688-20694.

Wu, X., Senechal, K., Neshat, M.S., Whang, Y.E. and Sawyers, C.L. (1998) The 
PTEN/MMAC1 tumor suppressor phosphatase functions as a negative 
regulator of the phosphoinositide 3-kinase/Akt pathway. Proc Natl Acad Sci U S 
A, 95, 15587-15591.

Xu, Z.X., Zhao, R.X., Ding, T., Tran, T.T., Zhang, W., Pandolfi, P.P. and Chang, K.S. 
(2004) Promyelocytic leukemia protein 4 induces apoptosis by inhibition of 
survivin expression. J Biol Chem, 279, 1838-1844.

Xu, Z.X., Zou, W.X., Lin, P. and Chang, K.S. (2005) A role for PML3 in centrosome 
duplication and genome stability. Mol Cell, 17, 721-732.

Xue, Y., Gibbons, R., Yan, Z., Yang, D., McDowell, T.L., Sechi, S., Qin, J., Zhou, S., 
Higgs, D. and Wang, W. (2003) The ATRX syndrome protein forms a 
chromatin-remodeling complex with Daxx and localizes in promyelocytic 
leukemia nuclear bodies. Proc Natl Acad Sci USA,  100,10635-10640.

Yamanaka, R., Kim, G.D., Radomska, H.S., Lekstrom-Himes, J., Smith, L.T.,
Antonson, P., Tenen, D.G. and Xanthopoulos, K.G. (1997) CCAAT/enhancer 
binding protein epsilon is preferentially up-regulated during granulocytic 
differentiation and its functional versatility is determined by alternative use of 
promoters and differential splicing. Proc Natl Acad Sci USA,  94, 6462-6467.

Yang, H.Y., Wen, Y.Y., Chen, C.H., Lozano, G. and Lee, M.H. (2003) 14-3-3 sigma
positively regulates p53 and suppresses tumor growth. Mol Cell Biol, 23, 7096- 
7107.

Yang, S., Kuo, C., Bisi, J.E. and Kim, M.K. (2002) PML-dependent apoptosis after DNA 
damage is regulated by the checkpoint kinase hCds1/Chk2. Nat Cell Biol, 4, 
865-870.

Yang, X., Khosravi-Far, R., Chang, H.Y. and Baltimore, D. (1997) Daxx, a novel Fas- 
binding protein that activates JNK and apoptosis. Cell, 89, 1067-1076.

Yang, X., Letterio, J.J., Lechleider, R.J., Chen, L., Hayman, R., Gu, H., Roberts, A.B. 
and Deng, C. (1999) Targeted disruption of SMAD3 results in impaired mucosal 
immunity and diminished T cell responsiveness to TGF-beta. Embo J, 18, 
1280-1291.

Yang, X., Li, C., Xu, X. and Deng, C. (1998) The tumor suppressor SMAD4/DPC4 is 
essential for epiblast proliferation and mesoderm induction in mice. Proc Natl 
Acad Sci USA,  95, 3667-3672.

Yoon, A., Peng, G., Brandenburger, Y., Zollo, O., Xu, W., Rego, E. and Ruggero, D.
(2006) Impaired control of IRES-mediated translation in X-linked dyskeratosis 
congenita. Science, 312, 902-906.

Yoshida, H., Ichikawa, H., Tagata, Y., Katsumoto, T., Ohnishi, K., Akao, Y., Naoe, T., 
Pandolfi, P.P. and Kitabayashi, I. (2007) PML-retinoic acid receptor alpha 
inhibits PML IV enhancement of PU.1-induced C/EBPepsilon expression in 
myeloid differentiation. Mol Cell Biol, 27, 5819-5834.

Zheng, P., Guo, Y., Niu, Q., Levy, D.E., Dyck, J.A., Lu, S., Sheiman, L.A. and Liu, Y.
(1998) Proto-oncogene PML controls genes devoted to MHC class I antigen 
presentation. Nature, 396, 373-376.

Zhong, S., Delva, L., Rachez, C., Cenciarelli, C., Gandini, D., Zhang, H., Kalantry, S., 
Freedman, L.P. and Pandolfi, P.P. (1999a) A RA-dependent, tumour-growth 
suppressive transcription complex is the target of the PML-RARalpha and T18 
oncoproteins. Nat Genet, 23, 287-295.

215



Zhong, S., Hu, P., Ye, T.Z., Stan, R., Ellis, JM.A. and Pandolfi, P.P. (1999b) A role for 
PML and the nuclear body in genomic stability. Oncogene, 18, 7941-7947.

Zhong, S., Muller, S., Ronchetti, S., Freemont, P.S., Dejean, A. and Pandolfi, P.P. 
(2000a) Role of SUMO-1-modified PML in nuclear body formation. Blood, 95, 
2748-2752.

Zhong, S., Salomoni, P., Ronchetti, S., Guo, A., Ruggero, D. and Pandolfi, P.P.
(2000b) Promyelocytic leukemia protein (PML) and Daxx participate in a novel 
nuclear pathway for apoptosis. J Exp Med, 191, 631-640.

Zhou, H., Kuang, J., Zhong, L., Kuo, W.L., Gray, J.W., Sahin, A., Brinkley, B.R. and 
Sen, S. (1998) Tumour amplified kinase STK15/BTAK induces centrosome 
amplification, aneuploidy and transformation. Nat Genet, 20, 189-193.

Zhou, J., Peres, L., Honore, N., Nasr, R., Zhu, J. and de The, H. (2006) Dimerization- 
induced corepressor binding and relaxed DNA-binding specificity are critical for 
PML/RARA-induced immortalization. Proc Natl Acad Sci USA,  103, 9238- 
9243.

Zhu, H., Wu, L. and Maki, C.G. (2003) MDM2 and promyelocytic leukemia antagonize 
each other through their direct interaction with p53. J Biol Chem, 278, 49286- 
49292.

Zhu, J., Chen, Z., Lallemand-Breitenbach, V. and de The, H. (2002) How acute 
promyelocytic leukaemia revived arsenic. Nat Rev Cancer, 2, 705-713.

Zhu, J., Gianni, M., Kopf, E., Honore, N., Chelbi-Alix, M., Koken, M., Quignon, F., 
Rochette-Egly, C. and de The, H. (1999) Retinoic acid induces proteasome- 
dependent degradation of retinoic acid receptor alpha (RARalpha) and 
oncogenic RARalpha fusion proteins. Proc Natl Acad Sci USA,  96, 14807- 
14812.

Zhu, J., Lallemand-Breitenbach, V. and de The, H. (2001) Pathways of retinoic acid- or 
arsenic trioxide-induced PML/RARalpha catabolism, role of oncogene 
degradation in disease remission. Oncogene, 20, 7257-7265.

Zhu, J., Nasr, R., Peres, L., Riaucoux-Lormiere, F., Honore, N., Berthier, C.,
Kamashev, D., Zhou, J., Vitoux, D., Lavau, C. and de The, H. (2007) RXR is an 
essential component of the oncogenic PML/RARA complex in vivo. Cancer 
Cell, 12, 23-35.

Zhu, J., Zhou, J., Peres, L., Riaucoux, F., Honore, N., Kogan, S. and de The, H. (2005) 
A sumoylation site in PML/RARA is essential for leukemic transformation. 
Cancer Cell, 7, 143-153.

216


