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ABSTRACT 

The human genome is organised into a DNA-protein complex called chromatin, of which 

the main repeating unit is the nucleosome. Chromatin is generally repressive to gene 

expression, rendering RNA Polymerase II regulatable gene expression dependent on 

chromatin remodelling complexes. These complexes will displace nucleosomes or 

change the nucleosomal structure by incorporating histone variants or by the post-

translational modification of histone. Chromatin remodelling works in concert with 

transcription activators on regulatory elements of regulatable genes. The histone variant 

H2A.Z has a major role in creating a permissive structure at gene regulatory elements. 

Conversely, the di- and tri-methylation of histone H3 lysine 27 (H3K27) has a repressive 

effect on gene regulation, but can be reversed by the recently identified demethylase, 

JMJD3. The steroid hormone estrogen (E2) and its intracellular receptor estrogen 

receptor a (ERa) stimulate transcription of target genes by promoting local changes in 

hormone-responsive promoters embedded in chromatin. ERa-dependent cancers 

demonstrate deregulated proliferation, and the treatment of these cancers with anti-

estrogens (AE) occasionally leads to resistant cancer subtypes. H2A.Z overexpression 

has been associated with ERa target gene expression and breast cancer. In addition, an 

interesting link exists between ERa and H3K27me3 related chromatin remodelling 

complexes. 

We thus hypothesized that ERa-mediated transcription in normal and antiestrogen-

resistant breast cancer implicates the modification of chromatin signatures on target 

genes and results in proliferation. We observed that H2A.Z overexpression is related to 

ERa levels and leads to increased proliferation in low E2 concentrations and in the 

presence of the AE tamoxifen. We also show that the perturbation of a repressive 

epigenetic mark that normally controls the expression of the proto-oncogene BCL2 in 

response to E2 leads to its constitutive transcriptional activation and deregulation of the 

apoptosis program in AE-resistant breast cancer cells. 

iv 



Therefore my doctoral studies present the following conclusions: (1) epigenetic 

modifications are useful prognostic markers for breast cancer severity; (2) the 

deregulation of these modifications leads to carcinogenesis; and (3) continued 

deregulation of these pathways can lead to more severe breast cancer and AE resistance. 

Key words: Estrogen receptor, transcription, chromatin, H2A.Z, histone modifications 
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RESUME 

L'organisation du genome dans un complexe d'ADN et proteines, appele la chromatine 

presente une barriere a l'expression des genes regule par l'ARN Polymerase II. 

L'activite de complexes de remodelage de la chromatine sert a modifier la structure de la 

chromatine pour la rendre permissive a la transcription via 1'incorporation des variants 

d'histone ou la modification post-traductionnelle des histones dans le nucleosome. De 

plus, ces activites sont en partie recrutees aux sequences regulatrices par des activateurs 

de la transcription. La dynamique de recrutement des complexes de remodelage de la 

chromatine sur les genes dependant de la recepteur a l'cestrogene a (ERa) est controlee 

par un processus epigenetique antinomique qui est initie par et qui se termine par un 

remodelage de la chromatine. Les cancers du sein ERa-dependent cancers demontrent 

une proliferation anormale, et le traitement de ces cancers avec des anti-oestrogenes (AE) 

peut mener a des cancers resistants a ces traitements. L'incorporation cyclique de H2A.Z 

aux genes dependants d'ERa est necessaire a l'initiation de la transcription de ces genes. 

Au contraire, la di- et tri-methylation de l'histone H3 sur la lysine 27 (H3K27) jouent un 

role important dans la formation d'une structure de la chromatine ayant un effet negatif 

sur la transcription, et cette marque peut etre enlevee par la demethylase JMJD3. 

L'objectif general de ce projet de recherche est d'ameliorer les connaissances sur les 

mecanismes moleculaires qui gouvernent l'expression des genes dependants de ERa et 

ce, dans le contexte de la structure de la chromatine et l'etablissement du cancer du sein 

et la resistance aux traitements AE. On a demontre que la surexpression de H2A.Z existe 

dans les cancers du sein, et celle-ci est liee avec l'expression d'ERa. La surexpression de 

H2A.Z dans les cellules de cancer du sein hormono-dependent augmente la proliferation 

des cellules dans des conditions depourvue d'oestrogene et en presence d'un AE 

tamoxifene. Aussi, on a demontre la regulation du gene anti-apoptotique BCL2 par ERa 

et JMJD3 via la demethylation de H3K27me3, une regulation qui est perdue dans les 

cancers resistant aux AE. 
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En resume, mes etudes doctorales m'ont amene a proposer les conclusions suivantes: (1) 

les modifications epigenetique sont des outils interessant dans la detection de cancer du 

sein avec un mauvais pronostique; (2) la deregulation de ces modifications peut mener a 

la carcinogenese; et (3) une deregulation prolongee des voies qui affectent ces 

modifications peut mener aux cancers plus severe, dont des cancers resistants aux 

traitements AE. 

Mots cles: Receptor a l'cestrogene, transcription, chromatine, H2A.Z, modifications 

d'histones 
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CHAPTER I 

I. INTRODUCTION 

1.1. The eukaryotic genome 

The world we live in is teeming with diverse forms of life, all based on the same simple 

structure: a series of nucleotides (A, T, C, G) which are arranged into base pairs (bp) in a 

double helix called DNA. The specific arrangement, or sequence, of these nucleotides 

into genes will determine the different characteristics of an organism, from a simple-cell 

prokaryotic or eukaryotic organism such as a bacteria or yeast, to complex multicellular 

eukaryotic organisms that are composed of multiple organs or tissues, such as plants and 

animals. The entirety of genes in an organism is called its genome, and generally the 

more complex the organism, the larger the genome. However, the size of each cell does 

not necessarily vary accordingly to accommodate the increasing amount of DNA. For 

example, the yeast Saccharomyces cerevisiae genome is 12.1 million bp, approximately 

6 300 genes, would measure if placed end to end almost 1 centimetre (cm) and fits in a 

cell of 5-10 micrometers (um) in diameter (Alberts et al., 2002). The human genome is 

composed of 3.2 billion bp that code for approximately 30 000 genes, and would measure 

if placed end to end 2 metres long, but fits into cells that measure on average 10 urn 

(almost 200 times smaller than the size of a pinhead) (Alberts et al., 2002). 

To package a genome this size into such a small space is one of the greatest organising 

feats ever achieved, using the sorting of sequences into different sections, or 
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chromosomes, and the folding of these DNA sections by proteins into a structure called 

chromatin. In addition, multicellular organisms are composed of a number of different 

cell types, but the expression of every single gene simultaneously would create chaos. At 

the same time, the expression of the wrong genes at the wrong time leads to a number of 

pathophysiologies, such as cancer. Therefore, the establishment of cell identity depends 

largely on the timely differential expression of genes that are present in each cell. The 

effect of chromatin structure on gene expression decisions in normal and cancerous cells 

has been the subject of my doctoral studies. 

1.1.1. Structure of the eukaryotic genome 

Chromatin is a complex of DNA and proteins that is separated into several levels, 

achieved via the use of several different proteins and complexes. The first level of 

chromatin organisation is defined by the nucleosome, 146 base pairs (bp) of DNA 

wrapped around an octamer of canonical histones (2 of each H2A, H2B, H3 and H4), 

with generally 50-80 bp of linker DNA between nucleosomes (Kornberg and Thomas, 

1974). Histones are proteins with a high proportion of positively charged amino acids, 

and the central domain consists of three a-helixes separated by loop domains, known as 

the "histone fold" domain (Arents et al., 1991). It is believed that these two 

characteristics permit the histones to tightly bind the DNA via the sugar phosphate 

backbone, mostly in the minor groove of DNA (Luger et al., 1997). The main variations 

between the histones occur in the N-terminal tails, which are known to be subject to 

specific post-translational modifications (Strahl and Allis, 2000). The protruding N-

terminal tails interact with DNA, neighbouring nucleosomes, and non-chromatin proteins 

(Schwarz et al., 1996). 
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Chromatin is basically separated into two forms in the cells: heterochromatin and 

euchromatin. Heterochromatin is known as the most highly condensed form and 

generally remains always condensed (Craig, 2005). For example, regions of 

heterochromatin present at the end of chromosomes, the telomeres, and at the interaction 

point between chromosomes, the centromere, rarely contain genes and are known as 

constitutive heterochromatin (Craig, 2005). However, some regions of chromatin present 

in different areas of the chromosome have the capacity to condense in the response of 

cellular signals, known as facultative heterochromatin (Craig, 2005). The histone protein 

HI, larger than the core histones, can bind to the DNA-nucleosomal axis and change the 

path of the linker DNA to help in further compaction of chromatin (Bustin et al., 2005). 

Additional levels of DNA packaging exist in order to organise the genetic information 

into a more efficiently compacted structure and to preserve the DNA during cell division, 

where the condensation of chromatin into the chromosomes occurs (Felsenfeld and 

McGhee, 1986). 

Euchromatin makes up the majority of chromatin in eukaryotic cells, of which 10% is 

actively being transcribed at any moment, giving it the designation of "active chromatin" 

(Cairns, 2009). Euchromatin is defined by its less condensed structure than 

heterochromatin (Cairns, 2009). However, the simple presence of nucleosomes provides 

an important barrier to gene expression and DNA replication mechanisms that must be 

overcome (Knezetic and Luse, 1986; Lorch et al., 1987). Thus, gene expression is 

dependent on complexes and mechanisms that modify nucleosomal positions and 

structure. Therefore, there exist several factors that determine nucleosomal assembly on 

a DNA template, and genome-wide studies in different organisms have revealed the 

requirements for nucleosome positioning in vivo (Albert et al., 2007; Field et al., 2009; 

Field et al., 2008; Kaplan et al., 2009; Lee et al., 2007b; Mavrich et al., 2008a; Mavrich et 

al., 2008b; Ozsolak et al., 2007; Peckham et al., 2007; Schones et al., 2008; Shivaswamy 

et al., 2008; Valouev et al., 2008; Yuan et al., 2005). First, the DNA sequence in itself 

encodes preferential locations for nucleosome assembly. Considering that a mechanical 
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stress is created when DNA must be wrapped around the nucleosome, sequences with the 

least resistance to the sharp bending, such as periodic stretches of AA/TT dinucleotides, 

are preferred nucleosome locations, whereas long tracts of rigid sequences are often 

devoid of nucleosomes (Segal and Widom, 2009). The original positioning of 

nucleosomes on DNA can then be forcibly modified by complexes that affect the histone-

DNA interaction in different ways. 

Chromatin remodelling complexes (CRC) are large complexes composed of a variable 

number of proteins that direct nucleosome dynamics in the cell by regulating DNA 

accessibility. There are three main ways that the eukaryotic cell remodels chromatin: 

ATP-dependent site exposure, the incorporation of histone variants into the nucleosome, 

and post-translational modification of the histones (Figure 1-1; (Saha et al., 2006)). A 

common feature of CRC is the presence of protein domains that are required for 

nucleosome interaction: bromodomains (BRD) bind to acetylated residues; 

chromodomains (CHD) recognise methylated residues; and plant homeodomain (PHD) 

fingers and Tudor domains are known to bind methylated histones (Saha et al., 2006; 

Zhang, 2006). These complexes also contain subunits with catalytic activity, such as 

ATPase, acetylase and/or methylase activities, which are essential in executing the 

chromatin remodelling mechanisms. Each of these mechanisms is crucial for cell 

viability and the equilibrium between these mechanisms is central in proper gene 

regulation. 
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Variant 
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Figure 1-1 : The 3 main mechanisms of site exposure on DNA through chromatin 

remodelling 
The action of chromatin remodelling complexes can modify nucleosomal positions on 
DNA or the composition of nucleosomes by incorporating histone variants. Nucleosomes 
can also be modified by the actions of chromatin remodelling complexes that contain 
proteins with histone modifying enzymatic capacity. Adapted from (Saha et al., 2006). 

1.1.2. Chromatin remodelling via ATP-dependent complexes 

In general, ATP-dependent CRC will affect chromatin structure via intrinsic ATPase 

activity contained in the main subunit of the complex. The ATPase activity will permit 

the disruption of histone-DNA contacts while the remodelling factor subunits will either 

reposition the nucleosome along DNA, eject the nucleosome, or unwrap the DNA from 
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the nucleosome surface (Figure 1-1) (Clapier and Cairns, 2009; Saha et al., 2006). To 

date, there exist four known main families of ATP-dependent CRC with different ATPase 

activities in eukaryotic organisms, whose composition and function varies in each 

organism: SWI2/SNF2 (Switching/Sucrose Non-Fermenting), ISWI (Imitation Switch), 

CHD (chromodomain), and INO80 families (Clapier and Cairns, 2009; Eberharter and 

Becker, 2004). 

Assembly of the nucleosome during replication occurs through the concerted action of 

the CAF-1 (Chromatin Assembly Factor 1), RCAF (Replication-Coupling Assembly 

Factor), ACF (ATP-utilizing Chromatin assembly and remodelling Factor), and NAP-1 or 

NAP-2 (Nuclesome Assembly Protein 1 or 2) complexes (Ito et al., 1999; Loyola et al., 

2001; Rodriguez et al., 1997; Tyler et al., 1999). CAF-1 and RCAF aid in the formation 

of an H3-H4 tetramer and its deposition onto DNA (Smith and Stillman, 1989, 1991) 

while Nap-1 or Nap-2 can bind H2A-H2B dimers and act as histone chaperone proteins 

to deposit the dimer onto the H3-H4 tetramer, aided by the ACF complex, which contains 

the ISWI ATPase (Ito et al., 1999; Rodriguez et al., 1997). Studies in human cells have 

demonstrated that assembly is dependent on the ATP-dependent RSF (human 

Remodelling and Spacing Factor) complex, also an ISWI-containing complex, and can 

take place without the use of a histone chaperone (Loyola et al., 2001). 

The ATPase activity of CRCs increases the accessibility to DNA and aids in the regular 

spacing of nucleosomes along DNA (Ito et al., 1999). Both the ISWI and human INO80 

complexes can displace nucleosomes in cis by "sliding" the nucleosomes along DNA (Jin 

et al., 2005b; Langst and Becker, 2001). Members of the SWI2/SNF2 families of 

chromatin remodelling complexes can displace nucleosomes in cis and trans, completely 

disrupting chromatin structure in order to move a nucleosome to a different position on 

DNA (Fan et al., 2003a; Imbalzano et al., 1994; Mizuguchi et al., 2004). The members of 

the CHD family are characterised by the presence of a chromodomain-containing subunit, 

used to bind methylated lysine residues on proteins, and often have a histone deacetylase 
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associated with the complex (Delmas et al., 1993; Feng and Zhang, 2003; Kelley et al., 

1999). 

The actions of each of these complexes are also implicated directly in the regulation of 

gene expression, often by the intrinsic activity of the complexes or by the association 

with other histone modifiers. For example, the actions of ISWI in the modification of 

translational positions of nucleosomes along DNA can uncover regulatory regions, 

thereby modifying gene expression and DNA replication (Fazzio and Tsukiyama, 2003; 

Langst et al., 1999; Xella et al., 2006). ISWI complexes have also been associated with 

histone modifying activity (Kal et al., 2000; Wysocka et al., 2006). Of the INO80 

members, the ATPase chromatin remodelling activity of the yeast SWRl, and human 

SRCAP and p400 complexes have a special ability to specifically target H2A/H2B 

dimers to exchange them with a dimer containing H2A.Z, an H2A variant strongly 

associated with gene regulation (Gevry et al., 2009; Jin et al., 2005b; Kobor et al., 2004; 

Krogan et al., 2004; Krogan et al., 2003; Mizuguchi et al., 2004; Ruhl et al., 2006; Wu et 

al., 2005). CHD family CRC have been associated with active histone modifications and 

demonstrates a role in relieving torsional stress on DNA during transcriptional and 

replication processes (Hall and Georgel, 2007; Srinivasan et al., 2008; Zhang et al., 

2005b). Taken together, the increasing knowledge of the functions and subunits of CRC 

have revealed that the three chromatin remodelling mechanisms are strongly inter-related, 

and have crucial effects on DNA-related activity. 

1.1.3. Incorporation of histone variants into the nucleosome 

Histone variants are paralogues of the canonical histones, differing from the latter by 

slight to major changes in sequence (Malik and Henikoff, 2003). Recent studies on these 

variants have shown that they tend to be conserved across species, delineating their 
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importance (Talbert and Henikoff, 2010). Histone variants are generally expressed 

throughout the cell cycle but are specifically deposited into chromatin at specialized 

instances via a replication-independent mechanism, contributing to epigenetic control in 

the cell (Henikoff et al., 2004; Jin et al., 2005a). Both histones H3 and H2A are known to 

have several variants in mammalian cells: CENP-A, H3.lt, H3.1, H3.2 and H3.3 for H3; 

and macroH2A, H2A.Bbd, H2A.X, H2A.Z1 (H2A.Z) and H2A.Z2 (H2A.F/Z) for H2A 

(Hake and Allis, 2006; Pusarla and Bhargava, 2005; Talbert and Henikoff, 2010). Each 

of the histone variants conveys a special characteristic to the chromatin fiber once they 

are incorporated. CENP-A (or CenH3) is associated with the formation of the highly 

compacted centromeric chromatin (Bernad et al., 2009). In contrast, H3.3 is located at 

gene regulatory regions and areas that are enriched with covalent modifications 

associated with active chromatin, such as acetylation (Bulger et al., 2003; Elsaesser et al., 

2010; McKittrick et al., 2004). 

H2A variants are numerous and provide a great variability in the nucleosomes they 

inhabit by modifying nucleosome structure, stability and targeting by CRC, conferring 

the nucleosome an important role in transcription, DNA repair and chromosome 

compaction (Figure 1-2; (Talbert and Henikoff, 2010)). The existence of variants of H2A 

was first observed in mammalian cells, in a study that demonstrated two as-yet-

unidentified forms of H2A via gel and peptide analysis (West and Bonner, 1980). H2A is 

the major form of histone H2A proteins in eukaryotic cells, with the variants H2A.X and 

H2A.Z constituting a minor fraction of total H2A in S phase (Wu and Bonner, 1981). 

H2A.X, in its phosphorylated form of y-H2A.X, plays a pivotal role in the marking of 

DNA damage in the form of double-strand breaks (DSB) and the recruitment of DNA 

repair proteins to these sites (Dickey et al., 2009). H2A.Z has been shown to have an 

increasingly complex role in several organisms, notably in mammalian cells, with varying 

roles in transcriptional regulation and nucleosome stability (Svotelis et al., 2009; 

Zlatanova and Thakar, 2008). 
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Figure 1-2 : Phylogeny of H2A variants 

A phylogenetic tree of H2A variants, showing that H2A.Z and H2A.X diverged from 

other H2A variants before the diversification of eukaryotes, and may have preceded 

canonical H2A (Talbert and Henikoff, 2010). 
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1.1.3.1. The histone variant H2A.Z 

The study of H2A.Z and H2A.Z-containing nucleosomes has been an exciting adventure 

over the past few years, providing irrefutable evidence that H2A.Z is an essential variant 

for normal eukaryotic cell function. Originally identified in several organisms, it was 

found that H2A.Z is significantly more conserved across species (90% sequence identity) 

than H2A (Iouzalen et al., 1996; Jiang et al., 1998), and it has been suggested that either 

H2A.Z or H2A.X evolved before the canonical H2A (Figure 1-2; (Talbert and Henikoff, 

2010)). It has recently been shown that there are two distinct genes in vertebrates that 

produce H2A.Z proteins, H2A.Z1 and H2A.Z2 (Eirin-Lopez et al., 2009). H2A.Z2 

differs from H2A.Z1 by only three amino acids, but does not seem to be completely 

functionally redundant with H2A.Z1, shown by the lethality of the murine simple 

knockout of H2A.Z1 (Eirin-Lopez et al., 2009; Faast et al., 2001). For simplicity, all 

future references to H2A.Z in this thesis apply to H2A.Z1, unless specifically stated. The 

crucial differences between H2A and H2A.Z seem to lie within the C-terminal region of 

the protein. 

Although its deletion conferred roles in transcription and chromosome stability in 

Saccharomyces cerevisiae and Schizosaccharomyces pombe, H2A.Z (htzl in yeast) is not 

essential for survival (Adam et al., 2001; Carr et al., 1994; Jackson and Gorovsky, 2000; 

Krogan et al., 2004; Larochelle and Gaudreau, 2003; Santisteban et al., 2000). However, 

the overexpression of H2A.Z in H2A yeast gene knockout strains (Ahtal/Ahta2) could 

not rescue the lethal phenotype associated with this strain, and the overexpression of 

either of the H2A genes could not rescue the bhtzl phenotypes (Jackson and Gorovsky, 

2000; Santisteban et al., 2000). Also, replacement of the C-terminus of H2A.Z with the 

equivalent region in H2A could not rescue the Ahtzl phenotype, while a fusion of the 

H2A.Z C-terminus with H2A lacking its C-terminus restored wild-type function (Adam 

etal.,2001). 
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The importance of H2A.Z is more evident in metazoan models, such as Tetrahemena 

thermophila, Xenopus laevis, Drosophila melanogaster, and Mus musculus, where 

deletion of the gene is lethal (Faast et al., 2001; Iouzalen et al., 1996; Liu et al., 1996a; 

van Daal et al., 1988). Complementation assays in Drosophila embryos via the injection 

of H2A.Z in early larval stages rescues this lethality (van Daal et al., 1988). More 

recently, RNA interference (RNAi) has now permitted us to explore the cellular pathways 

affected by a decrease in the expression of H2A.Z while escaping the knockout lethal 

phenotype in metazoan cells. Taken together, these results suggest that H2A.Z has a role 

in the development of multi-cellular organisms, notably in the regulation of gene 

expression, which will be discussed in the section 1.2.4. 

The differences between H2A and H2A.Z function may stem from the differences in the 

H2A- or H2A.Z-containing nucleosome structures. Despite a homology of only 60% 

between the primary protein structures of H2A.Z and H2A, crystal structure analysis of 

reconstituted nucleosomes containing mouse H2A.Z demonstrated only a few major 

differences from H2A (Suto et al., 2000). A chimeric construct of H2A.Z with the C-

terminal region of H2A introduced into Drosophila embryos lacking the wild-type 

histone variant leads to lethality or major developmental defects, while other areas appear 

to be interchangeable (Clarkson et al., 1999). Although subtle, these changes lead to a 

possible steric hindrance between H2A and H2A.Z, which was suggested to lead to 

homotypic nucleosomes, containing either H2A.Z or H2A in metazoan cells (Suto et al., 

2000). However, the existence of heterotypic "ZA" nucleosomes (one H2A/H2B dimer 

coupled to a H2A.Z/H2B dimer) has been observed in reconstituted vertebrate 

nucleosomes in vitro and confirmed in vivo by immunoprecipitation in S. cerevisiae and 

Drosophila melanogaster (Ishibashi et al., 2009; Luk et al., 2010; Weber et al., 2010). 

The heterotypic nucleosome tends to be less stable than homotypic H2A.Z nucleosomes 

(Ishibashi et al., 2009). Many unresolved issues remain concerning the particularities of 

the stability of the H2A.Z-containing nucleosome particle, which seems to depend on 
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nucleosome composition and H2A.Z acetylation (Jin et al., 2009; Le et al., 2010; 

Zlatanova and Thakar, 2008). 

The specificity of H2A.Z-related responses is due in part by it targeting to chromatin in 

response to cellular signals independent of nucleosome formation during replication. 

There has been speculation on the specific sequence characteristics that may determine 

H2A.Z nucleosome positioning. Large-scale analysis of the DNA sequences that 

immunoprecipitate with H2A.Z by ChlP-chip, or by a massive DNA sequencing analysis 

of ChIP DNA fragments (ChlP-seq) (Venters and Pugh, 2009) have provided a multitude 

of information on H2A.Z in chromatin. Using previously obtained data from ChlP-chip 

and Chip-seq experiments, bioinformatics analyses have shown that H2A.Z-containing 

nucleosomes protect a smaller region of DNA in both yeast an humans (120bp as 

compared to 147 in H2A-containing nucleosomes), and that the underlying sequence is 

more GC-rich and more rigid (Fu et al., 2008; Gervais and Gaudreau, 2009; Tolstorukov 

et al., 2009). However, a recent genome-wide analyses of sequences from purified 

nuclesomes in human HeLa cells has further determined that nucleosomes containing 

only H2A.Z are rich in more flexible AT motifs, while "double-variant" nucleosomes 

(H2A.Z and H3.3), the nucleosomes that are most present at gene regulatory areas, are 

more GC-rich (Jin et al., 2009; Le et al., 2010). Also, it appears that DNA methylation 

will also affect the deposition of H2A.Z into chromatin, as they are anti-correlated in 

plant, mouse and human genomes (Conerly et al., 2010; Edwards et al., 2010; Kobor and 

Lorincz, 2009; Zemach et al., 2010; Zilberman et al., 2008). 

The main determining factor of H2A.Z presence in chromatin remains is its deposition as 

an H2A.Z/H2B dimer by the ATP-dependent remodelling CRC Swrl.com in yeast, and 

SRCAP or p400/Tip60 complexes in metazoans (Cai et al., 2005; Gevry et al., 2007; 

Kobor et al., 2004; Krogan et al., 2003; Mizuguchi et al., 2004; Ruhl et al., 2006). In 

yeast, in addition to the copurification of H2A.Z, Swrl, and Swrl.com components, ChIP 

assays in strains lacking swrl or other components of the complex showed a decrease in 
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the presence of H2A.Z in euchromatin that borders silenced areas of chromatin (Kobor et 

al., 2004; Krogan et al., 2003). The role of Swrl.com in the catalysis of the exchange of 

H2A/H2B dimers for H2A.Z/H2B dimers was confirmed in vitro, using an exchange 

assay with reconstituted nucleosomes in the presence of ATP (Mizuguchi et al., 2004). 

This activity appears to be genome-wide, as shown by the Swrl-dependent localization of 

H2A.Z in chromatin (Li et al., 2005; Zhang et al., 2005a). The existence of heterotypic 

"ZA" nucleosomes in S. cerevisiae and Drosophila melanogaster suggests a mechanism 

by which the exchange occurs in a stepwise manner, replacing one dimer at a time 

(Ishibashi et al., 2009; Luk et al., 2010; Weber et al., 2010). Orthologs of the catalytic 

subunit Swrl in metazoan cells were suggested to be SRCAP and p400 (Cai et al., 2005; 

Wu et al., 2005). The H2A.Z protein was present in an SRCAP immunoprecipitated 

complex, and the ATP-dependent exchange of H2A/H2B dimers for H2A.Z/H2B by the 

SRCAP complex was demonstrated in vitro (Cai et al., 2005; Ruhl et al., 2006). 

Although not present in the p400/Tip60 immunoprecipitated complex (Fuchs et al., 

2001), H2A/H2B dimers can be exchanged for H2A.Z/H2B dimers by p400/Tip60 in 

vitro (Gevry et al., 2007). 

Once deposited into chromatin, the H2A.Z-containing nucleosome confers distinct 

properties to the chromatin environment. Genome expression and ChIP analysis of an 

htzl knockout strain suggested that H2A.Z was important in close proximity to telomeres 

in yeast (Guillemette et al., 2005; Kobor et al., 2004; Krogan et al., 2004; Krogan et al., 

2003; Meneghini et al., 2003). These clusters are referred to as Htzl-activated domains, 

serving to protect the spread of the Sir-dependent repressive effect (Meneghini et al., 

2003). Immunofluorescence and ChIP studies in mouse and human cells showed an 

association between H2A.Z and HP la in constitutive and facultative heterochromatin, as 

well as in important staining at the silent X chromosome (Fan et al., 2004; Rangasamy et 

al., 2003; Sarcinella et al., 2007). However, H2A.Z is also present in a punctuate manner 

throughout the chromosomes (Sarcinella et al., 2007). Accordingly, H2A.Z was found to 

have a role in the prevention of heterochromatic spreading at insulator regions of the 
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chicken P-globin locus, regions of highly compacted chromatin that define chromatin 

domains within the euchromatic regions of DNA (Bruce et al., 2005). The role of H2A.Z 

in insulator definition is supported by the correlation between H2A.Z and the insulator 

protein CTCF in human cells (Barski et al., 2007; Fu et al., 2008; van de Nobelen et al., 

2010). Along the same lines, the genome-wide ChlP-seq profiling of Plasmodium 

falciparum showed that H2A.Z was found to demarcate intergenic regions and correlated 

with H3K4me3 and H3K9ac (Bartfai et al., 2010). However, this localisation could not 

be associated with a specific activity since it was stably present throughout the 

developmental stages and no deletion analyses were performed (Bartfai et al., 2010). So, 

early studies on H2A.Z positioning in the metazoan system corroborated yeast studies 

that claimed H2A.Z was most important in heterochromatic areas of chromatin. However, 

the majority of studies on H2A.Z confer a crucial role of this histone variant in the 

control of gene expression in all model organisms, which will be discussed in more detail 

in the section 1.2. Also, nucleosomes containing H2A.Z can be modified by the post-

translational modificaiton of this histone, as is the case for the canonical histone, 

discussed in the following section. 

1.1.4. Post-translational histone modifications 

The post-translational modification of histones in the nucleosome has shown to be one of 

the most important epigenetic marks, affecting chromatin compaction, gene regulation, 

and lineage determination in multi-cellular organisms (Kouzarides, 2007). The 

association of nucleosomes with chromatin remodeling complexes and complexes 

involved in gene expression is often affected by markers created by the post-translational 

modification of histone proteins (Tarakhovsky, 2010). This results in major effects on 

protein function and structure of the nucleosome by affecting the ability to fold or by 

creating a new surface for protein interaction (Figure 1-3) (Tarakhovsky, 2010). The 
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main types of modifications that histones are subjected to are: acetylation, methylation, 

phosphorylation and ubiquitinylation (Kouzarides, 2007). The abbreviated nomenclature 

used for identifying histone marks begins with the histone that is modified, followed by 

the residue, the modification and the number of marks placed on the residue (Kouzarides, 

2007). For example, the tri-methylation of histone H3 on lysine 27 is identified as 

H3K27me3. The integration of acetyl, methyl and phosphorylation marks on the 

canonical histone as well as their variants creates what can be known as an "epigenetic 

signature" of different transcriptional states and cell lines (Lee et al., 2010). The cross

talk between these modifications can affect the establishment of these different signatures 

in the process of differentiation or the development of different cancers, an area of great 

interest in recent research. 

Writing Erasing Reading 

Acetylases, Deacetylases, Bromodomain, 
methylases demethylases. chromodomain 

Figure 1-3 : Epigenetic tools 
The post-translational modification of histones in the nucleosome starts with the 
"writing" of these marks by enzymes, such as acetylases and methylases. Following 
these modifications, they can be removed by "erasers" (deacetylases or demethylases) or 
serve as signals for the binding of proteins to the chromatin template through the 
presence of domains such as bromo- and chromodomains. Adapted from (Tarakhovsky, 
2010) 
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The acetylation of histones was one of the first studied histone modifications, due to the 

observation that the acetylation of chromatin led to a more relaxed, therefore accessible, 

structure (Mellor, 2005). The acetylation of lysine residues on histone tails neutralises 

the positive charge and releases possible interactions with DNA and neighbouring 

nucleosomes, "opening" the chromatin structure in the area of histone acetylation 

(Mellor, 2005). However, the change in charge is not the only purpose of histone 

acetylation, as this modification can also lead to the recruitment of regulatory proteins (or 

complexes containing regulatory proteins) that possess a bromodomain (Mellor, 2005; 

Sanchez and Zhou, 2009) (Figure 1-3). Histone acetylation is performed by complexes 

that contain HAT (Histone Acetyl-Transferase) activity of which there are three main 

families in mammalian cells, each with various substrates: GNAT (Gcn5-related 

acteyltransferase); MYST (MOZ, Ybf2p/Sas3p, Sas2p, Tip60) and p300/CBP (CREB-

binding protein) (Kouzarides, 2007; Marmorstein, 2001; Sterner and Berger, 2000). All 

four canonical histones can be multiply acetylated in their N-terminal tails (Kouzarides, 

2007). The most common acetyl marks that have been studied to date are H3K9ac, 

H3K14ac, H3K27ac, and H4K16ac (Lee et al., 2010). In addition to the canonical 

histones, histone variants can also be modified, adding another dimension to the variant-

containing nucleosome. For example, H2A.Z was shown to be acetylated in yeast and 

chicken in areas of transcriptional activation and in regions required for the maintenance 

of genome integrity and heterochromatin boundaries (Babiarz et al., 2006; Bruce et al., 

2005; Fan et al., 2002; Keogh et al., 2006; Millar et al., 2006). Histone acetylation is not 

a permanent modification, and the removal of histone acetylation is associated with 

decreased gene expression. The action of class I and II HDAC (Histone Deacetylase) and 

class III Sir-family NAD-dependent enzyme complexes will remove the acetyl marks on 

histone tails (Boffa et al., 1978; Kouzarides, 2007; Workman and Kingston, 1998). The 

deacetylation of regions of chromatin can also lead to the susceptibility to the methylation 

of lysine residues or to the methylation of DNA (Dobosy and Selker, 2001; Rice and 

Allis, 2001). Both the actions of HATs and HDACs are considered to have multiple 

substrate specificity, leading to a global effect on chromatin structure. 
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Histone methylation has varied effects on the chromatin state without altering the charge 

of the histone tail. The effect of the methylation of histone tails varies depending on 

which residue is modified, how many methyl groups are added, cellular context, other 

modifications present in the nucleosome and the protein complexes that are recruited to 

the modified nucleosome. The action of HMT (Histone Methyltransferase) complexes 

adds methyl groups to lysine and arginine residues, with the mono-, di- or tri-methylation 

of lysines on H3 and H4 becoming the subject of recent interest: H3K4, H3K9, H3K27, 

H3K36, H3K79, and H4K20 (Sawan and Herceg, 2010). The three main classes of 

HMTs are: the SET (Su(var)3-9, Enhancer-of-zeste, Trithorax)-domain family; the non-

SET domain enzyme family, and the PRMT family (protein arginine methyltransferase) 

(Wu and Zhang, 2009). The SET family contains members, of the MLL (Mixed Lineage 

Leukaemia) group, which are important in the mono-, di-, and tri-methylation of H3K4, 

an important mark in gene regulation (Ansari and Mandal, 2010). Other members of the 

SET family, Polycomb (PcG) Repressive complex (PRC) and Trithorax group (trxG), are 

important in heterochromatin formation by the trimethylation of H3K9me3 and 

H3K27me3 (Ng et al., 2009; Wu and Zhang, 2009). The heterochromatic protein HPla 

binds to both H3K9me3 and H3K27me3 via its chromodomain, leading to further DNA 

compaction (Zeng et al., 2010). Of interest, the PRC and trxG complexes were also 

identified as important regulators of homeotic (hox) gene expression in Drosophila, and 

have been shown to be very important in mammalian development and cell identity 

(Richly et al., 2010; Soshnikova and Duboule, 2009). The interplay between the two 

complexes on related loci occurs due to the capacity of PRC to bind H3K27me3 and trxG 

to bind H3K4me3 in the balance between repression and activation of developmental 

genes, discussed in section 1.2.5 (Cao and Zhang, 2004; Czermin et al., 2002; Egli et al., 

2008; Kuzmichev et al., 2002; Muller et al., 2002; Niessen et al., 2009; Richly et al., 

2010; Soshnikova and Duboule, 2009). 
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Once considered a non-reversible chromatin mark associated with heterochromatic or 

repressed regions, the discovery of lysine demethylases (KDM) has shown that this mark 

is dynamically regulated. To date, there are two main families of KDMs: the 

KDM1/LSD1 (Lysine specific demethylase) and JmjC (Jumonji C) domain families 

(Pedersen and Helin, 2010). The JmjC domain family is composed of five different 

subfamilies: KDM2, KDM3, KDM4, KDM5, KDM6, PHF and JMJD6 (Pedersen and 

Helin, 2010). The actions of KDMs have been shown to be pivotal in the regulation of 

differentiation, by altering the balance of histone modification in key gene regulatory 

areas, resulting in important cell fate decisions. For example, the depletion of members 

KDM6A (UTX) and KDM6B (JMJD3) of the KDM6 subfamily led to developmental 

defects in several systems in human and porcine cells, due to the loss of H3K27me3 

demethylation on specific genes during the developmental process (Agger et al., 2007; 

Dai et al., 2010; Gao et al., 2010; Lan et al., 2007; Seenundun et al., 2010). Taken 

together, studies have shown that although a very important modification, histone 

methylation has a more specific rather than generalised effect on chromatin architecture 

within euchromatin. 

The phosphorylation and ubiquitinylation of histone tails has been noted to some extent, 

yet remains less characterised when compared to acetylation or methylation. The 

addition of a phosphate group to serine or threonine residues on histone tails is aided by 

the action of kinases and can render the histone more sensitive to acetylation (Barratt et 

al., 1994). All of the core histones are found to be phosphorylated, yet the 

phosphorylation of H3 at residues S10, S28, and Tl 1 have been the most studied seeing 

as they are important in cell cycle progression (Clayton and Mahadevan, 2003; Goto et 

al., 1999; Gurley et al., 1978; Preuss et al., 2003). In addition, the histone variant H2A.X 

is subject to phosphorylation in response to DNA damage in several model organisms and 

serves to mark the sites of DNA double-strand breaks (DSB) (Dickey et al., 2009). 

Ubiquitinylation is a post-translational modification that adds one to several ubiquitin 

(Ub) proteins to the target protein, which may lead to the degradation of the target protein 
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via the proteasome (Pickart, 2004). Histones H2A and H2B are known to be modified by 

the addition of Ub in their C-terminal tails (Margueron et al., 2005). There have been 

some indications in the mammalian system that H2A.Z can be Ub (Chen et al., 2006; 

Sarcinella et al., 2007). Furthermore, immunoflourescence analysis of H2A.Z and mutant 

forms localized mono-Ub H2A.Z to the inactive X chromosome in female cells, 

suggesting that this modification could direct H2A.Z to specific chromatin environments 

(Sarcinella et al., 2007). In summary, histone phosphorylation and ubiquitinylation serve 

important roles in affecting histone function and may define different chromatin domains. 

1.2. Chromatin architecture and regulatabie gene expression 

The architecture of chromatin is such that it is generally not conducive to gene 

expression, or the transcription of genes. It is obvious that not all genes in the eukaryotic 

genome are expressed at all times, and a large majority of genes are regulatabie in 

response to the presence (or absence) of extra- and intracellular stimuli (Weake and 

Workman, 2010). Transcription requires the fine-tuned orchestration of several different 

players that ultimately all modify the binding or activity of the basal transcription 

apparatus, known as regulatabie gene expression (Weake and Workman, 2010). The 

study of chromatin structure genome-wide by ChlP, ChlP-chip, ChlP-seq, and ChlP-PET 

(ChlP-paired end diTag) has clarified the functioning of regulated gene expression in vivo 

(Venters and Pugh, 2009). Most importantly, these techniques have permitted us to 

elucidate the role of regulatory sequences that either activate or repress transcription via 

their interaction with regulatory factors. In addition to the regulation of the initiation of 

transcription, the underlying architecture of the structure of the eukaryotic genome, 

chromatin, plays one of the most important roles in the regulation of expression. 
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1.2.1. RNA Polymerase II transcription of genes 

If one were to imagine DNA as the simple double helix structure devoid of nucleosomes, 

the transcription process would be fairly simple. Transcription begins in the crucial 5' 

region of a gene, the core promoter which consists of the transcription start site, known as 

+ 1 or TSS; the initiator region (Inr), the area that will open to permit transcription of the 

gene; and occasionally a TATA box, at approximately -25 bp in metazoans, serving as a 

recognition site for the basal transcription apparatus (Figure 1-4) (Juven-Gershon et al., 

2008; Levine and Tjian, 2003; Sandelin et al., 2007). However, for transcription to 

occuer, genes require the use of up/downstream elements that are controlled by the 

binding of different regulators, including chromatin remodelling complexes, transcription 

factors and coactivators and repressors (Figure 1-4) (Juven-Gershon et al., 2008; Levine 

and Tjian, 2003; Sandelin et al., 2007). 

Basal transcription in eukaryotes of protein-encoding genes is performed by the pre-

initiation complex (PIC), composed of the RNA polymerase II holoenzyme complex 

(RNAPII), general transcription factors and coactivator complexes (Buratowski, 2009; 

Conaway et al., 2005; Malik and Roeder, 2010). RNAPII is composed of: catalytic 

subunits that catalyze the addition of ribonucleotides (Rpbl and Rpb2) which also form a 

channel through which the DNA-RNA hybrid moves during the transcription process 

(Cramer, 2004a, b; Zhang et al., 1999); proteins with endonuclease activity that are 

important for "proofreading" activity; and proteins required for the interaction with 

transcription initiation and elongation coregulators (Malik and Roeder, 2000). The largest 

subunit of RNAPII, Rpbl, is generally responsible for the initiation of elongation via the 

phosphorylation of its C-terminal tail (Buratowski, 2009; Reese, 2003). 

The general transcription factors are major components of the holoenzyme and have roles 

in recognition of the promoter, initiation and elongation of transcription (Figure 1-4; 
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(Koleske and Young, 1994)). They are designated TFII, for transcription factor for 

RNAPII, and have multiple roles in promoter recognition (Reese, 2003). The most 

characterised to date are the TFIID and TFIIH complexes. The general transcription 

factor complex TFIID is composed of several subunits: TBP (TATA-Binding Protein) 

which binds to the TATA region distorting the DNA, and the TAFs (TBP-Associated 

Proteins) which have multiple roles in promoter selectivity in TATA and TATA-less 

promoters (Chen and Hampsey, 2002). The multiple subunits of TFIIH (Cdk7/cyclin H 

in humans) contain ATP-dependent helicase activity needed to unwind the DNA template 

and the kinase activity to phosphorylate RNAPII at serine 2 in the C-terminal domain 

during transcriptional elongation. Transcription continues following the phosphorylation 

of RNAPII at serine 5 by the factor positive transcription elongation factor b (p-TEFb) 

(Dvir et al., 2001; Garriga and Grana, 2004). Although transcription generally does 

involve these simple steps, the specific regulation of gene expression is a very important 

process in order to control cellular proliferation, differentiation and response to stimuli in 

multicellular organisms. So, to this process we add the concerted action of several 

complexes that bind to multiple regulatory regions of genes and to the core promoter, 

which serve as modifiers of chromatin and activators or repressors of transcription 

(Levine and Tjian, 2003). Although basal transcription may occur through the core 

promoter, the key elements of gene regulation lie in areas surrounding the TSS (proximal 

regulatory elements), and sometimes several kilobases (kb) from the core promoter (distal 

regulatory elements) (Levine and Tjian, 2003). 
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Figure 1-4 : Gene promoter structure in regulatable gene expression 

The representation of a gene promoter and the multiple possible regulatory elements, 

including proximal (response elements (RE), TATA, INR, +1) and distal elements 

(enhancers, insulators). Adapted from (Levine and Tjian, 2003) 

1.2.2. Transcription factor mediated gene regulation 

There are numerous fundamental mechanisms in the control of regulatable gene 

expression. First, within the DNA sequence itself, there are c/s-acting regulatory 

sequences in areas surrounding the gene: response elements (RE) that permit the binding 

of specific proteins (transcription factors, or activators); and enhancers that are bound by 

positive transcriptional regulators and/or negative transcriptional regulators (Figure 1-4; 

(Villard, 2004; Weake and Workman, 2010)). Both of these regulatory elements can be 

found proximal or distal to the TSS. 

The binding of activators to their RE is an essential step in transcription activation 

(Weake and Workman, 2010). These factors generally have two main domains: a DNA-

binding domain (DBD) that includes usually a dimerisation domain that permits the 
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formation of homo- or heterodimers; and an activating domain (AD) that binds to the 

proteins of the transcriptional machinery (Kumar and Thompson, 1999; Weake and 

Workman, 2010) Some activators have ligand-binding domains (LBD) that respond to 

cellular signals such as hormone presence (Kumar and Thompson, 1999). The ensemble 

of regions bound by one transcription factor in the genome has been recently come to be 

known as its "cistrome" (Lupien et al., 2008). Activator binding to a RE generally 

activates transcription by interacting directly or indirectly with the transcription machine 

(Ptashne, 2005; Weake and Workman, 2010). For example, presence of the hormone 

estrogen (E2) in mammalian cells will bind the estrogen receptor (ER) transcription 

factor, permitting their dimerisation, nuclear transport and subsequent interaction with 

estrogen response elements (ERE) on DNA, resulting in the transcriptional activation of 

target genes (further detailed in section 1.3) (Beekman et al., 1993; Welboren et al., 

2009). Also, regulatory factors often do not act alone, utilizing different types of co-

regulatory proteins to respond to specific cell signals. Repressors can bind regulatory 

sequences and prevent the binding of the transcriptional machinery or can also act 

indirectly by interfering with the action of activators (Beekman et al., 1993; Kumar and 

Thompson, 1999; Weake and Workman, 2010; Welboren et al., 2009). The activators 

ERa and p53 notably recruit the help of histone modifiers CBP/p300, PRMT and 

CARM1 during induction of their target genes (An et al., 2004; Gu et al., 1997; Lill et al., 

1997; Metivier et al., 2004; Shang et al., 2000). The action of these regulatory proteins is 

not restricted to promoter proximal elements, but can also be observed at numerous distal 

elements. 

Distal response elements that influence transcription once bound by a trans-acting factor 

and coregulatory proteins are known as enhancers. These areas are often large in size, 

from 100 bp up to several kb, and can be located up- or downstream of the TSS in 

variable positions and orientations with regard to the core promoter (Mitchell and Tjian, 

1989; Weake and Workman, 2010). Some coregulator complexes prepare the regulatory 

areas for the binding of different factors, and help form the bridge between activators and 
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RNAPII, aiding in the formation of the PIC (Malik and Roeder, 2010). These bridges can 

result in the creation of specific 3-dimensional (3-D) structures, chromatin loops, that 

affect the accessibility of the transcriptional machinery to the TSS and other promoter 

elements (Bondarenko et al., 2003). This phenomenon is an area of much interest in 

recent studies, and in part explains how distal elements will influence transcription of a 

gene (Bondarenko et al., 2003; Hou et al., 2008; Ling et al., 2006; Splinter et al., 2006). 

Similar structures are created at insulator regions, which define gene regions and limit the 

interactions of enhancers with other promoters (Hou et al., 2008). The protein CTCF has 

been shown by ChIP and chromosome conformation capture (3C) assays to be a master 

regulator in the creation of insulator regions, of which H2A.Z is an important component 

(Barski et al., 2007; Fu et al., 2008; Hou et al., 2008; Ling et al., 2006; Splinter et al., 

2006). Enhancer function and chromatin looping demonstrates the importance of 

chromatin structure in the gene regulation process. 

1.2.3. Chromatin architecture at regulatory elements 

It has become widely accepted that main criteria in controlling regulatable gene 

expression is the modification of the chromatin structure that surrounds the promoter 

region of a gene. The architecture of a promoter is known as the composition of the 

DNA-protein complex that surrounds the TSS and regulatory elements (Cairns, 2009). 

The application of high-resolution genome-wide analyses performed targeting histone 

modifications and histone variants has provided a "chromatin signature" of enhancers and 

promoters in human cells (Barski et al., 2007; Fu et al., 2008; Guenther et al., 2007; Jin et 

al., 2009; Lupien et al., 2008; Mikkelsen et al., 2007; Schones et al., 2008; Sharov and 

Ko, 2007; Zhou et al., 2010). Generally, there exist three different transcriptional states 

for a promoter: active, in which the chromatin is organised and modified to be permissive 

to transcription; repressed, where repressive chromatin marks dominate; and poised, a 
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state in which the promoter can be activated or repressed (Table 1-1; (Sakabe and 

Nobrega, 2010; Zhou et al., 2010)). Numerous different chromatin modifications will 

define these states, but this section will explore in more detail the effects on the fate of 

transcription of one of the most influential histone variants, H2A.Z (1.2.4), and the 

modification of H3K4 and H3K27 methylation (1.2.5). 

Table 1-1: Chromatin conformations at different promoter types 
Different histone modifications define inactive, poised or active promoters, and inactive 
or active enhancers. Adapted from (Sakabe and Nobrega, 2010). 

Genomic Element Enrichment of Methylated Histories Enrichment of Acetylated Histories 

Active genes (around TSS) H3K4me1 H3K4me2 H3K4me3 (me1, me2, me3 
increase from 3' to 5') 

Active genes (transcribed regions) 

Enhancers 

Repressed genes 

Bivalent domains'1 

H3K9me1 
H2A.Z 

H2BK5me1 (5' end) H3K27me1 (5'end) 
H4K20Mel (5' end) H3K36me3 (3" end) 

H3K4me1 (H3K4me3)* H2A.Z 

H3K27me2, H3K27me3 H3K79me3 H3K9me2, 
H3K9me3 (weak correlation) 

H3K4me3 'activating' H3K27me3 'repressive' 

H2AK9ac, H2BK5ac. H3K9ac, H3K18ac, 
H3K27ac, H3K36ac H4K91ac 

H2BK12ac. H2BK20ac, H2BK120ac, H3K4ac. 
H4K5ac, H4K8ac, H4K12ac and H4K16ac 

H2BK12ac, H2BK203C, H2BK120ac, H3K4ac, 
H4K5ac, H4K8ac, H4K12ac and H4K16ac 

H3K27ac 

1.2.4. Mechanisms of transcriptional activation and roles of H2A.Z in gene 

expression 

Active promoters are generally defined as having an open promoter conformation, 

defined by "available" regulatory sites (TSS, RE, or enhancers). This availability is 

achieved by the epigenetic signature that is present at these promoters: highly acetylated 

histone tails, and the presence of H3K4me3, H3.3 and H2A.Z in nucleosomes 

surrounding the TSS (Azuara et al., 2006; Barski et al., 2007; Dreijerink et al., 2006; Fu 
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et al., 2008; Guenther et al., 2007; Jin et al., 2009; Lupien et al., 2008; Mikkelsen et al., 

2007; Schones et al., 2008; Sharov and Ko, 2007; Zhang et al., 2005b; Zhou et al., 2010). 

First, transcriptionally active areas of chromatin are generally known to be 

hyperacetylated and enriched in H3K4 methylation (Mellor, 2005; Zhou et al., 2010). 

Interestingly, several coactivators of transcription are actually HAT-containing 

complexes that effect transcription, and transcriptional activators have been shown to 

interact with and recruit chromatin remodelling complexes to promoters, inducing either 

the displacement or modification of nucleosomes (Szutorisz et al., 2005). For example, 

the p300/CBP complex is a coactivator of transcription that interacts with the basal 

transcriptional machinery and several known transcription factors (Kalkhoven, 2004), yet 

also contains HAT activity that targets K12 and K15 of H2B, K14 and K18 of H3 and K5 

and K8 of H4 (Schiltz et al., 1999). Notably, the p300/CBP complex colocalises with 

H3K4 methylation, and specific methylation of H3K4 has rapidly become one of the 

most recognised determinants of gene activity (Azuara et al., 2006; Barski et al., 2007; 

Dreijerink et al., 2006; Fu et al., 2008; Guenther et al., 2007; Jin et al., 2009; Lupien et 

al., 2008; Mikkelsen et al., 2007; Schones et al., 2008; Sharov and Ko, 2007; Zhang et al., 

2005b; Zhou et al., 2010). More specifically, active promoters are defined by H3K4me3 

in mammalian cells, where enhancers exhibit H3K4mel/2, H3K27ac and p300/CBP 

(Azuara et al., 2006; Barski et al., 2007; Dreijerink et al., 2006; Fu et al., 2008; Guenther 

et al., 2007; Jin et al., 2009; Lupien et al., 2008; Mikkelsen et al., 2007; Schones et al., 

2008; Sharov and Ko, 2007; Zhang et al., 2005b; Zhou et al., 2010). In addition to these 

histone modifications, the histone variant H2A.Z has generally been shown to be very 

important in transcriptional regulation, and several lines of evidence suggest its 

incorporation in chromatin promotes an active state. 

Genome-wide analyses in yeast shed new light on the positioning of H2A.Z and its role 

in gene activation in this model system. H2A.Z was mainly present at the 5' ends of 

genes genome-wide, in the promoter regions in the nucleosomes that border the 
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nucleosome-free region around the TSS (Guillemette et al., 2005; Li et al., 2005; Millar 

et al., 2006; Raisner et al., 2005; Segal et al., 2006; Zhang et al., 2005a), as well as 

several replication origins (Dhillon et al., 2006; Guillemette et al., 2005). Early studies in 

yeast aimed to clarify the role of H2A.Z in promoting transcriptional activity, showing 

that H2A.Z is present in chromatin at the PH05, GAL1, and PUR5 promoters in 

uninduced conditions, and its presence negatively correlates with the activation state of 

these genes (Adam et al., 2001; Larochelle and Gaudreau, 2003; Santisteban et al., 2000). 

Although seemingly counterintuitive, the theory that arose from these studies was that 

H2A.Z is important in the poising of promoters for gene activation, because the htzl 

knockout strain exhibits defects in the transcriptional activation of these genes (Adam et 

al., 2001; Larochelle and Gaudreau, 2003; Santisteban et al., 2000), as well as the cell-

cycle-regulated genes CLN5 and CLB2 (Dhillon et al., 2006). An inverse correlation 

between H2A.Z presence and gene transcription was found in the majority of these 

studies (Guillemette et al., 2005; Li et al., 2005; Millar et al., 2006; Zhang et al., 2005a) 

and in follow-up studies that verified H2A.Z presence during specific gene induction 

(Zanton and Pugh, 2006), drawing a parallel with results previously seen in model gene 

expression analyses. The prevailing inference of these studies is that H2A.Z presence at 

the specific locations in promoters could create a transcriptionally poised state in yeast 

cells. 

The majority of the genomic analyses of H2A.Z in metazoan cells have shown the 

association of H2A.Z with active or poised promoters. H2A.Z was first associated with 

transcriptionally active areas of the nuclei in T. thermophila and Drosophila (Allis et al., 

1980; Leach et al., 2000; Stargell et al., 1993). H2A.Z is associated genome-wide in 

Caenorhabditis elegans, Drosophila, and human cells with promoters that have well-

positioned nucleosomes that exhibit low occupancy close to the TSS and a well-

established "nucleosome-free region", shown by ChlP-chip and ChlP-seq (Mavrich et al., 

2008b; Schones et al., 2008; Tirosh and Barkai, 2008; Whittle et al., 2008). The 

"nucleosome-free region" of active promoters originally proposed in yeast suggests that 
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two well-positioned nucleosomes around the TSS in genes are occupied by H2A.Z 

(Guillemette et al., 2005; Raisner et al., 2005; Yuan et al., 2005). This model has 

recently been contested in metazoan cells by the discovery of highly unstable 

H2A.Z/H3.3 nucleosomes (Jin et al., 2009; Le et al., 2010). It seems that the transient 

presence of this type of nucleosome at the TSS renders serves to inhibit the occupation of 

these areas by more stable nucleosomes (Jin et al., 2009; Le et al., 2010). Thus, the 

promoter is available for transcription due to the increased capacity of activators to 

remove these types of nucleosomes (Jin et al., 2009; Le et al., 2010). So, it would seem 

that although the TSS may appear to be nucleosome-free, it may just be a technical 

difficulty in the detection of such transient nucleosomes. 

Therefore, it is possible that H2A.Z positions nucleosomes around the TSS and RE, 

which are rapidly evicted upon activation. In mammalian euchromatin areas genome-

wide, H2A.Z can be randomly deposited in transcribed gene areas in the absence of gene 

activity, but RNAPII transcriptional activation and elongation results in the preferential 

localization of H2A.Z to promoter areas and its depletion within the transcribed gene 

(Barski et al., 2007; Hardy et al., 2009). High resolution mononucleosome positioning 

assays show that the presence of H2A.Z in the ERa target gene TFF1 stabilizes the 

positions of proximal promoter nucleosomes, allowing ideal placement of nucleosomes 

for the binding of the transcriptional machinery (Gevry et al., 2009), an idea that was first 

brought forward in yeast (Guillemette et al., 2005). Another interesting study has 

observed that H2A.Z positioning changes during the progression of mitosis, present at 

TSS-proximal nucleosomes when genes are active prior to mitosis and shifting to cover 

the TSS to correlate with gene silencing during the mitotic process (Kelly et al., 2010). 

The importance of H2A.Z in the development of multicellular organisms could depend on 

its role in establishing a specific promoter structure for tissue-specific gene regulation by 

defining insulator and enhancer regions. In support of this, a high-resolution analysis of 

nucleosome occupancy and composition at a model gene of the class I major 
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histocompatibility complex family in kidney, spleen, and brain tissue from the mouse 

revealed that H2A.Z is present at TSS-associated nucleosomes, at different levels in each 

tissue (Kotekar et al., 2008). In addition, H2A.Z has been located at distal DNase I 

hypersensitive regulatory areas, a characteristic indicative of enhancer regions, and its 

presence at these areas correlates with transcriptional activity (Barski et al., 2007; Gevry 

et al., 2009; John et al., 2008). ChIP analysis of several glucocorticoid receptor (GR)-

responsive promoters revealed that H2A.Z was present at GR-responsive sites including 

enhancers, with a dramatic exchange occurring following activation of GR by ligand 

binding (John et al., 2008). John and colleagues (2008) propose an intriguing model in 

which cell-specific positioning of H2A.Z would determine the gene expression program, 

a model first introduced by work performed on the p53-dependent positioning of H2A.Z 

at the p21WAFl/C!Pl promoter (Gevry et al., 2007). In mammalian cells the regulation 

of several gene promoters by context-specific activators p53 and ERa depends on the 

p400/Tip60 complex and the deposition of H2A.Z (Chan, 2005; Gevry et al., 2007; Gevry 

et al., 2009; Legube et al., 2004). Also, H2A.Z is present at ERa-responsive promoters 

and enhancers, and is required for ERa gene regulation in breast cancer cells (Gevry et 

al., 2009). Finally, a systematic annotation of different gene regulation states has recently 

clarified the specific localization of numerous histone modifications in the human 

genome by analyzing the largest data set obtained by ChlP-seq, and associated H2A.Z 

with active intergenic regions, which include enhancers (Barski et al., 2007; Ernst and 

Kellis, 2010; Wang et al., 2008). Taken together, H2A.Z positioning in proximal and 

distal regulatory elements can contribute to the positive regulation of transcriptional 

activity, depending on the cellular context. 

1.2.5. Gene silencing and the resolution of poised chromatin states 

Repressive mechanisms implicate the higher order folding of DNA achieved by a high 

nucleosome density, H3K9me3 and H3K27me3 (Zhou et al., 2010). In addition, the 
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binding of HPl (heterochromatic protein 1) to H3K9me3 encourages the compaction of 

the chromatin fibre (Bannister et al., 2001; Lachner et al., 2001). Also, the incorporation 

of the histone variant macroH2A into chromatin will often lead to repression of 

transcription (Angelov et al., 2003). 

The establishment of the H3K27me3 repressive mark occurs through polycomb-mediated 

repression. The polycomb repressive complex-2 (PRC2) binds nucleosomes and tri-

methylates H3K27 through the enzymatic activity of HMT enhancer of zeste 2 (EZH2), 

leads to the recruitment of PRC1 and silencing of target genes (Figure 1-5; (Cao and 

Zhang, 2004; Czermin et al., 2002; Egli et al., 2008; Kuzmichev et al., 2002; Muller et 

al., 2002; Niessen et al., 2009)). Interestingly, the binding of PRC1 alone inhibits ATP-

dependent nucleosome remodelling on chromatin templates in vitro (Shao et al., 1999). 

The activity of PRC2 is defined by EZH2, whose activity and affinity for its substrate is 

dependent on the PRC2 subunit Su(z)-12 (Niessen et al., 2009). However, the activity 

and affinity of EZH2 for its substrate can be inhibited by the post-translational 

phosphorylation of serine 21 by the PI3K/Akt (phosphatidyl-inositol 3 kinase/Akt) 

pathway (Figure 1-5) (Niessen et al., 2009). 

Originally associated only with heterochromatin, it is now known that H3K27me3 also 

maps to the poised but silent promoters of many developmentally important genes in 

euchromatic regions (Agger et al., 2007; Cao and Zhang, 2004; Lan et al., 2007; Muegge 

et al., 2008). In particular, the tri-methylation of H3K27 is implicated in mammalian X 

chromosome inactivation, germline development, cell-cycle regulation and cancer (Agger 

et al., 2007; Cao and Zhang, 2004; Lan et al., 2007) and is a marker of repressed or 

inactive chromatin (Craig, 2005; Sims et al., 2003). PRC-mediated repression leads to 

the formation of a repressive 3D chromatin structure at the GATA4 gene (Tiwari et al., 

2008). Also, EZH2-dependent chromatin looping controls the transcription of the INK4a 

and INK4b loci during human progenitor cell differentiation and cellular senescence 

(Kheradmand Kia et al., 2009). Of note, recent studies have closely linked the increase in 
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the expression of JMJD3 with the removal of H3K27me3 and subsequent activation of 

INK4a (Agger et al., 2009; Barradas et al., 2009). The KDMs JMJD3 and UTX of the 

KDM6 family contain a well-conserved JmjC domain in their C-terminal regions which 

catalyzes the transition of H3K27me3 and H3K27me2 to H3K27mel, changing the 

chromatin state from a repressive to an active conformation during developmental 

processes (Agger et al., 2007; De Santa et al., 2007; Swigut and Wysocka, 2007; Xiang et 

al., 2007). In summary, repressive chromatin structure at promoters is defined by the 

presence of certain histone modifications, namely H3K27me3, but can be altered to 

permit transcriptional activation by the loss of H3K27me3 (Tiwari et al., 2008). 

Interestingly, H3K27me3 colocalises with H3K4me3 at the promoters and H3K4mel at 

the enhancers of silent developmental^ related genes in mouse embryos (Figure 1-5) 

(Azuara et al., 2006; Bernstein et al., 2006; Ku et al., 2008; Mikkelsen et al., 2007; 

Muegge et al., 2008). These so-called "bivalent", or poised, genes may vary in 

composition but are generally characterised by the concomitant presence of H3K27me3, 

H3K4me3 and RNAPII at promoters, which is anchored to the promoter region by PRC1-

mediated ubiquitination of H2A by subunits RING 1A and RING IB (H2AK119ubl) 

(Figure 1-5) (Stock et al., 2007). The resolution of promoter bivalency rests in the 

decision between the H3K27me3 and H3K4me3 epigenetic marks and the recent 

identification of KDMs clarified the gene regulation patterns in determining cell identity 

and gene regulatory decisions. The trithorax group proteins MLL1-3 maintain gene 

activity by methylating H3K4, and this complex interacts with UTX (Lee et al., 2007a; 

Smith et al., 2008). Conversely, PRC2 interacts with KDM5A (RBP2), a H3K4me2/3 

demethylase (Christensen et al., 2007; Pasini et al., 2008). 

The interplay between these histone-modifying complexes demonstrates the precise 

control of gene regulation by the balance of epigenetic modifications on gene promoters. 

The specificity of the recruitment of these complexes remains in the hands of lineage-

determinant transcription factors and coactivators. During the developmental process, the 
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T-box family activator T-bet interacts with an H3K4 methyltransferase complex and 

JMJD3, regulating T-bet-dependent target gene expression (Lewis et al., 2007; Miller et 

al., 2010; Miller and Weinmann, 2009, 2010). However, this phenomenon is not 

necessarily reserved for developmental processes. For example, the hormone-dependent 

nuclear receptor ERa physically interacts with MLL2 during E2-mediated gene 

activation, and MLL2 is required for the activation of certain ERa target genes 

(Dreijerink et al., 2006; Mo et al., 2006). It is also possible that the role of the MLL 

complex at poised promoters is not only to methylate H3K4me3, but to recruit HATs 

(Pasini et al., 2008; Pasini et al., 2010; Tie et al., 2009). 

Recently a lot of attention has been placed on H3K27ac, which has been shown to define 

enhancer regions (Creyghton et al., 2010; Gatta and Mantovani, 2010; Pasini et al., 2010; 

Rada-Iglesias et al., 2010; Schwartz et al., 2010; Tie et al., 2009). In human embryonic 

stem cells (hESCs), H3K27me3 and H3K27ac are inversely correlated at enhancer 

regions, where H3K27me3 defines poised enhancers, and H3K27ac are predictive of 

active enhancers (Creyghton et al., 2010; Rada-Iglesias et al., 2010). The loss of PRC2 

and H3K27me3 in Drosophila and mouse cells increases p300/CBP-mediated H3K27 

acetylation genome-wide, suggesting that while H3K27me3 antagonises this acetylation, 

H3K27ac replaces the methyl mark during gene activation (Pasini et al., 2010; Tie et al., 

2009). These studies also put forward that these two histone modifications present a 

greater predictive potential for gene activity than H3K4 methylation status. Therefore, 

the coordinated control of antagonising epigenetic marks H3K4mel/H3K27ac and 

H3K27me3 via the recruitment of histone modifying complexes by transcription factors 

significantly affects gene expression in processes such as development, cell cycle 

regulation and other hormone stimulated gene activities. 
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Figure 1-5 : Polycomb-mediated repression and model of cell fate decision on poised 

promoters 

Poised promoters are defined by the concomitant presence of H3K4me3, H3K27me3, 

RNAPII and H2AK119Ubl. Derepression can occur through the phosphorylation of 

EZH2 by the PI3K/Akt pathway or by the demethylation of H3K27me3 by JmjC-domain 

containing KDMs (JMJD3 or UTX). Adapted from (Pasini et al., 2008) and (Niessen et 

al., 2009). 
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1.3. Nuclear receptor mediated transcription 

Hormone-dependent transcription is one of the most commonly used types of gene 

regulation systems in multicellular organisms, dependent on the activity of nuclear 

receptors (NR), a super family of ligand-dependent transcription factors. NR structure is 

generalised across the large family, each domain having a specific function (Figure 

1-6A). The A/B domain, or the N-terminal regulatory domain, contains the ligand-

independent activation function 1 (AF-1), responsible for basal transcriptional activation. 

The C domain contains the DNA-binding domain (DBD). The D domain is defined by 

the hinge region, a flexible region that connects the DBD and LBD of the E/F domain. 

The E/F also contains dimerisation region and the ligand-dependent activation function 2 

(AF-2), which synergises with AF-1 for hormone-dependent gene activation (Kumar and 

Thompson, 1999). 

NRs are defined as transcription factors that bind to regulatory elements on DNA to act as 

activators of transcription by recruiting coregulatory complexes to the promoter and 

enhancer elements of hormone-responsive genes (Mangelsdorf et al., 1995). There are 

different subfamilies of NR, often associated with a different mechanism of action: Type 

I (steroid receptors), which dimerise and translocate to the nucleus upon ligand binding to 

bind hormone response elements (HRE) and induce transcription; Type II (retinoid X 

receptor (RXR) heterodimers), which are located in the nucleus and complexed with 

corepressors prior to ligand binding; Type III (dimeric orphan receptors), the orphan 

receptors whom have unknown ligands and bind inverted repeat HREs, but otherwise act 

similarly to Type I; and Type IV (monomeric orphan receptors), which are known to bind 

DNA as either monomers or dimers (Mangelsdorf et al., 1995). In general, once bound 

by their ligand, NR undergo a conformational change that leads to either DNA binding 

(Type I) or release of corepressors (Type II) (Biddie et al., 2010). The different types of 

NR can be further divided into 6 subfamilies according to their sequence homologies: 
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Thyroid hormone receptor-1 ike; RXR-like; ER-like; Nerve Growth Factor IB-like; 

Steroidogenic Factor-like; Germ Cell Nuclear Factor-like; and miscellaneous (Nuclear 

Receptor Nomenclature Committee, 1999; Germain et al., 2006). 

Of the NR subfamilies, the ER-like NR are of particular interest since estrogen (E2)-

dependent physiological processes regulate many key pathways in growth and 

development of the reproductive tract, cardiovascular system and central nervous system 

in females (Katzenellenbogen, 1996). As a result, modulation of E2 signaling has 

varying effects in females, possibly leading to pathophysiologies such as breast cancer 

(Anderson, 2002). Although all of the NR in the ER-like subfamily respond to E2 

stimulation, the most studied actions of E2 are those accomplished through its diffusion 

through the cell membrane and binding to its receptors ERa and ERp (Green et al., 1986; 

Greene et al., 1986; Kumar et al., 1987). ERa and ERp are structurally very similar and 

bind with comparable affinity to their ligands, leading to the formation of homodimers, 

and less frequently ERa/ERp heterodimers (Cowley et al., 1997; Kuiper et al., 1997). 

The greatest differences between the two receptors lie in the resulting physiological 

responses of their actions, illustrated by the opposing phenotypes in mouse knockout 

studies (Krege et al., 1998). ERa is responsable for the E2-dependent proliferative 

effects in the development of the reproductive tract and mammary gland. However, ERp 

knockout mice demonstrate hyperplasia, and the overexpression of ERp in breast and 

colon cancer cells inhibits cancer cell proliferation and tumor formation in mouse 

xenograft models, suggesting that ERp inhibits cellular proliferation (Hartman et al., 

2006; Hartman et al., 2009; Paruthiyil et al., 2004; Strom et al., 2004). These opposing 

physiological responses in certain tissues suggest different gene targets of the receptors in 

response to E2 stimulation, and the tissue-specific response may depend on the balance of 

ERa/ERP in the cell (Fox et al., 2008; Pearce and Jordan, 2004). Thus, an increase in the 

ERa response and/or expression of its target genes leads to the uncontrolled proliferation 

observed in many different types of breast cancer cell lines. 
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Figure 1-6 : NR structure and different pathways of gene regulation by ERa 

A) Nuclear receptor structure is conserved throughout the whole superfamily, defined by 

the A/B N-terminal domain, the DBD domain in C, the hinge domain in D, and the LBD, 

dimerisation and AF-2 domain present in E/F. (B) The consensus sequence upon which 

ERs bind. (C) E2 stimulation leads to 3 different ERa-related outcomes: (1) the classical 

genomic pathway where ERa binds to ERE; (2) the non-classical pathways genomic 

pathway where ERa interacts with other transcription factors (TF) bound to their binding 

site (TFBS); or (3) the non-classical non-genomic pathway in which membrane-bound 

ERa activates protein kinase signaling cascades. Adapted from (Bjornstrom and Sjoberg, 

2005; Kumar and Thompson, 1999, Ruff et al., 2000). 
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1.3.1. ERa-regulated gene expression 

The exposure of an ERa-positive cell to E2 results in the modification of ERa-dependent 

gene regulation. ERa is an activator that affects many different pathways in mammalian 

cells in ways that are typical of a ligand-dependent activator by the classical genomic 

pathway. However, ERa can act on gene expression by various indirect mechanisms 

through what is known as the non-classical pathway (both genomic and non-genomic; 

Figure 1-6) (Welboren et al., 2009). 

1.3.1.1. The ERa genomic pathway 

In the classical genomic pathway, E2 binding to the LBD leads to dimerisation and 

association of the receptor to the palindromic ERE (Figure 1-6; (Ruff et al., 2000; 

Welboren et al., 2009)). More specifically, to promote transcriptional activity, ligand 

binding leads to a conformational change in the ERa E/F region allowing the association 

with EREs in promoter or enhancer regions and the formation of an AF-2 coactivator 

binding site (Bjornstrom and Sjoberg, 2005). The binding of an antagonist (for example, 

tamoxifen or fulvestrant) to ERa disrupts the AF-2 region and does not permit coactivator 

recruitment, although DNA-binding is not necessarily compromised (Brzozowski et al., 

1997; Pike et al., 2000a; Pike et al., 2000b). Coactivator recruitment occurs through 

direct interaction of the receptor with an LXXLL motif present in the coactivator, and 

known coactivors include the steroid receptor coactivator 1 (SRC-1), SRC-2 and SRC-3 

(also known as amplified in breast cancer 1 (AIB-1)) (Pearce and Jordan, 2004). 

Coactivator function is essential in ERa-mediated gene regulation at proximal and distal 

regulatory elements. Recuitment dynamics at ERa model gene trefoil factor 1 (TFF1) 

revealed the timely deposition of cofactors in cycles, such as CRCs (CBP/p300, 
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p400/Tip60, Swi/Snf), and members of the PIC, RNAPII, TBP, and TFI1B (Gevry et al., 

2009; Metivier et al., 2003; Shang et al., 2000) during the activation cycle. The 

activation cycle of this gene was notably controlled in part by the p400-dependent 

deposition of H2A.Z in promoter-proximal areas and the subsequent stabilization of 

proximal nucleosomes (Gevry et al., 2009). Genome-wide, H2A.Z colocalizes to ERa-

binding sites, supporting the observations at TFF1 (Gevry et al., 2009). The 

transcriptional regulation of an important majority of ERa-regulated genes is dependent 

on the binding of the transcription factor FoxAl, thought to be a pioneer factor by 

contributing to the recruitment of ERa and gene regulation (Carroll et al., 2005; Joseph et 

al., 2010). However, the p400-dependent deposition of H2A.Z is essential in the 

recruitment of FoxAl to ERa-responsive enhancers, whereas the depletion of FoxAl did 

not affect the targeting of H2A.Z to chromatin (Gevry et al., 2009). 

The creation of a more permissive chromatin structure at ERa target genes is also 

achieved by the interaction of ERa with multiple histone modifying complexes during 

gene activation. Components of the SWI/SNF complex Brahma (BRM) and Brahma 

related gene-1 (BRG-1) are also recruited to ERa target genes upon hormone stimulation, 

and serve to create a more open chromatin conformation (Belandia et al., 2002; DiRenzo 

et al., 2000; John et al., 2008). Contributing to this open conformation is the acetylation 

of histones by the p300/CBP complex, enhancing ERa activity when coupled with pi60 

(SRC-3) family binding (Smith et al., 1996). In addition to histone acetylation, ERa 

interacts physically with MLL2, a H3K4 methyltransferase, and this interaction is 

required for the activation of TFF1, HOXC13 and CTSD (Ansari et al., 2009; Ansari and 

Mandal, 2010; Dreijerink et al., 2006; Mo et al., 2006). Interestingly, although ChlP-seq 

analysis did not reveal any global decrease in H3K9me3 and H3K27me3 repressive 

marks following E2 exposure (Joseph et al., 2010), it is known that the repressive 

H3K9me mark is removed by LSD1 at certain loci during ERa-regulated gene expression 

(Garcia-Bassets et al., 2007; Perillo et al., 2008). This suggests that ERa-mediated gene 
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expression also requires the activity of KDMs to remove repressive marks, in addition to 

its role in promoting an active chromatin marks. 

In order to define the genome-wide effects of ERa, binding sites were analyzed genome-

wide by ChlP-chip, ChlP-seq, and ChlP-PET, revealing that, in addition to it role at 

promoter-proximal elements, a large percentage of ERa binding sites are at distal 

enhancer regions (Carroll et al., 2005; Carroll et al., 2006; Hurtado et al., 2008; Krum et 

al., 2008; Lin et al., 2007a; Lin et al., 2007b; Lupien et al., 2008). Notably, many 

predicted EREs are not occupied by ERa in vivo, which suggests the requirement of 

external influences on ERa association to DNA (Carroll et al., 2006; Hurtado et al., 2008; 

Lin et al., 2007a; Welboren et al., 2009). Recent genome-wide analyses have defined that 

the optimum prediction of ER binding at any specific site in MCF7 cells is the pre-ligand 

occupancy of H3K4mel/2 and the factor FoxAl, and an open chromatin configuration 

defined by activation-related histone marks and RNAPII at the future stie of ER binding 

(Joseph et al., 2010; Lupien et al., 2008). 

Taken together, large-scale analysis of ERa binding sites have answered many questions, 

but may not provide all of the answers on ERa-dependent gene regulation during specific 

cellular processes. For example, gene regulation by enhancer elements can include the 

formation of chromatin loops, and distal enhancer EREs associate with proximal 

promoter regions to enhance gene expression ERa-regulated model genes TFF1 and 

GREB1, as well as proliferation-associated genes CCND1 and BCL2 (Engel and 

Tanimoto, 2000; Pan et al., 2008; Perillo et al., 2008; Theo Sijtse Palstra, 2009). RNAPII 

was also important in the formation of such loops, given that they interact with the 

transcription start sites (TSSs) (Fullwood et al., 2009; Pan et al., 2008). However, many 

questions remain on what is required to create these loops, and how ERa may participate 

in the destruction of repressive loops. Overall, in the presence of it ligand, ERa 

associates genome-wide with EREs present in enhancer and promoter areas, creating a 

modified 3D chromatin structure that is permissive to transcription. 
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1.3.1.2. Non-classical ERa pathways 

Interestingly, genome-wide expression profiling and binding site analyses have shown 

that many ERa-regulated genes do not contain ERE-like sequences (O'Lone et al., 2004). 

This can be explained by the use of two non-classical pathways: ERa binding gene 

regulatory regions indirectly through its interaction with other transcription factors 

(genomic); or membrane-bound ERa can rapidly affect cellular response by activating 

protein kinase signaling cascades (non-genomic) (Bjornstrom and Sjoberg, 2005). In the 

genomic non-classical pathways, E2 stimulation of genes that do not contain EREs, by 

interaction with other transcription factors such as AP-1 and SP1 (Levin, 2005). 

Membrane-associated ERa can participate in rapid cellular responses via the activation of 

cytoplasmic signaling cascades (Figure 1-6) (Kelly and Levin, 2001; Razandi et al., 

1999). E2 stimulation rapidly activates the Src-mitogen-activated protein kinase 

(MAPK) signaling cascade in breast cancer cells, contributing to proliferation (Song et 

al., 2002). In addition, adapter proteins have been shown to link membrane-bound ERa 

with Src and stimulate Src-dependent responses (Edwards and Boonyaratanakornkit, 

2003). Also, membrane-associated ERa has been associated with phosphotidylinositol-3 

kinase (PI3K)/Akt during gene activation (Ahmad et al., 1999; Campbell et al., 2001; 

Klotz et al., 2002; Marquez and Pietras, 2001; Martin et al., 2000). The PI3K/Akt 

pathway is responsible for the mediation of gene regulation through the eventual 

phosphorylation of transcription factors (Castaneda et al., 2010). ERa is known to be 

subject to Akt-mediated phosphorylation, which decreases its transcriptional activity, 

possibly the result of a negative feedback loop to control E2-dependent responses, 

possibly explaining the decrease in binding of ERa genome-wide in the presence of Akt 

overexpression (Bhat-Nakshatri et al., 2008; Park et al., 2008; Sun et al., 2001). 

Interestingly, the action of PI3K/Akt can increase ERa transcriptional activity in the 

absence of E2, suggesting a role in breast cancer development and resistance to therapy 
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(Campbell et al., 2001; Pietras and Marquez-Garban, 2007). The PI3K/Akt pathway is 

also closely linked to breast cancer in that it is activated by the epithelial growth factor 

receptor (EGFR) family member HER2, whose overexpression in breast cancers leads to 

constitutive activation of these pathways (Lehnes et al., 2007; Stoica et al., 2005). 

1.3.2. ERa-dependent breast cancer and anti-estrogen resistance 

The general definition of a cancerous cell is a cell that has become insensitive to various 

signals in cell cycle causing continued, uncontrolled proliferation due to an accumulation 

of multiple mutagenic events (Hanahan and Weinberg, 2000). The majority of cancers 

are caused by the overexpression or mutation of genes that affect the regulation of the cell 

cycle, known as oncogenes or tumour suppressors respectively (Hanahan and Weinberg, 

2000). E2 and ERa play a well characterized role in cellular proliferation, so naturally 

activation of ERa-regulated pathways in conjunction with other mutations of tumor 

suppressors or oncogenes will lead to breast cancer progression. ERa regulates genes 

that are important in proliferation and cancer progression: cell cycle entry genes 

(CCNDl, E2F target genes), anti-apoptotic genes (BCL2, FasL), and genes involved in 

cell migration (TFF1) (Cooper and Foster, 2009; Ding et al., 2006; Ding and Kleer, 2006; 

Jones, 2007; Seligson et al., 2005). Also, the modification of ERa coactivators are 

typical in breast cancer cells and have shown to be important prognostic factors in the 

severity of breast cancers. SRC-3 is a known ERa coactivator that is amplified in breast 

cancer, leading to cancer progression and poor prognosis when co-expressed with HER2 

(Gojis et al., 2010; Kuang et al., 2004; Osborne et al., 2003). Also, the expression of 

histone variant H2A.Z, associated genome-wide with ERa binding, is upregulated by the 

E2-mediated binding of the transcription factor Myc in its promoter region, and correlates 

with decreased survival in breast cancer patients (Hua et al., 2008). 

41 



Despite being an important inducer of cellular proliferation, ERa presence in breast 

cancers is often prognostic of an increased survival rate (Badve and Nakshatri, 2009), in 

part due to the development of antiestrogens (AE), synthetic molecules that compete with 

E2 for binding to its ERa, that have proved to be a successful treatment in ERa-positive 

breast cancers (Doisneau-Sixou et al., 2003; Normanno et al., 2005). While AE (for 

example, tamoxifen (TAM) or fulvestrant (ICI182780) have proven to be beneficial to a 

large number of patients, resistance to these drugs is a major problem in the treatment of 

breast cancer (Normanno et al., 2005; Riggins et al., 2007). Interestingly, patients can 

exhibit resistance in response to the initial treatment, or can develop resistance after 

prolonged exposure to AE (Badia et al., 2007). Both types of AE-resistant breast cancers 

show a deregulation in their ERa gene expression program, resulting in E2-independent 

proliferation (Badia et al., 2007; Naughton et al., 2007; Normanno et al., 2005; Riggins et 

al., 2007; Sommer and Fuqua, 2001). 

EGFR and HER2 are overexpressed in a wide variety of tumors, leading to the 

uncontrolled activation of these receptors (Kumar et al., 1996). In addition, ERft status 

and HER2 expression levels are inversely correlated in breast cancer aggressivity, with 

HER2 overexpression observed in approximately 30% of breast cancers, mainly those 

with poor prognosis and overall survival (Shou et al., 2004). In particular, it has been 

found associated with increased metastatic potential and resistance to chemotherapeutic 

agents (Shou et al., 2004). Activated HER2 will activate the PI3K/Akt pathway, known 

to promote non-classical non-genomic ERa regulated cellular responses (Ahmad et al., 

1999; Lehnes et al., 2007; Stoica et al., 2003a; Stoica et al., 2003b; Stoica et al., 2005). 

Of note, the PI3K/Akt pathway is linked to H3K27 methylation by the post-translational 

modification of EZH2 (section 1.2.5). Several studies suggest that EZH2 is a promising 

prognostic biomarker in breast cancer (Collect et al. 2006; Raaphorst et al. 2003; 

Buchmann et al. 2006), showing a strong correlation with a more aggressive ER-negative 

breast cancer subtype and breast cancer invasion (Cao et al., 2008; Gonzalez et al., 2009). 

However, breast cancer patients with low expression of H3K27me3 had significantly 
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shorter overall survival time when compared with those with high H3K27me3 expression 

(Wei et al., 2008). Also, the H3K27 demethylase JMJD3 has been shown to be 

upregulated in hormone-dependent breast cancer (Xiang et al., 2007). The specificity in 

the recruitment of HMT and KDM to certain genes and the precise regulation of 

transcriptional programs in different cell types may provide an explanation for these 

seemingly contradictory findings. All in all, the link between ERa gene regulation, 

chromatin remodelling and the development of breast cancer is strong. 

Taken together, the deregulation of E2-responsive pathways in ERa-dependent breast 

cancer and the acquisition of AE resistance may be due to the accumulation of errors in 

ERa classical and non-classical pathways, altering the epigenetic signature of target 

genes. 
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1.4. Research project and objectives 

The chromatin environment surrounding gene regulatory areas will significantly 

influence target gene expression, and this so-called "epigenetic signature" is orchestrated 

by the interplay between cellular response specific transcription factors and coactivators. 

It is now widely accepted that the epigenetic state of a cell will significantly influence the 

cellular outcome, as well as its transformation potential. ERa is a key regulator of 

normal breast development and its pathways are drastically affected in breast cancer. In 

addition, many studies have shown the E2-independent activation of these pathways in 

the development of AE resistance. 

An essential chromatin modification in ERa target gene expression is H2A.Z deposition 

(Gevry et al., 2009). Interestingly, several studies have provided evidence that H2A.Z 

may be implicated in carcinogenesis. Studies in yeast have shown that the double 

mutation of H2A.Z and genes involved in replication and S phase checkpoint control 

confers severe growth defects in these strains and the simple deletion of H2A.Z renders 

yeast cells hypersensitive to cell cycle arrest, leading to a delay in the start of the cell 

cycle (Dhillon et al., 2006). In addition, specific knockdown of H2A.Z expression in 

p53-dependent breast cancer cells promotes an increase in p21WAFl/CIPl expression, 

thus the controlled cell cycle arrest by cellular senescence, suggesting an inhibitory role 

of H2A.Z in cell-cycle arrest (Gevry et al., 2007). The p21 and pl6 proteins are cell-cycle 

inhibitors that, through their capacity to bind and inactivate several cyclin-CdK 

complexes, will stop progression through to the next phase of the cell cycle, typically in 

Gl (Zhang, 2007). Chan et al. (2005) revealed that the p400 subunit of the p400/Tip60 

complex negatively affects the induction of the senescence pathway by decreasing 

p21WAFl/CIPl expression via its localization at p53 binding sites in the p21WAFl/CIPl 

promoter (Chan, 2005). The precise deposition of H2A.Z at the distal p53-binding site by 

the p400 complex accounts for the adverse effects of p400 on the senescence response 
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explained by Chan et al. (Chan, 2005; Gevry et al., 2007). This repressive characteristic 

of H2A.Z presence in chromatin is contrary to many findings concerning the histone 

variant, yet demonstrates that the specific location of H2A.Z in gene regulatory regions 

yields different effects. Of note, the overexpression of H2A.Z has been observed in 

colorectal cancers, undifferentiated cancers, and breast metastatic cancer cells, but not in 

normal cells (Dunican et al., 2002; Hua et al., 2008; Rhodes et al., 2004; Zucchi et al., 

2004). 

We thus hypothesized that the histone variant H2A.Z interacts with proteins at the 

chromatin level in order to promote cellular proliferation and transcriptional 

activation in mammalian cells, and the deregulation of the expression of H2A.Z 

could lead to possible oncogenic effects in the cell. Our hypotheses are outlined in the 

second chapter of this thesis, in a published review manuscript entitled "Regulation of 

gene expression and cellular proliferation by histone H2A.Z" (Svotelis et al., 2009). 

We aimed to verify if the exogenous overexpression of H2A.Z in breast cancer ceils 

would promote increased proliferation. The second manuscript presented in this thesis in 

Chapter III is entitled "H2A.Z overexpression promotes cellular proliferation of 

breast cancer cells". This published manuscript presents our observations on the link 

between ERa and H2A.Z, as well as the possible role of H2A.Z in promoting E2-

independent proliferation (Svotelis et al., 2010). We first show by ChIP that E2-

dependent increased expression of H2A.Z is partly due to the binding of ERa to the 

H2A.Z promoter. In addition, we observe by immunohistochemistry a correlation between 

H2A.Z and ERa levels in low grade breast cancer. Using proliferation assays we also 

show that the exogenous overexpression of H2A.Z in the MCF7 breast cancer cell line 

leads to increased proliferation in low levels of E2 and in the presence of TAM. 

E2-independent proliferation is a phenomenon also observed in AE resistant cells. 

Considering the interesting link between ERa, PRC and trxG-related chromatin 

modifiers, and the influence of HER2/PI3K/Akt on PRC-mediated repression, we 
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hypothesized that ERa-mcdiated transcription in normal and AE-resistant breast 

cancer implicates the modification of H3K27 methylation status. The results of our 

investigation into the role of chromatin modifications on ERa target gene expression in 

breast cancer progression are presented in Chapter IV, entitled "The control of H3K27 

methylation status affects the apoptotic program in hormone-dependent breast 

cancer and anti-estrogen resistance". This manuscript is under revision in EMBO 

Journal. Using cell cycle analysis, RT-qPCR, and ChIP techniques, we present results 

that support a model in which a repressive chromatin state following stimulation by E2 in 

ERa-dependent cancerous cells caused by H3K27 methylation is permissive for the 

regulation of BCL2 transcription by a mechanism that comprises the interdependent 

recruitment of ERa and JMJD3. However, the phosphorylation of EZH2 caused by the 

overexpression of HER2 in AE-resistant breast cancer cells prevents the methylation of 

H3K27 surrounding the enhancer region of BCL2, allowing the formation of an active 

chromatin conformation and constitutive activation of BCL2. 
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CHAPTER II 

II. REGULATION OF GENE EXPRESSION AND CELLULAR PROLIFERATION BY HISTONE 

H2A.Z 

II.1. Preamble 

In early H2A.Z research, several avenues were explored concerning its role in the yeast 

model system. These studies shed light on its role in transcriptional activation, 

heterchromatin formation, and genome stability, and also determined that the Swrl 

complex regulated the specific deposition of H2A.Z in chromatin. First, it was important 

to identify the complex that deposited H2A.Z in chromatin. The p400/Tip60 complex 

was the most likely candidate in mammalian cells. The p400/Tip60 complex has been 

associated with several important transcription factors involved the control of cell 

proliferation, such as E2F1, p53, and Myc (Chan, 2005; Kim et al., 2005; Nagl et al., 

2007; Samuelson et al., 2005; Taubert et al., 2004). Tip60 has been shown to participate 

in the activation of pHWAFl/CIPl expression (Berns et al., 2004; Legube et al., 2004; 

Tyteca et al., 2006a). The p21 WAF1/CIP1 gene is known to be silenced in several types 

of cancer by the adoption of a generally repressive chromatin state of the promoter region 

(Fang and Lu, 2002; Shin et al., 2000). An intriguing study had shown that the depletion 

of p400 leads to the p53-dependent senescence response by increasing p21 WAF1/CIP1 

expression in primary human fibroblasts (Chan, 2005). 
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The connection between p400, H2A.Z, and cellular senescence was clarified (Gevry et 

al., 2007), but questions remained on the interplay between Tip60 and p400 and the role 

of H2A.Z in cellular proliferation and carcinogenesis. In light of the role of H2A.Z in the 

development and proliferation of cells in many mammalian systems, a review of the 

literature along with related hypotheses is presented in this manuscript, published in 

Biochemistry and Cell Biology in January 2009. I wrote the review and contributed to 

the conception of the figure presented, aided by discussions and corrections from Drs. 

Nicolas Gevry and Luc Gaudreau, and Dr. Benoit Leblanc for the creation of the artwork. 
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Abstract 

The mammalian genome is organized into a structure of DNA and proteins known 

as chromatin. In general, chromatin presents a barrier to gene expression which is 

regulated by several pathways, namely by the incorporation of histone variants into the 

nucleosome. In yeast, H2A.Z is a H2A histone variant that is incorporated into 

nucleosomes as a H2A.Z/H2B dimer by the Swrl complex and by the SRCAP and 

p400/Tip60 complexes in mammalian cells. H2A.Z has been associated with the poising 

of genes for transcriptional activation in the yeast model system, and is essential for 

development in higher eukaryotes. Recent studies in our laboratory have demonstrated a 

p400-dependent deposition of H2A.Z at the promoter of p21mFI/CIPi', a consequence that 

prevents the activation of the gene by p53, therefore inhibiting p53-dependent replicative 

senescence, a form of cell cycle arrest crucial in the prevention of carcinogenic 

transformation of cells. Moreover, H2A.Z is overexpressed in several different types of 

cancers and its overexpression has been associated functionally with the proliferation 

state of cells. Therefore, we suggest that H2A.Z is an important regulator of gene 

expression, and its deregulation may lead to the increased proliferation of mammalian 

cells. 

Key words: Chromatin, histone variant H2A.Z, transcription, gene expression, cancer 
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Resume 

L'ensemble des genes du genome est organise dans une structure d'ADN et de proteines 

nomme la chromatine. La chromatine presente une barriere a I'acces aux genes pendant 

l'expression genique. L'incorporation des variants d'histone dans les nucleosomes, 

notamment le variant H2A.Z, joue un role important dans l'activation et la repression des 

genes. H2A.Z est incorpore a la chromatine via le complexe Swrl chez la levure et via les 

complexes SRCAP et p400/Tip60 chez les mammiferes. Ce variant a ete associe avec la 

preparation des promoteurs pour l'activation des genes et la proliferation cellulaire chez 

la levure. De plus, il est essentiel dans le developpement des eukaryotes superieurs. Des 

etudes dans notre laboratoire ont demontre que 1'incorporation de H2A.Z au promoteur 

de p21WAFI/cwl est effectuee par le complexe p400/Tip60, et que cette incorporation est 

importante dans la regulation de la transcription de /^ /^ '^^dependante de p53. Cette 

regulation de p21WAF,/apl par la presence de H2A.Z interfere avec la senescence 

replicative induit par p53. De plus, la surexpression de H2A.Z est observee dans 

plusieurs types de cancer. Le variant d'histone H2A.Z aurait done un role important non 

seulement dans l'expression genique, mais aussi dans la progression du cycle cellulaire. 
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Introduction 

The organization of DNA into chromatin is separated into several levels and the 

first level of chromatin organization is defined by the nucleosome. Additional levels of 

DNA packaging exist in order to organize the genetic information more efficiently and to 

preserve the DNA during cell division (Polo and Almouzni, 2006). Changes in 

nucleosomal structure, composition and positioning are critical in facilitating DNA 

replication and transcription control (Lusser and Kadonaga, 2003). There are three 

known ways in which the eukaryotic cell overcomes the chromatin barrier: chromatin 

remodeling by ATP-dependent "chromatin remodeling complexes", post-translational 

modification of the histones, and incorporation of histone variants into the nucleosome. 

Each of these mechanisms is crucial for proper cellular function and the equilibrium 

between these mechanisms is essential for proper gene regulation. The specific 

incorporation of histone variants into nucleosomes conveys a special characteristic to the 

chromatin fiber, and one of the most characterized histone variants to date is the H2A 

variant H2A.Z. 

Histone H2A.Z biology 

The existence of variants of H2A was determined in mammalian cells first in a 

study that demonstrated two as yet unidentified forms of H2A via gel and peptide 

analysis (West and Bonner, 1980). H2A is the major form of histone H2A proteins in 

cells, with the variants H2A.X and H2A.Z constituting a minor fraction of total H2A in S 

phase(Wu and Bonner, 1981). Following its identification in several organisms, it was 

found that H2A.Z is significantly more conserved across species (90% sequence identity) 

than H2A (Iouzalen et al., 1996; Jiang et al., 1998). A noteworthy analysis of H2A.Z-

containing nucleosomes by Suto and colleagues demonstrated the subtle yet important 

changes of between H2A and H2A.Z chromatin (Suto et al., 2000). Despite a homology 

of only 60% between the primary protein structures of H2A.Z and H2A, crystal structure 

analysis of reconstituted nucleosomes containing mouse H2A.Z demonstrated only a few 

major differences from those of H2A. The LI loop, the region responsible for interaction 
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between H2A proteins in the nucleosome, differs slightly between H2A and H2A.Z, 

creating a steric hindrance between H2A/H2B and H2A.Z/H2B dimers, which would 

seemingly lead to nucleosomes that contain either H2A.Z or H2A in metazoan cells (Suto 

et al., 2000). However, the yeast nucleosome core particle differs from its metazoan 

counterpart, notably in the LI loop region of H2A where significant amino acid 

differences in Saccharomyces cerevisiae H2A lead to a decreased interaction between the 

two H2A-H2B dimers (White et al., 2001), creating therefore less possibility of a clash 

between H2A-H2B and H2A.Z-H2B dimers in the same nucleosome. Also of important 

note, the C-terminus of H2A.Z creates an extended uninterrupted acidic patch with its 

interaction with H2B on the surface of the nucleosome as compared to the H2A-

containing nucleosomes (Suto et al., 2000). This extended acidic patch is important in 

the highly folded nucleosomal arrays created by the cooperation of H2A.Z and HPla, a 

heterochromatic protein, seeing as a mutant H2A.Z carrying equivalent H2A residues that 

disrupt the patch are similar to H2A arrays (Fan et al., 2004). The extension of the acidic 

patch in the C-terminal region could also suggest the possibility of an essential area of 

protein interaction by which H2A.Z could recruit factors important in gene transcription, 

explaining its unique role as compared to H2A. Many unresolved issues remain 

concerning the particularities of the stability of the H2A.Z-containing nucleosome 

particle, which is eloquently discussed elsewhere (Zlatanova and Thakar, 2008). 

H2A.Z is an essential gene that provides a function distinct from that of H2A in 

several model organisms. In Saccharomyces cerevisiae and Saccharomyces pombe, the 

deletion of htzl, the yeast H2A.Z-encoding gene, is not lethal but leads to multiple 

phenotypes including transcriptional defects and increased chromosome loss (Adam et 

al., 2001; Carr et al., 1994; Jackson and Gorovsky, 2000; Krogan et al., 2004; Larochelle 

and Gaudreau, 2003; Santisteban et al., 2000). H2A.Z is essential for viability in 

metazoan models, such as Tetrahemena thermophila, Xenopus laevis, Drosophila 

melanogaster and Mus musculus (Faast et al., 2001; Iouzalen et al., 1996; Liu et al., 

1996b; van Daal et al., 1988). Early complementation assays in both yeast and metazoan 

cells illustrate the importance of H2A.Z and its distinct role in the cell. The lethal 
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phenotype of H2A.Z knockout embryos can be rescued in Drosophila by the injection of 

H2A.Z in early larval stages (van Daal et al., 1988). However, the overexpression of 

H2A.Z in the H2A yeast gene knockout strains (Ahtal/Ahta2) could not rescue the lethal 

phenotype associated with this strain, and the overexpression of either H2A genes could 

not rescue the Ahtzl phenotypes (Jackson and Gorovsky, 2000; Santisteban et al., 2000). 

Moreover, a chimeric construct of H2A.Z with the C-terminal region of H2A introduced 

into Drosophila embryos lacking the wild-type histone variant leads to lethality, or major 

developmental defects (Clarkson et al., 1999). Other areas of H2A.Z seem 

interchangeable with those in H2A, which suggests that crucial differences between these 

two histones lies within the C-terminal region (Clarkson et al., 1999). Also, replacement 

of the C-terminus of H2A.Z with the equivalent region in H2A could not rescue the Ahtzl 

phenotype while a fusion of the H2A.Z C-terminus with H2A lacking its C-terminus 

restored wild type function (Adam et al., 2001). David Tremethick's group was the first 

to employ the now widely used RNAi technology to decrease H2A.Z expression, 

showing that H2A.Z is important for chromosome segregation and mitosis (Rangasamy et 

al., 2003). Taken together, it has become increasingly clear that H2A.Z possesses unique 

functions distinct from canonical H2A, and that is involved in important cellular 

functions. 

Post-translational modifications ofH2A.Z 

Another major way to modify chromatin is the post-translational modification of histones 

in the nucleosome core particle. Many histone modifications have now become 

"classical", such as the methylation of H3K4, a proven mark of active promoters, and the 

methylation of H3K9, a marker for transcriptionally silent genes (Kouzarides, 2007). The 

integration of acetate and phosphate in peptides derived from H2A.Z and the importance 

of the lysine residues of the N-terminus in the model organism T. thermophila provided 

early indications of acetylation and phosphorylation (Allis et al., 1980; Ren and 

Gorovsky, 2001). Recently it has been demonstrated that H2A.Z is multiply acetylated 

on its N-terminal tail in yeast by the NuA4 and SAGA histone acetyltransferase 
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complexes (Babiarz et al., 2006; Keogh et al., 2006; Millar et al., 2006). Mutation of the 

residues that were found to be acetylated resulted in defects in growth, chromosome 

transmission and H2A.Z deposition in chromatin. Also, studies in chicken cells 

demonstrated by ChIP that the acetylated form of H2A.Z was present at the 5' end of 

active gene loci as compared to the non-acetylated form (Bruce et al., 2005). Previous 

studies demonstrated the inability of H2A.Z nucleosomes to participate in 

internucleosomal interactions due to a decrease in the oligomerisation of N-terminal tails, 

characteristic of acetylated N-terminal tails, impeding the formation of highly condensed 

chromatin (Fan et al., 2002). Taken together, these studies show that the acetylation of 

H2A.Z is necessary in the maintenance of genome integrity and heterochromatin 

boundaries, possibly playing a role in gene activation. 

There have been some indications in the mammalian system that H2A.Z can be 

ubiquitylated, a modification that can both be involved in cell signalling and in 

degradation of the protein marked by this modification (Mukhopadhyay and Riezman, 

2007). The first indication appeared when the study of cardiac myocytes in the mouse 

showed that Sir2-dependent deacetylation of H2A.Z led to the degradation of H2A.Z via 

the ubiquitin-proteasome pathway (Chen et al., 2006). This effect was lost when the 

lysines 15, 115 and 121 were mutated into non-acetable, non-ubiquitylable residues. This 

study did not demonstrate the direct ubiquitylation of H2A.Z, while a more recent study 

using mouse and human cell lines identified a slower migrating form of H2A.Z on gel 

electrophoresis and immuno-blotting assay, which corresponds to the weight of a mono-

ubiquitylated H2A.Z protein (Sarcinella et al., 2007). This theory was confirmed when 

the authors cotransfected HA-tagged ubiquitin into cells and detected the presence of the 

tag in the slower migrating H2A.Z band, and mutation analysis showed that both K120 

and K121 are ubiquitylated. Furthermore, immunoflourescence analysis of H2A.Z and 

mutant forms localised monoubiquitylated H2A.Z to the inactive X chromosome in 

female cells (Sarcinella et al., 2007), suggesting that this modification could direct 

H2A.Z to specific chromatin environments. 
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Deposition ofH2A.Z within chromatin 

A very unique feature of H2A.Z is that it is incorporated within chromatin as an 

H2A.Z-H2B dimer by the Swrl .com complex in yeast, named after the catalytic subunit 

Swrl, a member of the Swi2/Snf2 family of ATPases. Unlike H2A, H2A.Z is deposited 

into chromatin in a replication-independent manner. In yeast cells, in addition to the 

copurification of H2A.Z and Swrl and Swrl.com components, chromatin 

immunoprecipitation assays in yeast strains lacking swrl or other components of the 

complex showed a decrease in the presence of H2A.Z in euchromatin that borders 

silenced areas of chromatin (Kobor et al., 2004; Krogan et al., 2003). The role of 

Swrl .com in the catalysis of the transfer of H2A/H2B dimers for H2A.Z/H2B dimers was 

confirmed in vitro using an exchange assay with reconstituted nucleosomes in the 

presence of ATP (Mizuguchi et al., 2004). This activity appears to be genome-wide, as 

shown by the Swrl-dependent localization of H2A.Z in chromatin (Li et al., 2005; Zhang 

et al., 2005a). 

Orthologs of the catalytic subunit Swrl in metazoan cells are suggested to be 

SRCAP and p400 (Cai et al., 2005; Wu et al., 2005). During identification of the SRCAP 

complex by immunoprecipitation, the H2A.Z protein was identified among the peptides 

analyzed by mass spectrometry (Cai et al., 2005), although this is not the case for p400 

immunoprecipitated complex (Fuchs et al., 2001). Furthermore, the ATP-dependent 

exchange of H2A/H2B dimers for H2A.Z/H2B by the SRCAP complex was 

demonstrated in vitro (Ruhl et al., 2006). Of note, it has recently been suggested that the 

Swrl-dependent deposition of H2A.Z requires a prior acetylation of chromatin by the 

NuA4 complex (Auger et al., 2008). Seeing as there is no known histone acetyl-

transferase (HAT) associated with the SRCAP complex, it is possible that this complex 

would be responsible for acetylation-independent H2A.Z deposition (Auger et al., 2008). 

The human p400/Tip60 complex appears to be a fusion of the yeast NuA4 and Swrl 

complexes and would be a more likely candidate to deposit H2A.Z into chromatin in an 

acetylation-dependent fashion (Auger et al., 2008). To date, we know that the 

Drosophila p400/Tip60 complex is responsible for the exchange of phosphorylated H2Av 
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with unphosphorylated H2Av by first acetylating the histone, then catalyzing the 

exchange (Kusch et al., 2004). The role of the human p400/Tip60 complex remained 

elusive until a recent study in our laboratory determined that H2A/H2B dimers can be 

exchanged for H2A.Z/H2B dimers by p400 in vitro (Gevry et al., 2007), in line with 

findings concerning the Saccharomyces cerevisiae Swrl complex. In addition, it has 

been suggested that H2A.Z may be involved in a Brg-1 containing Swi/Snf complex 

chromatin remodeling activity, with or without the contribution of the p400/Tip60 or 

SRCAP complexes, yet this speculation remains to be verified (John et al., 2008). The 

question that remains then is, why incorporate this histone variant into chromatin and 

how is this incorporation directed? 

Localization of H2A.Z and gene expression 

Several lines of evidence suggest that the incorporation of the histone variant 

H2A.Z within chromosomes promotes an active chromatin state. H2A.Z was first 

isolated in the model organism T. thermophila in association with the transcriptionally 

active macronucleus, namely during peak transcriptional activity, but not the inactive 

micronucleus, providing an indication that H2A.Z correlates with active chromatin (Allis 

et al., 1980; Stargell et al., 1993). Immunostaining of cells demonstrated that H2A.Z 

localized to active areas of polytene chromosomes in Drosophila (Leach et al., 2000). 

Early studies in yeast aimed to clarify the role of H2A.Z in promoting transcriptional 

activity, showing that H2A.Z is present in chromatin at the PH05, GAL1 and PURS 

promoters in uninduced conditions, and its presence negatively correlates with the 

activation state of these genes (Adam et al., 2001; Larochelle and Gaudreau, 2003; 

Santisteban et al., 2000). Although seemingly counter-intuitive, the theory that arose 

from these studies was that H2A.Z is important in the poising of promoters for gene 

activation, seeing as the htzl knockout strain exhibits defects in the transcriptional 

activation of these genes (Adam et al., 2001; Larochelle and Gaudreau, 2003; Santisteban 

et al., 2000), as well as cell-cycle regulated genes CLN5 and CLB2 (Dhillon et al., 2006). 

However, genome expression and ChIP analysis of a H2A.Z knockout strain suggested 
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that H2A.Z was important mainly as a barrier to the Sir-dependent repressive effect in 

areas in close proximity to telomeres where H2A.Z is present in clusters in yeast cells, 

referred to as Htzl-activated domains (HZADs), undermining its importance in the rest of 

the genome (Meneghini et al., 2003). This phenomenon was also addressed during the 

characterization of the Swrl-dependent deposition of H2A.Z into chromatin (Kobor et al., 

2004; Krogan et al., 2003; Zhang et al., 2005a). In addition, a similar role for H2A.Z in 

the prevention of heterochromatic spreading was proposed following the finding of its 

presence in insulator regions of the chicken P-globin locus (Bruce et al., 2005) and the 

correlation between H2A.Z and the insulator protein CTCF in human cells (Barski et al., 

2007; Fu et al., 2008). 

Further genome-wide analyses in yeast shed new light on the positioning of 

H2A.Z, confirming its presence in telomere-proximal areas (Guillemette et al., 2005), yet 

showing that H2A.Z was mainly present at the 5' ends of genes genome-wide, in the 

promoter regions in the nucleosomes that border the nucleosome-free region (NFR) 

around the transcription start site (TSS) (Guillemette et al., 2005; Li et al., 2005; Millar et 

al., 2006; Raisner et al., 2005; Segal et al., 2006; Zhang et al., 2005a), as well as several 

replication origins (Dhillon et al., 2006; Guillemette et al., 2005). In some studies, no 

obvious correlations between H2A.Z presence and gene expression were found, possibly 

due to the scale of the study performed, as only the yeast chromosome III was tiled by 

microarray (Liu et al., 2005; Raisner et al., 2005; Yuan et al., 2005). However, an inverse 

correlation between H2A.Z presence and gene transcription was found in the majority of 

these studies (Guillemette et al., 2005; Li et al., 2005; Millar et al., 2006; Zhang et al., 

2005a) and in follow-up studies that verified H2A.Z presence during specific gene 

induction (Zanton and Pugh, 2006), drawing a parallel with results previously seen in 

model gene expression analyses. Intriguingly, later detailed analyses of the yeast genome 

confirmed that positioning of H2A.Z at yeast promoters is more defined at TATA-less 

promoters, while its positioning is more variable at TATA-containing promoters (Albert 

et al., 2007). In addition, H2A.Z has recently been shown to be associated with both 

yeast and human promoters that have Depleted Proximal-Nucleosomes (DPN), which are 
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well-positioned nucieosomes that exhibit low occupancy close to the TSS and greater 

occupancy at distal regions creating a well-established NFR, yet it is not shown in this 

study if H2A.Z could be responsible for the creation of such a promoter architecture 

(Tirosh and Barkai, 2008). The proposed "promoter poising" activity of H2A.Z could 

also be related to the structure of H2A.Z nucieosomes and their ability to prevent 

internucleosomal interactions (Fan et al., 2002), promoting a more open chromatin 

conformation that is characteristic of transcriptionally poised genes. It remains that the 

prevailing inference of these studies is that H2A.Z presence at the specific regions in 

yeast promoters could create a transcriptionally poised state in yeast cells, leading to a 

more in-depth analysis of the role of H2A.Z positioning in the regulation of expression of 

mammalian genes. 

Similar positioning of H2A.Z rings true in the genomes of higher eukaryotes, yet 

correlation with gene activity is seemingly more complex. The early studies of H2A.Z 

positioning in the metazoan system corroborated yeast studies that claimed H2A.Z was 

most important in heterochromatic areas of chromatin. Immunofluorescence and ChIP 

studies in the mouse embryo showed an association between H2A.Z and HP la, a known 

heterochromatic protein, in constitutive heterochromatin (Fan et al., 2004; Rangasamy et 

al., 2003). However, these studies did not observe H2A.Z at facultative heterochromatin 

such as the silent X chromosome, while a recent publication localized H2A.Z to the silent 

X chromosome and clearly showed the counter-staining of H2A.Z with HP la in 

constitutive heterochromatin, with H2A.Z staining in a punctuate manner throughout the 

chromosomes (Sarcinella et al., 2007). The important nuance here is that the early 

studies were performed in the developing mouse embryo, while Cheung's group used 

differentiated mouse and human cells (Sarcinella et al., 2007). Furthermore, 

immunofluorescence staining of H2A.Z and different histone modifications during the 

epigenetic reprogramming of mouse progenitor germ cells during development showed 

that the strong but diffuse staining of H2A.Z is lost during the reprogramming process, 

and this loss correlates with the critical erasure of epigenetic memory (Hajkova et al., 

2008). This transition of H2A.Z localization could explain many phenomena observed in 
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the literature to date. The importance of H2A.Z in the development of multicellular 

organisms could depend on its role in the formation of heterochromatic areas, while more 

differentiated cells require the use of H2A.Z in establishing a specific promoter structure 

for tissue-specific gene regulation. For example, a thorough ChlP-chip analysis in the 

developing Caenorhabditis elegans embryo associated H2A.Z with TSS, Pol II (read 

transcriptional activity), and transcript levels, namely at growth and developmentally-

related genes (Whittle et al., 2008). 

The majority of the genomic analyses of H2A.Z in metazoan cells have shown the 

association of H2A.Z with active or poised promoters. The analysis of mononucleosome-

length fragments from resting and T-cell receptor signaling activated human CD4+ T 

cells by ChlP-sequencing provided a high-resolution profile of nucleosomes across the 

genome of these cells (Schones et al., 2008). Genome-wide, H2A.Z was shown to be 

present at several nucleosomes surrounding the TSS, nucleosomes that are very well-

positioned relative to other regions of the genome, yet preferentially lost at the -1 

nucleosomes upon gene induction (Schones et al., 2008), providing more evidence of the 

role of H2A.Z in promoter poising first shown in yeast. Also, global nucleosome 

positioning of H2A.Z-containing nucleosomes in the Drosophila genome revealed similar 

results as in yeast, with H2A.Z mapping to the TSS at the majority of promoters (Mavrich 

et al., 2008b). Of note, this presence was most detected at the +1 nucleosome situated at 

approximately position +62, the area at which RNA Polymerase II (RNA PolII) pauses 

during the transcription cycle (Mavrich et al., 2008b). H2A.Z had also previously been 

found to bind the promoter region of Myc, but is lost during induction of the gene by 11-2 

(Farris et al., 2005). Interestingly, the presence of H2A.Z in the coding region of Myc 

can inhibit transcriptional activity (Farris et al., 2005), raising an important issue on the 

influence of the specific positioning of H2A.Z on its role in gene regulation. For 

example, H2A.Z has been located at distal DNasel hypersensitive regulatory areas, often 

indicating enhancer areas important in gene regulation, and its presence at these areas 

correlates with transcriptional activity (Barski et al., 2007; John et al., 2008). A recent 

high-resolution analysis of nucleosome occupancy and composition at model gene of the 
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class I major histocompatibility complex (MHC) family in kidney, spleen and brain tissue 

from the mouse revealed that H2A.Z is present at TSS-associated nucleosomes, at 

different levels in each tissue (Kotekar et al., 2008). The most interesting example in this 

study is the gene activation in the kidney, where the gene is weakly active. H2A.Z 

occupancy is highest here, and although the authors claim that tissue-specific presence of 

H2A.Z at this specific locus does not correlate with or change upon gene activation, one 

can observe a slight decrease in H2A.Z presence once the gene is activated tissue 

(Kotekar et al., 2008). Moreover, ChIP analysis of several GR-responsive promoters 

revealed that H2A.Z was present at GR-responsive sites, with a dramatic exchange 

occurring following activation of GR by ligand binding (John et al., 2008). The authors 

propose an intriguing model in which cell-specific positioning of H2A.Z would 

determine the gene expression program (John et al., 2008), a model first introduced by 

the work performed in our laboratory on the p53-dependent positioning of H2A.Z at the 

p2jWAFi/ciPi p r o m o t e r (Qevry et al., 2007). So, it is evident that the positioning of H2A.Z 

in chromatin and its specific location within gene regulatory areas can contribute both to 

the positive or negative regulation of transcriptional activity. 

One can also easily hypothesize on the role of transcriptional activators in the 

deposition of this histone variant into chromatin. Transcriptional activators readily 

interact with and recruit chromatin remodeling complexes to promoters, inducing either 

the displacement or modification of nucleosomes (Szutorisz et al., 2005). It is known that 

several coactivators of transcription are actually complexes that contain histone 

modifying enzymes which affect transcription (Brownell et al., 1996). Our laboratory 

and others have determined that the yeast transcriptional co-activators Spt-Ada-Gcn5-

Acetyl transferase (SAGA), Mediator, Swi/Snf complex and RNA PolII subunits are 

recruited to the GALI promoter, and that H2A.Z is required for the recruitment of these 

factors (Adam et al., 2001; Gligoris et al., 2007; Lemieux and Gaudreau, 2004; Lemieux 

et al., 2008). In addition, genome-wide studies have shown the correlation between 

H2A.Z presence and certain histone modifications. High-resolution ChlP-sequencing of 

histone methylations and H2A.Z in human T cells associated enhancers and promoters of 
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active genes with H3K4 methylation, H2A.Z, and mono-methylated H3K9, with binding 

levels correlating with gene activity (Barski et al., 2007). Interestingly, in yeast, Setl, a 

H3K.4 methytransferase, and H2A.Z were shown to have redundant roles in the 

establishment of a chromatin barrier to Sir-mediated silencing, as shown by an increased 

repression of genes genome-wide in the double mutant strain of Ahtzl/Asetl 

(Venkatasubrahmanyam et al., 2007). This suggests that these two mechanisms are 

overlapping, in that the presence of either H2A.Z or the H3K4 methyl mark are not 

dependent on the presence of one another, yet H2A.Z occupancy was significantly 

decreased at certain genes in strains that were mutated for Setl and certain key histone 

modifications (Venkatasubrahmanyam et al., 2007; Zhang et al., 2005a). Of importance 

to our studies, the interplay between chromatin remodeling complexes and histone 

modifying enzymes is illustrated by the interaction in mammalian cells at the p21WAFI/CIPI 

promoter between p53 and the p400/Tip60 complex, a complex that contains both HAT 

activity (Tip60 subunit) and ATPase subunits (p400) (Erkine, 2004; Gevry et al., 2007; 

Legube et al., 2004). This same complex is now known to be responsible for the loading 

of H2A.Z into nucleosomes, showing a dynamic interplay between the ATPase subunit 

p400 and the HAT subunit Tip60, and has been the subject of recent research performed 

in our laboratory (Gevry et al., 2007). 

Taken together, these studies lead to a question similar to the chicken and the egg 

scenario: it is a causal relationship in which we should ask which comes first, the histone 

modifications or H2A.Z? Or do these "epigenetic marks" exist in the same regions of 

chromatin without influencing the presence of one another? Is it possible that the 

complex or complexes that are involved in the remodeling of H2A.Z within chromatin 

also are involved in the establishment of histone modifications? Although many 

bioinformatics analyses have calculated correlations and determined signatures of 

H2A.Z-containing nucleosomes ((Fu et al., 2008); A. Gervais and L.G., unpublished 

data), we are unable as of yet to determine the importance of H2A.Z in the establishment 

of such marks, or the significance of the marks in the targeting of H2A.Z to chromatin. 
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H2A.Z and the p53/p21 senescence pathway 

The link between replicative senescence, transcriptional control and chromatin 

remodeling complexes was explored by Chan et al. (2005) where they focused on the role 

of p400 in the p53/p21 senescence response. Replicative senescence occurs when the cell 

encounters severe stresses, such as the overexpression of oncogenes or DNA damage, 

provoking the activation of p53 and the pl6 pathways, causing a cell cycle arrest that is 

irreversible (Campisi, 2005; Narita and Lowe, 2005). The maintenance of cell cycle 

arrest leads to replicative senescence and important morphological changes in the cell, 

changes in chromatin structure, and the maintenance of simple basal metabolic levels 

(Cristofalo et al., 2004; Zhang, 2007). The effect of p53 on the cell cycle is somewhat 

indirect, binding to the regulatory region of the p2]WAFI/CIP1 gene, activating its 

transcription (Dulic et al., 1994; el-Deiry et al., 1994). The p21 and pl6 proteins are cell 

cycle inhibitors which, through their capacity to bind and inactivate several cyclin-CdK 

complexes, will stop the progression through to the next phase of the cell cycle, typically 

in Gl (reviewed in (Zhang, 2007)). Chan et al. (2005) revealed that the p400 subunit of 

the p400/Tip60 complex effects negatively the induction of the senescence pathway 

(Chan et al. 2005) by decreasing p21WAF1/CIPl expression via its localization at p53 

binding sites in the p21WAFI/ap' promoter (Chan et al. 2005). 

We have recently demonstrated the importance of the presence of H2A.Z in 

chromatin on cell cycle progression via the p53/p21 pathway (Gevry et al., 2007). Our 

group demonstrated that deposition of H2A.Z at the distal p53-binding site by the p400 

complex accounts for the adverse effects of p400 on the senescence response explained 

by Chan et al. (2005). Specific knockdown of H2A.Z expression promotes cellular 

senescence and an increase in p21 WAFl/CIP' expression, suggesting an inhibitory role of 

H2A.Z in cell cycle arrest (Gevry et al., 2007). Moreover, the decrease in the expression 

of both H2A.Z and p400 in human fibroblasts caused the formation of senescence-

associated heterochromatic foci (SAHF), the p-galactosidase staining of nuclei and 

change in morphology that are characteristic of senescent cells (Gevry et al., 2007). This 

repressive characteristic of H2A.Z presence in chromatin is contrary to many findings 
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concerning the histone variant, yet demonstrates that the specific location of H2A.Z in 

gene regulatory regions yields different effects. 

The effects on cellular senescence demonstrated in these experiments were then 

attributed to the p53-dependent deposition of H2A.Z by the p400/Tip60 complex on the 

promoter of p21WAF,/apI. ChIP analysis revealed the colocalisation of H2A.Z and p400 

to the promoter of p21WAFI/apl at the distal and proximal p53-binding sites in human 

breast cancer cell lines, a localisation which is lost in the p53"" cell line SaOS2 (Gevry et 

al., 2007). This localisation of H2A.Z definitely linked to the repressive state of 

p21WAF1/CIPI, seeing as induction of the gene via the p53 pathway led to the eviction of 

H2A.Z from the chromatin of the promoter (Gevry et al., 2007). In addition, this loading 

of H2A.Z by p400 is independent of its association with Tip60, seeing as they show 

inversely proportional occupation of the promoter, at opposing times in the expression 

pattern (Gevry et al., 2007). This result explains the opposing effects of p400 and Tip60 

on p53-dependent p2lWAFl/CIPI expression, and suggests the existence of two separate 

complexes, as is seen in yeast. Interestingly, following the "clearing" of the promoter 

from all pre-bound RNA PolII by a-amanitin, and p53"A cells in which RNA PolII is not 

pre-bound (Espinosa et al., 2003), H2A.Z is detected at the initiator region (Gevry et al., 

2007). The oncogene Myc is known to repress p21WAF1/apl expression when present at 

the initiator region of the gene (Seoane et al., 2002), and the presence of H2A.Z at the 

same region leads us to study the association of H2A.Z with the oncogene Myc. 

H2A.Z and the oncogene Myc 

There is much evidence linking the oncogene Myc and the overall state of 

chromatin in the cell. The overexpression of Myc influences global chromatin structure 

by both widespread binding of Myc to chromatin and a possible recruitment of various 

chromatin remodelling complexes (Knoepfler et al., 2006). Myc is known to bind and 

recruit the p400/Tip60 complex to chromatin (Frank et al., 2003; Fuchs et al., 2001; 

Samuelson et al., 2005). We show in our most recent study that the overexpression of 

Myc not only represses p21WA /apl expression, but increases the loading of H2A.Z at the 
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initiator region of p21 expression, concordant with an increase in the binding of 

Myc and p400 at the same region in the absence of p53 (Gevry et al., 2007). Most 

recently another link has been made between Myc and H2A.Z, in that Myc stimulates 

H2A.Z expression in breast cancer cells by binding the promoter of H2A.Z (Hua et al., 

2008). Taken together, these studies suggest a mechanism in which, in a type of 

feedback loop, the proliferative effect of Myc would begin with an increase in the amount 

of H2A.Z, leading to the repression of p21WAF1/api expression by the incorporation of this 

variant into the chromatin environment of thep21WAF1/c,pl promoter. 

H2A.Z and carcinogenesis 

The p400/Tip60 complex has been associated with the control of expression of 

several important transcription factors involved in the control of cell proliferation, such as 

E2F1, p53, KAIl and Myc (Chan, 2005; Kim et al., 2005; Nagl et al., 2007; Samuelson et 

al., 2005; Taubert et al., 2004). Tip60 has been shown to participate in the activation of 

p2lwAFi/cwi e x p r e s s i o n (B e r n s e t a l ; 2004; Legube et al., 2004; Tyteca et al., 2006b). In 

line with this, Tip60 acts as a haplo-insufficient tumour suppressor, wherein Tip60 

heterozygous mice are more sensitive to Myc-induced lymphomas (Gorrini et al., 2007). 

These mice show defects in the DNA-damage response, yet the defects are not due to a 

deregulation of p53- or Myc-induced transcription (Gorrini et al., 2007), which suggests 

an additional unknown function of Tip60 in the cell cycle. The interplay between Tip60 

and p400 remains to be determined, seeing as they appear to have opposing roles in cell 

cycle arrest and carcinogenesis. 

The connection between p400, H2A.Z and cellular senescence is clear, yet 

questions remain concerning the role of H2A.Z in cellular proliferation and 

carcinogenesis. In addition, the importance of Tip60 in the deposition of H2A.Z and the 

possibility of two separate complexes must be addressed. In light of the role of H2A.Z in 

the development and proliferation of cells in many mammalian systems, could it be that 

the overexpression of this histone variant presents an alteration that will contribute to the 

cancerous transformation of mammalian cells, as is the case for many oncogenes? The 
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overexpression of H2A.Z has been observed in colorectal cancers, undifferentiated 

cancers and breast metastatic cancer cells as compared to normal cells ((Dunican et al., 

2002; Hua et al., 2008; Rhodes et al., 2004; Zucchi et al., 2004), N.G. and L.G., 

unpublished data). The double knockout of H2A.Z and certain genes involved in 

replication and S phase checkpoint control in yeast confers severe growth defects in these 

strains (Dhillon et al., 2006). Of note, the simple deletion of H2A.Z renders yeast cells 

hypersensitive to checkpoints, leading to a delay in the start of the cell cycle. One can 

hypothesize that H2A.Z plays a role in pushing the cell through its checkpoints, 

promoting proliferation. 

Following our demonstration of the importance of H2A.Z in the control of the 

senescence response, we have recently hypothesized upon its correlation with 

carcinogenesis and the malignancy of tumors, as well as its role in the establishment of 

these cancers. In support of this hypothesis, we have recently demonstrated the 

importance of H2A.Z in the estrogen receptor a (ERa) signaling pathway and in ER-

dependent breast cancer proliferation. These intriguing results demonstrate that the 

cyclic incorporation of H2A.Z at ERa-dependent genes stabilizes chromatin architecture 

and allows the activation of the gene (N. Gevry, S. Hardy, P.-E. Jacques, L. Laflamme, 

G. Grondin, F. Robert and Gaudreau, submitted for publication). The specific 

knockdown of H2A.Z in synchronized cells results in a Gl block which cannot be rescued 

by serum stimulation, as compared to control cells. To further support the supposition 

that H2A.Z aids in the establishment of cellular transformation, we observe that the 

overexpression of H2A.Z causes increased proliferation, and the pro-proliferative effects 

of H2A.Z seem to be caused by a deregulation in the cell cycle, most apparent in a P16"'" 

background. Interestingly, E2F1 can recruit the p400/Tip60 complex to chromatin at the 

promoters of cell-cycle related genes during the Gl/S transition (Kramps et al., 2004; 

Nagl et al., 2007; Taubert et al., 2004). One can imagine a model similar to the one 

illustrated in Figure 1, in which the incorporation of H2A.Z into the chromatin of 

promoters will provoke a decrease mp21WAFI/apl expression, in addition to an increase in 

the expression of certain genes that are important in the promotion of cell cycle 
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progression through the Gl/S transition, such as E2F1- regulated genes, in a chromatin 

remodeling response that is context-specific. Therefore, based on these studies, we can 

conclude that H2A.Z could have a direct role in the control of cellular proliferation, and 

potentially in cancer progression. The direct and decisional role of H2A.Z in the 

establishment of the transformed state requires further investigation and is a fascinating 

aspect of H2A.Z function. 
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Figure 2-1 : Proposed model for the control of cellular proliferation by H2A.Z in 
mammalian cells. 
The incorporation of H2A.Z into promoter chromatin of p21WAFI/apl inhibits p53-

dependent replicative senescence. In addition, we propose that H2A.Z regulates both 

cellular proliferation through the Gl/S transition and ER-dependent cellular proliferation. 

We surmise that the deposition of H2A.Z at the promoters of certain genes that are 

important in the promotion of cell cycle progression through Gl/S transition, such as 

E2F1- regulated genes, will regulate their expression by poising the genes for activation, 

leading to increased proliferation. 
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CHAPTER III 

III.H2A.Z OVEREXPRESSION PROMOTES CELLULAR PROLIFERATION OF BREAST 

CANCER CELLS 

III.1. Preamble 

H2A.Z is expressed at high levels in colorectal cancers, undifferentiated cancers, and 

breast metastatic cancer cells, but not in normal cells (Dunican et al., 2002; Hua et al., 

2008; Rhodes et al., 2004; Zucchi et al., 2004). A study by Hua et al. observed that 

increased H2A.Z expression is significantly associated with lymph node metastasis and 

decreased breast cancer survival using tissue microarray screening (TMA), and H2A.Z 

expression is stimulated by E2-dependent binding of Myc (Hua et al., 2008). In addition 

to the importance of H2A.Z in the control of the senescence response (Gevry et al., 

2007), we shortly thereafter observed that H2A.Z is crucial in E2-dependent 

transcriptional regulation by the cyclic p400-dependent incorporation of H2A.Z which 

stabilizes chromatin architecture at ERa target genes (Gevry et al., 2009). In this study, 

we also observed that the depletion of H2A.Z decreases E2-dependent cellular 

proliferation in the breast cancer cell line MCF7 (Gevry et al., 2009). 

The manuscript in this chapter presents the results obtained following our questioning on 

the correlation of H2A.Z with ERa-dependent breast cancer and hormone-dependent 

cellular proliferation. We first show that E2-dependent increased expression of H2A.Z is 
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partly due to the binding of ERa to the H2A.Z promoter. In addition, we observe a 

correlation between H2A.Z and ERa levels in low grade breast cancer, and that the 

exogenous overexpression of H2A.Z in the MCF7 breast cancer cell line leads to 

increased proliferation in low levels of E2 and in the presence of TAM. 

This manuscript was published in the peer-reviewed journal Cell Cycle in January 2010, 

and the artwork from the article was featured on the cover of the journal (Svotelis, A., 

Gevry, N., Grondin, G., and Gaudreau, L. (2010). H2A.Z overexpression promotes 

cellular proliferation of breast cancer cells. Cell Cycle 9, 364-370.). The contribution to 

the conception and execution of the experiments were equally shared between Dr. 

Nicolas Gevry and myself, with the help of Gilles Grondin in the execution of the 

immunohistochemistry presented in Figure 3.2 and 3.3. I wrote the manuscript, aided by 

discussions and corrections from Drs. Nicolas Gevry and Luc Gaudreau, co-

corresponding authors for the manuscript. 

79 



III.2. Manuscript 

H2A.Z overexpression promotes cellular proliferation of breast 

cancer cells 

Amy Svotelis*, Nicolas Gevry* °°, Gilles Grondin, and Luc Gaudreau00 

Departement de biologie, Faculte des Sciences, Universite de Sherbrooke, Sherbrooke, 

Quebec, Canada 

* These authors contributed equally to this work. 
00 Address correspondence to: Nicolas Gevry or Luc Gaudreau, Departement de biologie, 

Faculte des Sciences, Universite de Sherbrooke, Sherbrooke, Quebec, Canada, JIK 2R1 

Tel: 819-821-8000 ext. 62081; Fax: 819-821-8049; E-Mail: 

Nicolas.Gevrv(2),USherbrooke.ca. or Luc.Gaudreau@USherbrooke.ca 

Key words: Estrogen receptor, breast cancer, chromatin, histone variant H2A.Z, 

transcription, proliferation 

Svotelis, A., Gevry, N., Grondin, G., and Gaudreau, L. (2010). H2A.Z overexpression 

promotes cellular proliferation of breast cancer cells. Cell Cycle 9, 364-370. 

80 

mailto:Luc.Gaudreau@USherbrooke.ca


Abstract 

We recently showed that histone H2A.Z, as well as members of the ATP-dependent p400 

chromatin remodeling complex (p400.com), are essential components of estrogen 

receptor a (ERa) signaling. More specifically, we showed that H2A.Z and p400.com are 

incorporated into the promoter regions of ERa target genes only upon gene induction, and 

also in a cyclic fashion. RNAi-mediated cellular depletion of H2A.Z and p400.com 

strongly impedes estrogen-dependent growth of breast cancer cells as well as strongly 

affects ERa-target gene expression. Two mechanisms emerged from our studies of how 

H2A.Z incorporation within ERa-target regulatory regions can actually regulate 

estrogen-mediated signaling: 1) by stabilizing nucleosomes within the translational DNA 

axis, a process that allows general transcription factors to be efficiently recruited to 

promoter regions; 2) by allowing estrogen-responsive enhancer function. In the current 

study, we now show that in MCF7 cells, ectopic overexpression of H2A.Z increases 

proliferation, and such in conditions where estrogen levels are low. Also, 

immunohistochemical studies of breast cancer biopsies show that the presence of H2A.Z 

correlates highly with that of ERa, but is associated with high-grade ER-negative 

cancers. Finally we show that ERa directly associates to the H2A.Z promoter, and 

consequently modulates its expression. Our study provides a possible link between 

H2A.Z and endocrine resistance by showing that H2A.Z overexpression leads to 

increased growth, particularly when estrogen levels are very low. 
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Introduction 

Breast cancer is the one of the leading causes of death in females, second only to lung 

Cancer ("Canadian Cancer Society/National Cancer Institute of Canada: Canadian Cancer Statistics 2008, Toronto, 

Canada, 2008."April 2008, ISSN 0835-2976). Although treatment of the disease is increasingly 

possible, the incidence of breast cancer continues to grow and resistance to common 

chemotherapy is common. Breast cancer is generally categorized by either estrogen 

receptor (ER)-positive or ER-negative cancers. The ER is a nuclear receptor that is 

activated by its ligand estrogen (E2) which, once activated, promotes transcriptional 

activation of gene targets that contain estrogen response elements (ERE) '. There exists 

both ERa and ERp, and many of ERa target genes are involved in cellular proliferation . 

Notably, recent studies have suggested that ERa receptors can stimulate transcription of 

RNA polymerase II target genes by promoting modification of chromatin, creating 

favorable promoter architecture for the establishment of stable initiation complexes 3. 

Chromatin is now considered an extremely dynamic structure that changes to control 

gene expression 4. H2A.Z is a histone variant that has been implicated principally in 

inducing local changes in chromatin structure and subsequently the regulation of gene 

expression 5"7. 

H2A.Z is an essential gene in metazoan models, such as Tetrahemena 
Q 1 I 

thermophila, Xenopus laevis, Drosophila melanogaster and Mus musculus ' , and is 

required for the proper regulation of many cellular processes. The deposition of H2A.Z 

into chromatin genome-wide has been shown to be associated with and regulated by the 

SRCAP and p400/Tip60 complexes in mammalian cells 12"14 7 15. The positioning of 

H2A.Z in chromatin and its specific location in gene regulatory areas and promoters can 

contribute both to the positive or negative regulation of transcriptional activity ' . We 

have recently shown that H2A.Z is important in the regulation of ERa-dependant 

transcription and estrogen-specific cell proliferation . The incorporation of H2A.Z 

within the chromatin positions nucleosomes in the promoter area of TFF1, an ERa-

dependant model gene. In addition, H2A.Z is essential in estrogen-responsive enhancer 

function by allowing the recruitment of the factor FoxAl. 
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In addition to the recent insights on the mechanistic function of H2A.Z, it has 

been observed that increased expression of H2A.Z has been observed in colorectal 

cancers, undifferentiated cancers and breast metastatic cancer cells as compared to 

normal cells ,7"20. Recent studies published by our group not only showed that the 

depletion of H2A.Z expression causes cellular senescence, but that H2A.Z is required for 

E2-dependent cellular proliferation ' . Taken together, these studies suggest that 

H2A.Z is important in promoting proliferation. We thus hypothesized on the correlation 

of H2A.Z with carcinogenesis and the malignancy of tumors, namely in ERa-positive 

and ERa-negative cancers, as well as its role in the establishment of these cancers. In 

this report we show that H2A.Z promotes growth in breast cancer cells, and such, in an 

estrogen-independent manner. Also, H2A.Z correlates with ERa in low grade breast 

cancers, but is preferentially expressed in high grade cancers, in which we no longer 

observe an association with ERa. Finally, we show that the ERa directly regulates H2A.Z 

expression. 
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Results 

The overexpression of H2A.Z promotes the proliferation of breast cancer cells 

To determine whether H2A.Z expression levels influence breast cancer progression, we 

overexpressed H2A.Z in the ERcc-positive MCF7 breast cancer cell line using a lentiviral 

vector, using the overexpression of canonical histone H2A as a control. The protein and 

mRNA overexpression levels were verified by Western blot and quantitative PCR 

(qPCR) (Figure 1A and 4B). The in vitro growth potential of the different cell lines in the 

absence and presence of E2 or tamoxifen (TAM) was verified. Cell counts were 

performed at different time intervals (day 0, 2, 4, 6 and 8). Interestingly, H2A.Z 

overexpression promotes significantly proliferation in the absence of E2 (Figure 1C) and 

in the presence of TAM (Figure IE) when compared to the empty vector control (WPI) or 

H2A overexpression, whereas E2-dependent cell population growth is similar for all cell 

lines (Figure ID). To determine if the presence of ERa is required for H2A.Z to affect 

proliferation, we performed similar experiments in the MCF10A mammary epithelial cell 

line, which are ER-negative. As seen in Figure IF, the overexpression of H2A.Z has no 

effect on the proliferative capacity of these cells. Similar results were obtained in the 

MDA-MB-231 ER-negative breast cancer cells (data not shown). Taken together, these 

results suggest that increased H2A.Z expression leads to increased cellular proliferation 

and this effect is better visualized when estrogen levels are very low. 

Increased expression ofH2A.Z is observed in breast cancer 

To determine a link between increased H2A.Z expression and transformed cells, we 

verified the expression of H2A.Z and its correlation with breast cancer in several 

different manners. First, the expression of H2A.Z mRNA was verified using a cDNA 

panel generated using tissue from normal and breast cancer biopsy tissue. The relative 

expression of H2A.Z mRNA was calculated using H2A, and correlated to the reported 

expression of ERa. As seen in Figure 2A, increased H2A.Z expression correlates with 

high ERa expression in cancerous breast tissue and common breast cancer cell lines 
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MCF7, T47D, and MDA-MB-231. Basal levels of H2A.Z expression are observed in 
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Figure 3-1 : The overexpression of H2A.Z promotes E2-independent cell growth. 

Overexpressed H2A.Z was scored by immunoblotting H2A.Z and FLAG in histone 

extracts of MCF7 cell lines (A) and by RT-qPCR using oligonucleotide primers specific 

for H2A.Z (B; normalized using GAPDH as a control). The overexpression of H2A.Z 

increases proliferation of MCF7 cells in the absence of E2 (C) and in the presence of 

TAM (E), but does not affect E2-dependent growth (D). The overexpression of H2A.Z in 

ERa-negative MCF10A cells does not affect proliferation (F). 
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Figure 3-2 : H2A.Z is overexpressed in several different cancerous cell lines and 

tissues and correlates with ERa levels. 

(A) A cDNA panel created from normal and cancerous breast tissues (Origene) was 

quantified for H2A.Z RNA levels in as well as in different invasive cell lines (T47D, 

MCF7, and MD-AMB-231), normalized using GAPDH as a control. (B) Co-

immunolocalisation of both H2A.Z and ERa by immunochemistry in tissues obtained 

from biopsies of ERa-positive and ERa-negative breast cancers shows a strong 

colocalisation pattern exists between H2A.Z and ERa. 
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normal breast tissue. The correlation observed between H2A.Z and ERa increased 

expression led us to investigate protein levels and co-immunolocalisation of both H2A.Z 

and ERa by immunochemistry in tissues obtained from biopsies of ERa-positive and 

ERa-negative breast cancers. Figure 2B shows that strong protein levels of H2A.Z are 

observed in ERa-positive tumors with lower levels present in ERa-negative tumors, and a 

strong colocalisation pattern exists between H2A.Z and ERa. 

Increased expression of H2A.Z correlates with ERa levels in low grade breast tumors 

whereas high grade breast cancer shows only high levels ofH2A.Z 

To further investigate correlative patterns between H2A.Z and ERa, we obtained 

a tissue array that contained 208 spots of normal and cancerous biopsy tissue, from which 

pathology reports are provided containing information on location and tumor grade. 

Antibodies specific for H2A.Z and ERa were hybridized to the array in order to 

determine correlations between H2A.Z, ERa and severity of breast cancer. As seen in 

table 1, in low grade cancers we observe a strong correlation (72%) between the 

expression of H2A.Z and ERa. This correlation diminishes drastically with increased 

tumor grade, and we observe that 70% of grade 3 tumors (50%) that are only positive for 

H2A.Z expression and 5 % for ERa. Furthermore, none of the biopsy tissues investigated 

showed co-expression of H2A.Z and ERa for the grade 3 tumors. Representative images 

of each grade are shown in Figure 3. These results indicate that, although we observe 

strong correlations between H2A.Z and ERa in low grade carcinoma (Fig. 2B, Table 1), 

the highest proportion of high grade tumor tissues are positive for H2A.Z and negative 

for ERa (Table 1). Relating back to the observations in figure 1, we can suggest that 

increased H2A.Z expression could lead to independence of E2-controlled cellular 

proliferation. In addition, a bioinformatics analysis of available microarray data from the 

literature shows that H2A.Z expression in breast cancer is highly correlated with 

increased expression of several cell-cycle related genes such as cyclin B2, cyclin A2, 

cyclin Bl and PCNA (see table 2). These results point toward a link between ERa and 
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H2A.Z in cancerous tissues, as well as a strong correlation between increased H2A.Z 

expression and the proliferative capacity of cells. 

Hoechst Merge 

Figure 3-3 : High grade breast cancer correlates with high levels of H2A.Z. 

A tissue array containing 208 spots of normal and cancerous biopsy tissue was analysed 

for H2A.Z and ERa protein levels. Here we present representative examples of biopsies 

of grade 1, 2 and 3 tissues. The analysis showed that the highest proportion of high grade 



tumor tissues is positive for H2A.Z and negative for ERa. 

Table 3-2 : High grade breast cancer correlates with high levels of H2A.Z. 

The results from the immunocolocalisation analysis of H2A.Z and ERa from a tissue 

array containing 208 spots of normal and cancerous biopsy tissue are illustrated below. 

We observe strong correlations between H2A.Z and ERa in low grade carcinoma the 

highest proportion of high grade tumor tissues are positive for H2A.Z and negative for 

ERa. 

Percentage of 
>osittve samples 

H2A.Zand 
ERalpha 

H M Z 

ERalpha 

Undetectable 

Total 

Grade 1 

72 

14 

0 

14 

100 

Grade 1-2 

14 

28 

14 

44 

100 

Tumor grade 

Grade 2 

5 

19 

6 

70 

100 

Grade 2-3 

20 

20 

0 

60 

100 

G r a d * 3 

0 

50 

6 

44 

100 

Table 3-3 : High levels of H2A.Z correlate with high levels of important cell cycle 

regulators. 

A bioinformatics analysis of available microarray data from the literature shows that 

H2A.Z expression in breast cancer is highly correlated with increased expression of 

several cell-cycle related genes such as cyclin B2, cyclin A2, cyclin Bl and PCNA. 

Gene 

H2AFZ 

CDC2 

CCNB2 

CCNA2 

AURKA 

PCNA 

CCNBI 

No. 
studies 

20 

13 

13 

12 

12 

it 

n 

% studies 

100% 

65% 

65% 

60% 

60% 

55% 

55% 

Gene name 

H2A hittone family, member Z 

cell division cycle 2, G, to S and 
G j t o M 

cyclin B2 

cyclin A2 

aurora kinase A 

proliferating cell nuclear antigen 

cyclin Bl 
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ERa regulates the expression ofH2A.Z in breast cancer cells 

Considering that H2A.Z levels are high in ERa-positive breast cancers (Hua et al., 2008, 

Fig. 2A), we set out to determine whether ERa could directly regulate the expression of 

H2A.Z in breast cancer cells. First, we verified if E2 could induce H2A.Z expression in 

MCF7 cells. Figure 4B shows that after 4 h of E2 treatment, H2A.Z expression increases 

more than 2.5 fold. Figure 4A shows a graphical representation of the H2A.Z promoter 

that includes the localization of putative regulatory elements described by Hatch and 

Bonner (Hatch and Bonner 1995; Hatch and Bonner 1996), as well as regulatory elements 

scored by a bioinformatics analysis using the TransFac database. Our in silico approach 

did not detect the presence of an ERE, but has nevertheless revealed two Spl sites and 

one AP-1 site, two factors that have been shown to be able to recruit ERa to promoters 

by a non-classical pathway (Figure 4A)2. To further characterize the implication of the 

E2 signaling pathway, we investigated the recruitment of ERa at the H2A.Z promoter in 

MCF7 cells by ChIP assay. Figure 4C shows a ChIP experiment performed with an anti-

ERa antibody in which we observe that the receptor begins to accumulate at the H2A.Z 

promoter after 15 minutes of E2 treatment, reaching a peak at 30 minutes (Figure 4C), 

and proportionally decreasing thereafter. This interesting result suggests that ERa can 

also engage in coordinated cycles at H2A.Z. In Figure 4C, amplicon "O" was used as a 

negative control, and indeed shows no significant enrichment in ERa binding. Taken 

together, our results show that ERa and H2A.Z are involved in a positive feedback loop 

that appears important for ERa signaling under normal and pathological conditions. 

90 



-2.2 kb 
1/ /u 

Q . O < C L U D L O 5 

w o o w o t o o P 

+ 1 ^ 

-0.2 kb 
T n n o M n n r 

B 

Figure 3- 4 : ERa regulates the expression of H2A.Z in breast cancer cells. 
(A) Representation of the H2A.Z promoter with the putative cis-acting elements and 

primers used for qPCR. (B) H2A.Z mRNA expression levels after 4 h of E2 treatment in 

MCF7 cells. (C) ChIP assay showing the binding of ERa at the H2A.Z promoter at 

different time after E2 activation. 

Discussion 

Our data supports a strong link between H2A.Z and ERa-dependent breast 

tumor proliferation. Several lines of evidence argue for such a possibility: 1) H2A.Z is 

essential component of E2-dependent breast cancer cell growth l6; 2) H2A.Z and ERa 

levels have been shown to correlate in several breast cancer samples tested; and 3) ERa 

directly regulates H2A.Z gene expression. Although the link between H2A.Z and breast 

cancer has recently been addressed l7, many questions remained following this study. A 

recent study demonstrated the link between H2A.Z and breast cancer more concretely, 

and that H2A.Z expression is stimulated by E2-dependent binding of Myc l7. First of all, 
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we show here for the first time that E2-dependent increased expression of H2A.Z is partly 

due to the binding of ERa to the H2A.Z promoter. It has never before been shown which 

factors directly bind to the H2A.Z promoter area and regulate its expression. ERa is 

known to stimulate expression of cell-cycle related genes and promote proliferation. The 

expression of H2A.Z has often been considered not regulated throughout the cell cycle, 

yet we know that there is a peak of H2A.Z expression at the Gl/S transition during the 

cell cycle (data not shown, ). In addition, the increased expression observed of H2A.Z 

in breast cancers is associated with increased expression of several cell-cycle related 

genes (see Table 2). The association between ERa and H2A.Z is also evident with the 

high levels of correlation between ERa and H2A.Z protein levels in low-grade breast 

cancers (Table 1 and Fig. 3). Interestingly, although the incidence of ERa-related breast 

cancers decrease with increased grade, the levels of H2A.Z expression increases, in line 

with a previous study . Furthermore, the p400/Tip60 complex, who incorporate H2A.Z 

into chromatin, has been associated with the control of expression of several important 

transcription factors involved in the control of cell proliferation, such as E2F1, p53, KAI1 

and Myc " . Tip60 has been shown to participate in the activation of p21 

expression 27"29. In line with this, Tip60 acts as a haplo-insufficient tumour suppressor, 
i n 

wherein Tip60 heterozygous mice are more sensitive to Myc-induced lymphomas . 

These mice show defects in the DNA-damage response, yet the defects are not due to a 

deregulation of p53- or Myc-induced transcription , which suggests an additional 

unknown function of Tip60 in the cell cycle. The interplay between Tip60 and p400 has 

recently been investigated, showing that the balance between the two proteins affects 

carcinogenesis 31. 

Of most importance in this study is our demonstration that increased H2A.Z 

expression promotes cellular proliferation, namely when E2 levels are low and during 

tamoxifen treatment. Although several studies have shown increased levels of H2A.Z in 

breast cancer 17'32'33, no group has yet modified the expression of H2A.Z to determine its 

role in the regulation of cellular proliferation besides ours (Fig. 4,7 ' l 6). In this study we 
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provide evidence that not only does H2A.Z correlate with increased cellular proliferation, 

but may be a causal factor. Interestingly, the effects of increased H2A.Z expression in 

MCF7 cells leads to increased growth notably in the absence of E2 and in the presence of 

tamoxifen. Tamoxifen is widely used to treat breast cancer due to its capacity to bind 

ERa and inhibit the activation potential of the nuclear receptor. Our study shows that, as 

expected, MCF7 cells do not proliferate well in the presence of tamoxifen, but the 

overexpression of H2A.Z overrides the toxic potential of tamoxifen. This result, in 

combination with the observation that H2A.Z is highly associated with high grade ER-

negative breast cancers (Table 1 and Fig. 3) indicates that H2A.Z could possibly be a 

factor important in the transformation of breast cancer cells and the establishment of 

endocrine resistance. This is a concern that is of major clinical importance in the 

treatment of breast cancers, and the control of H2A.Z expression could be at the heart of 

the issue. 
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Experimental procedures 

Cell culture and lentiviral infection. 

MCF7 cells were maintained in DMEM (Invitrogen, Carlsbad, CA, USA) containing 

10% fetal bovine serum (FBS) and antibiotics. MCF10A cells were maintained in 

DMEM-F12 (Invitrogen) with 5% horse serum (Invitrogen), containing a growth factor 

mix (human epithelial growth factor at 20 ng/ml, hydrocortisone at 0.5 ug/ml, and insulin 

at 10 ug/ml, SIGMA-ALDRICH, St. Louis, MO, USA) and antibiotics. 17n-estradiol 

(SIGMA-ALDRICH) and tamoxifen (SIGMA-ALDRICH) were used at concentrations of 

lOOnM and luM, respectively. Constructs overexpressing H2A or H2A.Z were inserted 

into MCF7 and MCF10A cells using lentiviral infections as described previously (in7,2fi). 

Efficiency of lentiviral infection was verified by detection of GFP by fluorescence 

microscopy and immunoblotting using antibodies specific for the overexpressed proteins, 

or FLAG M2 monoclonal antibody (SIGMA). 

Cell proliferation assay 

The cell proliferation assay has been described previously, with slight modifications 7. 

Briefly, 1 x 104 cells were seeded in a 48-well plate. Twelve hours after plating, one plate 

was trypsinized for counting. At the indicated time points, other assay plates were also 

trypsinized and counted. The values were normalized to those of the time zero plate. 

Each data point presented is the average value of triplicate samples. 

RNA extraction and RT-qPCR 

Total RNA was isolated using the GenElute Mammalian Total RNA kit (SIGMA). RNA 

was reverse-transcribed into first-strand cDNA using MMLV reverse transcriptase 

(Promega, Madison, WI, USA). Samples were subjected to Q-PCR using MX3000P 

(Stratagene, Cedar Creek, TX, USA). The cDNA panel created from normal and 

cancerous breast tissues originates from Origene (Rockville, MD, USA). Q-PCR for 

36B4 (which encodes a ribosomal protein subunit) and GAPDH mRNA were used as 
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internal controls. The relative abundance of target mRNA (or other test genes) was 

calculated following normalization using 36B4 mRNA, where relative expression levels 

were calculated as 2"01", where CT = (CT test gene -CT 36B4). 

ChIP assays 

MCF7 cells were deprived of hormonal stimulation for at least 3 days and then treated 

with 100 nM of 17p-estradiol for the indicated time. ChIP assays were performed 

essentially as described previously (7'16,26 with a panel of specific polyclonal antibodies 

generated in-house or from commercial sources, as well as preimmune and no antibody 

controls. Samples were sonicated to generate DNA fragments <500 bp. PCR was 

performed using a set of primers relevant to the promoter regions of the H2A.Z and 

analyzed by Q-PCR. 

Immunochemistry 

Paraffin embedded tissue was cut at 4 urn thickness, deparaffinized and rehydrated. 

Antigenicity lost during fixation and embedding process was retrieved by heat treatment 

in a pressure cooker for 9 min in ImM EDTA, 10 mM Tris-HCl ph 8.0. Tissue sections 

were permeabilized with 50% methanol at - 20° C for 5 min and in PBSP (PBS with 2% 

normal goat serum, 2% BSA and 0.45 % of fish gelatin) for 10 min. Tissue sections were 

incubated for overnight at 4°C with primary antibodies, ER mouse monoclonal and 

H2A.Z at dilutions 1:100 in PBSB. Control tissue sections were incubated similarly with 

a nonspecific immune serum. Primary antibodies were detected by incubation with Alexa 

Fluor 488 goat anti-mouse IgG (Invitrogen) and Alexa Fluor 546 goat anti-rabbit IgG 

(Invitrogen) at a dilution of 1:200 in PBSB for 2 h at room temperature. After several 

washes, the nuclei were stained 10 min with Hoechst 33342 (Invitrogen) at 1:5000 

dilution for epifluorescence or with To-Pro-3 iodine (Invitrogen) at 1:1000 dilution for 

confocal microscopy. Finally, sections were mounted in Prolong Gold anti-fade reagent 

(Invitrogen). Pictures were taken with using an inverted Olympus IX 70 microscope with 

a Cool SNAP-Pro cf monochrome camera and Image-Pro Plus software or with Olympus 
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Fluoview FV 300 confocal system. For the cell and tissue array labeling, the same 

protocol was used, omitting the deparaffinisation, hydration and heat retrieval steps. The 

tissue array used in this study was the BR2085a array obtained from US Biomax, Inc., 

Rockville, MD, USA. 

Antibodies 

The ERD polyclonal (HC20), ERp monoclonal (N20), and RNA pol II antibodies (N20) 

were purchased from Santa Cruz Biotechnology, Santa Cruz, CA, USA. Polyclonal 

antibodies to H2A.Z (07-594) were from Upstate Biotechnology (Millipore, Billerica, 

MA, USA). Histone H3 (ab 1791) and H2A.Z (ab4174) were purchased from Abeam 

(Cambridge, MA, USA). 

Lentiviral constructions 

A FLAG-peptide was cloned to the 3'-end of the coding regions of H2A and H2A.Z, and 

the constructs were inserted into the multiple cloning site of pcDNA4-TO (Invitrogen) 

using BamHI and EcoRI. The resulting constructs were then digested using Pmel in 

order to sub-clone into the pWPI vector. 293T cells were transfected with our pWPI 

constructs and the packaging vectors MD2G and PAX2 (gift from Dr. Didier Trono) and 

viruses contained in the cell medium were collected 48h following transfection. 
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CHAPTER IV 

IV. H3K27 DEMETHYLATION BY JMJD3 AT A POISED ENHANCER OF ANTI-APOPTOTIC 

GENE BCL2 DETERMINES E R a LIGAND-DEPENDENCY 

IV. 1. Preamble 

Our observations on the role of H2A.Z in ERa-positive breast cancer cells (MCF7) and 

their estrogen-independent growth (Gevry et al., 2009; Svotelis et al., 2009; Svotelis et 

al., 2010) led us to hypothesize on other important chromatin modifications in ERa-

dependent transcriptional response in breast cancer. E2 cellular stimulation results in an 

ERa-mediated genomic response in which ERa interacts with several coactivators at 

target genes, as well as a rapid non-genomic response where ERa associates with protein 

kinase signalling pathways such as that of PI3K/Akt (Ordonez-Moran and Munoz, 2009). 

One known coactivator of ERa is MLL2, present in a complex that may also contain the 

H3K27me3 KDM UTX and JMJD3 (Issaeva et al., 2007). We thus put forward the 

theory that H3K27 demethylation may have a role in the expression of ERa target genes. 

In this manuscript we present results that show the importance of H3K27me3 dynamics 

in the essential process of apoptosis control in E2-positive breast cancer. We propose a 

model in which a repressive chromatin state following stimulation by E2 in ERa-

dependent cancerous cells caused by H3K27 methylation is permissive for the regulation 

of BCL2 transcription by a mechanism that comprises the interdependent recruitment of 

ERa and JMJD3. However, the phosphorylation of EZH2 caused by the overexpression 
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of HER2 in AE-resistant breast cancer cells prevents the methylation of H3K27 

surrounding the enhancer region of BCL2, allowing the formation of an active chromatin 

conformation and constitutive activation of BCL2. We believe these findings are of great 

significance since we show that fundamental epigenetic mechanisms and the signature of 

epigenetic marks on chromatin can provide important clues on AE-resistance and breast 

cancer. 

This manuscript is under revision in EMBO Journal. I performed the majority of the 

experiments presented in the manuscript. Dr. Stephanie Bianco contributed to the 

execution and analysis of the microarray in Figure 4.2. Gabrielle Huppe provided an 

important contribution to the execution of certain Western blot, RT-qPCR and FACS 

analyses. Jason Madore and Dr. Anne-Marie Mes-Masson performed the breast cancer 

TMA analysis and Alexei Nordell Markovits contributed to the clustering analysis of the 

TMA. I wrote the manuscript in collaboration with Dr. Gevry, aided by discussions and 

corrections from co-authors. 
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Abstract 

Chromatin represents a repressive barrier to the process of ligand-dependent 

transcriptional activity of nuclear receptors. Here we show that H3K27 methylation 

imposes ligand dependent regulation of the estrogen receptor a (ERa)-dependent 

apoptotic response via Bcl-2 in breast cancer cells. The activation of BCL2 transcription 

is dependent on the simultaneous inactivation of the H3K27 methyltransferase, EZH2, 

and the demethylation of H3K27 at the poised enhancer by the ERa-dependent 

recruitment of JMJD3 in hormone-dependent breast cancer cells. Interestingly, we also 

provide evidence that this pathway is modified in cells resistant to anti-estrogen (AE), 

which constitutively express BCL2. We show that the lack of H3K27 methylation at 

BCL2 regulatory elements due to the inactivation of EZH2 by the HER2 pathway leads to 

this constitutive activation of BCL2 in these AE-resistant cells. Our results describe a 

novel mechanism in which the epigenetic state of chromatin affects ligand dependency 

during ERa-regulated gene expression. 
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Introduction 

Estrogens (E2) are physiologically important steroid hormones that influence 

proliferation, differentiation, and apoptosis in hormone-dependent breast cancer (Pearce 

and Jordan, 2004). The functions of E2 are mainly mediated by ERa, a ligand-dependent 

transcription factor that functions in conjunction with coregulator proteins to control gene 

expression by binding to gene regulatory regions that contain an estrogen response 

element (ERE) (Pearce and Jordan, 2004). Despite being an important inducer of cellular 

proliferation, ERa presence in breast cancers is often prognostic of an increased survival 

rate (Badve and Nakshatri, 2009). This is in part due to the development of antiestrogens 

(AE), synthetic molecules that compete with E2 for binding to ERa, which have shown to 

be a successful treatment in ERa-positive breast cancers (Doisneau-Sixou et al., 2003; 

Normanno et al., 2005). While AE (for example, tamoxifen (TAM) or fulvestrant 

(ICI182780)) can be beneficial to a large number of patients, resistance to these drugs is a 

major problem in the treatment of breast cancer (Normanno et al., 2005; Riggins et al., 

2007). Interestingly, patients can exhibit resistance in response to the initial treatment, or 

can develop resistance after prolonged exposure to AE (Badia et al., 2007). Both types of 

AE-resistant breast cancers show a deregulation in their ERa gene expression program 

resulting in E2-independent proliferation (Badia et al., 2007; Naughton et al., 2007; 

Normanno et al., 2005; Riggins et al., 2007; Sommer and Fuqua, 2001). However, the 

genomic events involved in the development of AE resistance in breast cancer are not 

clearly defined. 

ERa regulates target gene transcription by recruiting coactivator proteins to favor 

the recruitment of the basal transcriptional machinery (Pearce and Jordan, 2004). More 

specifically, current models of ERa action suggest that this receptor stimulates 

transcription of RNA polymerase II (RNAPII) target genes by promoting favourable 

alterations in promoter structure and the formation of stable transcriptional pre-initiation 

complexes on hormone-responsive promoters embedded in chromatin (Mellor, 2005). 

The majority of EREs are present in enhancers that are distal from the transcription start 
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site (TSS), and lead to the formation of chromatin loops by associating with proximal 

promoter regions to enhance gene expression of ERa-regulated genes (Fullwood et al., 

2009). E2 stimulation in cells can also lead to a non-genomic response, in which ERa 

target gene expression is modified by actions outside the nucleus implicating the 

association of ERa with membrane proteins or cytoplasmic signalling proteins, such as 

AKT (Ordonez-Moran and Munoz, 2009; Razandi et al., 2002; Russell et al., 2000). 

These effects are known to stimulate cell-cycle progression and inhibit apoptosis in 

MCF7 cells (Arold et al., 2001; Castoria et al., 2001). Interestingly, recent research 

alludes to the crossover between the genomic and non-genomic pathways of estrogen 

action in the control of chromatin remodelling (Bredfeldt et al., 2010). The dynamic 

nature of chromatin has been brought to light in the last decade, showing that the once 

believed static nature of regularly spaced nucleosomes along DNA is actually constantly 

changing in response to the cellular environment. The modifications of histones affects 

nucleosome structure and determine the state of gene regulatory areas such as promoters 

and enhancers (Kouzarides, 2007; Luger, 2003; Zhou et al., 2010). 

In particular, several studies have highlighted the importance of histone 

methylation on specific lysine residues in maintaining transcriptional programs and 

determining cell fate and identity (Benevolenskaya, 2007; Cloos et al., 2008; Pasini et al., 

2004). For example, methylation of histone H3 lysine 27 (H3K.27) is an important 

epigenetic modification found at the promoters of many developmentally important genes 

and is involved in mammalian X chromosome inactivation, germline development, cell-

cycle regulation and cancer (Agger et al., 2007; Cao and Zhang, 2004; Lan et al., 2007). 

Histone H3 tri-methylated lysine 27 (H3K27me3) contributes to the recruitment of the 

Polycomb repressive complexes (PRCI and PRC2) on chromatin, which in turn mediate 

gene silencing (Lund and van Lohuizen, 2004; Simon and Kingston, 2009). In the 

protein complex PRC2, EZH2 is the mammalian methylase that adds a methyl group to 

H3K27, which leads to the recruitment of other Polycomb-group proteins and silencing of 

target genes (Cao and Zhang, 2004; Czermin et al., 2002; Kuzmichev et al., 2002; Muller 
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et al., 2002). However, the demethylases JMJD3 and UTX of the KDM6 family contain 

a weII-conserved JmjC domain in their C-terminal regions which catalyzes the transition 

of H3K27me3 and H3K27me2 to H3K27mel, therefore from a repressive to an active 

chromatin conformation (Agger et al., 2007; De Santa et al., 2007; Swigut and Wysocka, 

2007; Xiang et al., 2007). This histone demethylase activity can antagonize the 

recruitment of the PRC complex, playing a decisive role between cellular proliferation 

and differentiation in the establishment of cell fate during development (Agger et al., 

2007; De Santa et al., 2007; Jones, 2007). Genes important in the developmental process 

are often considered poised, or bivalent, in that both silencing (H3K27me3) and 

activating (mono and trimethylation of histone H3 lysine 4; H3K4mel/me3) marks are 

present at promoter and enhancer regions (Azuara et al., 2006; Bernstein et al., 2006; 

Mikkelsen et al., 2007; Rada-lglesias et al., 2011). The simultaneous presence of 

H3K4me3 and H3K27me3 is characteristic of poised promoters (Azuara et al., 2006; 

Bernstein et al., 2006; Mikkelsen et al., 2007) while the combination of H3K4mel and 

H3K27me3 marks poised enhancers (Rada-lglesias et al., 2011). Moreover, it has also 

been suggested that the perturbation of both EZH2 and JMJD3 expression and activity, 

hence potentially H3K27 methylation, is implicated in carcinogenesis (Cooper and 

Foster, 2009; Ding et al., 2006; Ding and Kleer, 2006; Jones, 2007; Seligson et al., 2005). 

Despite the growing evidence for a prominent role of H3K27 methylation status in 

transcriptional regulation and cellular function, the understanding of their contribution in 

establishment of hormone-dependent cancer, is still limited. 

In this study we show that the anti-apoptotic ERa target gene, BCL2, is 

differentially regulated in different breast cancer cell types, due to a modification in the 

chromatin template at a poised enhancer element. In hormone-responsive breast cancer 

cells (MCF7), JMJD3 and ERa work in concert to remove the repressive H3K27me3 

mark from the poised (yet silent) enhancer region to permit appropriate gene activation 

and anti-apoptotic effects following E2 stimulation. However, in cells that are no longer 

responsive to hormones, resistant to AE and overexpress HER2, the balance shifts 
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towards a non-genomic constitutive activation of BCL2 by the prolonged HER2/AKT 

mediated inactivation of the methyltransferase EZH2. In this case the structure of the 

enhancer region is no longer poised but active due to a lack of H3K.27 methylation, and 

the participation of JMJD3 is no longer required. Therefore, we propose a model in 

which the modification of the chromatin environment of the BCL2 enhancer region 

imposes ligand dependency in hormone-responsive cells, and this epigenetic mark is 

deregulated in the acquisition of AE resistance in breast cancer. 

Results 

Depletion of JMJD3 induces apoptosis in ERa-dependent breast cancer. 

To investigate the role of JMJD3 and its H3K27 demethylase activity in E2-dependent 

cell proliferation, we first proceeded with short hairpin-RNA (shRNA)-mediated 

knockdown of JMJD3 and analysed cell cycle distribution using fluorescent activated cell 

sorting (FACS) in the ERa-positive breast cancer cell line, MCF7. The shJMJD3-l and 

shJMJD3-2 constructions efficiently depleted both mRNA and protein levels of JMJD3 as 

compared to the scrambled shRNA (shCTL) and the non-functional construction 

shJMJD3-nf controls (Figure 1A-B). Following depletion of JMJD3 expression in MCF7 

cells in complete media, we observed by fluorescent activated cell sorting (FACS) 

analysis the presence of sub-Gl fluorescence (21% as compared to 0,4 % in the shCTL 

and 0.6% in shJMJD3-nf cells), characteristic of DNA degradation and indicative of cell 

death. A representative FACS analysis and the overall analysis are depicted in 

Supplemental Figure 1A and B. Considering that E2 has been shown to inhibit apoptosis 

in the mammary gland during menstrual cycle and in breast cancer MCF7 cells (Ferguson 

and Anderson, 1981; Kyprianou et al., 1991; Teixeira et al., 1995), we investigated 

whether the degraded DNA content seen in the FACS analysis was due to apoptosis. As 

described previously, staining for annexin-V/PI followed by FACS analysis showed the 

inhibitory effect of E2 on this marker of apoptosis in MCF7 cells (approximately 19.8% 

of apoptotic cells to 1.4% in E2-treated cells; Figure 1C-D). However, cellular depletion 

of JMJD3 using the shJMJD3-l and shJMJD3-2 constructs dramatically increased 
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Figure 4- 1: JMJD3 causes apoptosis in ERa-positive breast cancer cells. 

The shRNA construct shJMJD3-l and shJMJD3-2 efficiently reduce both RNA (A) 

(shown by qPCR) and protein (B) (shown by Western blotting) levels of JMJD3 in MCF7 

cells. ERa and Actin have been used to show the specificity of the JMJD3 knockdown 

and as a loading control. (C) Representative apoptosis analysis using annexin-V/PI 

staining and flow cytometry of MCF7 cells depleted with shCTL, shJMJD3-l, shJMJD3-

2 or shJMJD3-nf treated with vehicle (-E2) or 17p-estradiol (+E2) for 24h. Flow 

cytometry profile represents annexin-V staining in x axis and PI in y axis. (D) The 

graphical representation annexin-V/PI staining and flow cytometry of MCF7 cells (data 

shown are the mean ± S.E. of three independent experiments). 
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apoptosis in E2-treated cells (33.9% and 24.7 respectively) compared to the shCTL 

(1.4%) and shJMJD3-nf (0.9%)(Figure 1C-D). Moreover, ERa-negative MDA-MB-231 

cells did not undergo apoptosis following JMJD3 depletion (Figure S2A), suggesting that 

the effect of JMJD3 is specific to E2 responsive cells. Taken together, these observations 

suggest that JMJD3 plays an important role in the control of apoptosis in ERa-dependent 

breast cancer cells. 

JMJD3 controls the apoptotic program through the transcriptional regulation of the 

anti-apoptotic gene BCL2. 

In order to discern the E2-dependent transcription program associated with the observed 

apoptotic response, we investigated global gene expression in MCF7 cells depleted or not 

of JMJD3. Surprisingly, 151 of 274 E2-upregulated genes (55%) are negatively affected 

by the loss of JMJD3 (Figure 2A and Table SI). As shown in Figure 2B, cellular 

depletion of JMJD3 was found to significantly reduce the E2-dependent induction of 

well-known ERa-regulated genes, such as PR, TFF1, GREB1, IGFBP4 and CCND1, 

while the GAPDH housekeeping gene remains unaffected. We next classified the mRNA 

enriched in each subclass on the basis of gene ontology (GO) annotation using the 

PANTHER classification system and searched for a functional enrichment in the 

apoptosis related genes. Notably, the GO analysis revealed functions related to cellular 

(19.8%) and metabolic process (23.3%), as well as the cell cycle (11%) and 

communication (9.1%) (Figure 2C). More specifically, we observed an enrichment in a 

small subset of genes implicated in apoptosis (2.6%). Since JMJD3 mostly plays a 

positive role in gene activation and its depletion causes apoptosis, we then considered 

genes implicated in the inhibition of apoptosis (Table S2). Interestingly, in this subset of 

genes, we observed the presence of BCL2, one of the most important anti-apoptotic genes 

regulated by ERa in MCF7 breast cancer cells (Perillo et al., 2008). Consistent with the 

previous observation on the positive role of JMJD3 on the regulation of ERa-regulated 

genes, specific depletion of JMJD3 by shRNA-mediated knockdown blocked the ERa-
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Figure 4- 2: JMJD3 regulates BCL2 gene transcription in ERa-positive cells. 

(A) Venn diagram showing the number of E2 upregulated genes significantly affected by 

the knockdown of JMJD3 in MCF7 cells. (B) Expression levels of PR, TFF1, GREB1, 

IGFBP4, CCND1 and GAPDH in MCF7 cells depleted or not of JMJD3, and in absence 

or presence of E2 for 4h. mRNA expression levels were determined by qPCR and 

normalized against expression levels of the 36B4 ribosomal gene. (C) Pie chart showing 

gene ontology composition of genes affected by the knockdown of JMJD3 after E2 

treatment in MCF7 cells. (D) Relative expression of BCL2 in MCF7 cells treated with 

vehicle or E2 and depleted or not in JMJD3 using specific shRNA constructs. (E) 

Immunoblot assay showing the effect of JMJD3 and UTX depletion on BCL2 protein 

expression in MCF7 cells (GAPDH used as loading control). (F) Immunoblot assay 

showing the overexpression of the Bcl-2 protein MCF7 cells as compared to the empty 

vector control (GAPDH used as loading control). (G) The graphical representation 

annexin-V/PI staining and flow cytometry of MCF7 cells that overexpress Bcl-2 

following the depletion of JMJD3 (data shown are the mean ± S.E. of three independent 

experiments). 

dependent activation of BCL2 expression in MCF7 cells in an ERa-specific manner 

(Figure 2D-E), while no effect was observed on BCL2 by depletion of JMJD3 in MDA-

MB-231 cells (Figure S2B). Importantly, this effect was specific to the knockdown of 

JMJD3, as the shRNA-mediated depletion of UTX, another H3K27me3 demethylase of 

the same family, did not have the same effect (Figure S3 and 2E). To confirm that the 

apoptotic program affected by JMJD3 depletion is due to the anti-apoptotic effects of 

Bcl-2, we over-expressed Bcl-2 in JMJD3-depleted MCF7 cells (Figure 2F). We show 

by FACS analysis following annexin-V/PI staining that the addition of Bcl-2 renders the 

cells resistant to apoptosis observed in JMJD3-depleted cells (Figure 2G). Collectively, 

these results suggest that JMJD3 prevents ERa-positive breast cancer cells from entering 

apoptosis via its control of E2-dependent BCL2 gene expression. 
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JMJD3 is recruited to the surrounding binding region of ERa in the BCL2 enhancer 

region upon E2 signalling. 

To gain insight into how JMJD3 regulates BCL2 expression, chromatin 

immunoprecipitation (ChIP) assays were used to identify the preferential localization of 

JMJD3 within or near the BCL2 promoter region. Based on the report indicating that 

BCL2 is regulated by 2 different promoters, PI (the principal promoter) and P2 and has 

two estrogen response elements (ERE) in the enhancer present in the coding region of the 

gene (Perillo et al., 2008) (Figure 3A), we surveyed these BCL2 regulatory regions by 

ChIP. To determine the transcriptional program of BCL2 following ERa-dependent 

activation, ChIP assays were performed at 0 and 30 minutes after E2-stimulation in 

MCF7 cells. As expected, ERa was recruited to the ERE sites in the coding region of 

BCL2 as well as at the PI promoter area (Figure 3B). JMJD3 colocalised with ERa at 

both the active PI promoter and the ERE enhancer regions (Figure 3C). Moreover, this 

recruitment of JMJD3 upon E2 treatment was associated with a decrease in H3K27me3 

(Figure 3D) in proximity of the ERE enhancer region of BCL2. Since H3K27me3 is a 

transcriptionally repressive chromatin mark that has been associated with poised 

promoters and enhancers at important developmental genes (Bernstein et al., 2006; 

Burgold et al., 2008; Jorgensen et al., 2006; Sharov and Ko, 2007), we verified the 

presence of active transcriptional marks such as RNAPII, H3K4me3, H3K4mel, and 

histone variant H2A.Z, using histone H3 to control nucleosome density. The results 

demonstrate that RNAPII (Figure 3E), H3K4me3 (Figure 3F) and H2A.Z (Figure 3G) 

were present before E2 treatment at the PI promoter and increased at the ERE after 

induction. The simultaneous presence of ERa, JMJD3, RNAPII, H3K4me3 and H2A.Z 

at the PI promoter and the ERE enhancer region after E2 treatment may be at least partly 

a consequence of the formation of an active DNA loop, an event that has been previously 

shown to be an important step in BCL2 gene activation in response to E2 (Perillo et al., 
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Figure 4-3 : JMJD3 colocalizes with ERa at the BCL2 promoter. 

(A) Diagram of the BCL2 promoter regions (PI and P2), its regulatory elements (ERE), 

and segments used for qPCR. (B-G) ChIP analysis showing the location of ERa (B), 

JMJD3 (C), H3K27me3 (D), RNAPII (E), H3K4me3 (F), and H2A.Z (G) at the BCL2 

promoter treated with vehicle or E2 for 30 minutes in MCF7 cells. 
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2008). Furthermore, H3K4mel, indicative of a poised enhancer, colocalized with 

H3K27me3 at the BCL2 enhancer region (Figure 3H). Another characteristic of 

enhancers is their relative nucleosomal depletion compared to surrounding regions (He et 

al.). Using formaldehyde-assisted isolation of regulatory elements (FAIRE), we observed 

that the BCL2 enhancer region is nucleosome-depleted both before and after E2 

activation, as well as both before and after H3K27me3 removal by JMJD3 (Figure S4). 

Taken together, these results show that JMJD3 is recruited to the surrounding binding 

region of ERa in the BCL2 enhancer region, and that the repressive H3K27me3 mark is 

actively removed upon E2 treatment. 

The presence of ERa and JMJD3 at the BCL2 enhancer region are interdependent. 

Many studies have shown that ERa can target the recruitment of histone modifying 

enzymes such as p400, CBP/p300, Tip60, CARM-1, and RNAPII to gene promoters 

(Gevry et al., 2009; Metivier et ai., 2003). To establish the order in which ERa and 

JMJD3 are recruited to the BCL2 enhancer region, we performed ChIP analyses at 0, 15, 

30, 45 minutes after E2 stimulation. The results show that ERa, RNAPII, and JMJD3 

were concomitantly recruited, with maximal recruitment after 15 minutes, followed by 

reduction to pre-treatment levels after 45 minutes (Figure 4A). Furthermore, the 

recruitment of JMJD3 corresponded to an increase in H3K27mel after 15 minutes of 

induction and a decrease in H3K27me3, suggesting that JMJD3 could be responsible for 

the transformation of the repressive H3K27me3 mark into transcriptionally-permissive 

H3K27mel (Figure 4A). Surprisingly, H3K27mel and H3K27me3 were depleted after 

45 minutes of induction (Figure 4A). Considering that the ERE binding sites are located 

in exon 2 of the BCL2 gene (Perillo et al., 2008), our observation might be explained by 

the dynamics of H3K27mel replacement by an unmodified histone H3 during 

transcriptional elongation by RNAPII. Because these results did not permit us to clearly 

determine the active recruitment hierarchy of JMJD3 and ERa to the BCL2 enhancer 

region, we examined the recruitment of JMJD3, ERa and H3K27me3 at the ERE 

following treatment with the estrogen receptor antagonists, ICI182780 (ICI) or tamoxifen 
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(TAM). Mechanistically, ICI causes rapid degradation of ERa by the 

ubiquitin/proteasome pathway(Fan et al., 2003; McClelland et al., 1996). TAM acts by 

competing with E2 as a ligand for ERa thus inducing a conformational change in the AF-

2 domain of ERa, which then blocks its interaction with coactivators such as SRC-1, 

D ICI+E2 

shCTL shJMJD3-1 shCTL shJMJD3-1 

Figure 4-4 : Presence of ERa and JMJD3 at BCL2 are interdependent. 

(A) Recruitment kinetics of ERa, RNAPII, JMJD3, H3K27me3 and H3K27mel after E2 

treatment in MCF7 cells. (B) ChIP analysis of ERa, H3K27me3 and JMJD3 recruitment 

before and after treatment with E2 or tamoxifen (TAM) for 30 minutes, or ICI 180,782 

for 24hr followed by E2 for 30 minutes. (C-F) ChIP assay showing the effect of JMJD3 

depletion on the recruitment of JMJD3 (C), H3K27me3 (D), ERa (E), and RNAPII (F). 

The primers used in these experiments correspond to the ERE (ERE2) of the BCL2 gene. 
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GRIP1 and CBP/p300 (Shang et al., 2000). As expected, TAM treatment induced 

recruitment of ERa to the enhancer region of BCL2, while the pre-incubation of MCF7 

cells with ICI following E2 treatment abolished its recruitment (Figure 4B). JMJD3 

recruitment was affected by TAM or ICI treatments, and H3K27 methylation status 

remained unchanged (Figure 4B). These results suggest that JMJD3 recruitment and 

H3K27me3 demethylation at the BCL2 enhancer region are regulated in an ERa ligand-

dependent manner. Since H3K27me3 is a repressive mark in transcriptional processes, 

we investigated the role of JMJD3 and H3K27me3 demethylation in the transcriptional 

regulation of BCL2 in response to E2 by ChIP experiments in cells depleted in JMJD3. 

Using antibodies directed against JMJD3 (as a control), H3K27me3, ERa and RNAPII, 

we observed that depletion of JMJD3 specifically abolished the recruitment of JMJD3 

and the demethylation of H3K27me3 at the enhancer region upon E2 treatment (Figure 

4C-D). Notably, JMJD3 depletion in MCF7 cells reduced the recruitment of both ERa 

(Figure 4E) and RNAPII (Figure 4F) in presence of E2. Together, these results suggest 

that localization of JMJD3 and ERa at the enhancer region of BCL2 are co-dependent, 

and that both are simultaneously required for proper E2-dependent BCL2 transcriptional 

activation. 

Inactivation of EZH2 methy transferase activity by non-genomic pathways controls 

BCL2 transcription and apoptosis in AE-sensitive and AE-resistant breast cancer 

cells. 

The removal of H3K27me3 on chromatin is not entirely dependent on the activity 

of demethylases, as the phosphorylation of serine 21 of EZH2 (pEZH2) via the AKT 

pathway impedes EZH2 binding to histone H3, resulting in a global decrease in 

H3K27me3 (Cha et al., 2005). Of note, the AKT pathway is involved in the non-genomic 

effects associated with ERa target gene expression (Bredfeldt et al., 2010; Castaneda et 

al., 2010; Sun et al., 2001). In AE-resistant breast cancer cells the overexpression of 

HER2 is sufficient to activate the AKT pathway (Jones, 2007; Kumar et al., 1996; Schiff 

et al., 2004). To observe the possibility of a negative relationship between HER2 levels 
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(thus, implicating the AKT pathway) and H3K27me3 in different types of breast cancer, 

we performed immunohistochemistry analysis on a breast cancer tissue microarray 

(TMA) composed of surgical breast samples. Using a scale from 0-3, we scored the 

intensity of immunostaining for H3K27me3 and HER2 and categorised the samples into 

two main groups, low (0-1) or high (2-3). Hierarchical clustering using Euclidian 

distance was performed on the data segregating the tumors into four groups based on 

these two markers. Heatmap visualisation reveals the largest cluster to present a high 

presence of H3K27me3 versus a low presence of HER2 with 67/118 samples, or 56.8% 

(Figure 5A). Representative immunostaining examples of each group are shown in Figure 

5B. Furthermore, a Chi-Square test of independence on the expression levels show the 

presence of equivalent levels does not follow a random distribution (X2 (1, N = 118) = 

7.627, p = 0.006), suggesting a relationship between H3K27me3 and HER2 levels. 

Considering the link between HER2, AKT pathway, pEZH2 and H3K27 

methylation and the importance of HER2 in the development of AE resistance, we next 

aimed to investigate the effects of the deregulation of H3K27me3 in the ERa-dependent 

apoptotic response in AE-resistant cells that overexpress HER2. Since no data on AE 

resistance is available in the TMA, we used three different MCF7-derived AE-resistant 

cell lines: MCF7/LCC2 (LCC2), which were developed by the selection of MCF7 cells 

resistant to TAM (Brunner et al., 1993), MCF7/LCC9 (LCC9) cells that are resistant to 

TAM and ICI (Brunner et al., 1997) and MCF7/HER2-18 (HER2), which artificially 

overexpress HER2 (Benz et al., 1992). All of these cell lines show a high level of AKT 

activation and have an E2-independent phenotype, despite that they express ERa (Wang 

et al., 2006). Interestingly, we observed that JMJD3 knockdown in the AE-resistant cell 

lines LCC2, LCC9 and HER2 did not affect cell survival, as determined by annexin-V/PI 

and FACS analysis (Figure 5C). To link these observations with those from our TMA, 

we sought to use cell lines representative of the high-low and low-high clusters. MCF7 

are known to exhibit low levels of HER2 (Wang et al., 2006), so these cells may 

correspond to the high-low cluster from the TMA. The non-genomic E2 response leads 
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to the rapid AKT-mediated pEZH2 in MCF7 cells, which we confirmed by analysis of 

pEZH2 following E2 treatment of 30 minutes (Figure 5D). This correlated with a global 

decrease in H3K27me3 after 16h treatment with E2 (longer E2 treatment was necessary 

to observe a change in H3K27me3 status due to the stability of this chromatin mark 

(Jones, 2007)), which was inhibited by the pre-treatment of MCF7 with the AKT 

inhibitor LY294002 (Figure 5D). We monitored the levels of pEZH2 in LCC2 cells 

under basal media conditions and found that they were much higher in LCC2 than in 

MCF7 cells, accompanied by a general decrease in H3K27me3 levels in LCC2 cells 

(Figure 5D). Therefore, MCF7 cells mimic the high-low cluster from the TMA, while 

MCF7/LCC2 cells represent the low-high category. 
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Figure 4-5 : AE-resistant cells have a modified H3K27me3 chromatin signature that 

alters BCL2 transcriptional activity. 

(A) Heat map representing the hierarchical cluster analysis performed on the breast 

cancer TMA, separated into four different clusters based on H3K27me3 and Her2 

immunoreactivity scores from 0-3: low-low, high-low, low-high, and high-high. 

Percentages were calculated from the number of patients in a category divided by the 

total number of patients. Representative immunostaining of each cluster is shown in (B). 

(C) Representative plots of annexin-V/PI staining and flow cytometry analysis of AE 

resistant cells MCF7/LCC2, MCF7/Herl8, and MCF7/LCC9 depleted with shCTL or 

shJMJD3-l and treated with vehicle or E2 for 24h. (D) Immunoblot assay showing the 

levels of phospho-EZH2 (pEZH2) as compared to total EZH2 and H3K27me3 (H3 as a 

loading control) in MCF7 cells treated with vehicle or E2 for 30 min (pEZH2) or 16h 

(H3K27me3) and LCC2 treated with Akt inhibitor LY294002 for 72h. (E) Comparison 

of BCL2 mRNA expression levels in MCF7 and LCC2 cells depleted or not of JMJD3, 

and in absence or presence of E2 for 4h. 

In order to further investigate the influence of HER2/AK.T and H3K27 

methylation status on the development of AE resistance, we employed LY294002 to 

inhibit EZH2 phosphorylation in LCC2 cells. The levels of pEZH2 greatly decreased to 

an almost undetectable level in the presence of LY294002 in LCC2 cells, which resulted 

in a corresponding increase in global H3K27me3 (Figure 5D). We then asked whether 

JMJD3 depletion has an effect on BCL2 expression in AE-resistant LCC2 cells. We 

found that AE-resistant cells constitutively express high levels of BCL2 that are not 

altered by E2 or TAM treatments (Figure 5E and S4). Moreover, when JMJD3 was 

depleted in MCF7/LCC2, we did not observe downregulation of BCL2 compared to 

MCF7 cells (Figure 5E), suggesting that the JMJD3-mediated transcriptional regulation 

of BCL2 does not occur in the AE-resistant cell line. Overall, these results suggest the 

simultaneous implication of the non-genomic and genomic pathways in the control of 
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H3K27me status and perturbation of one of these pathways may affect BCL2 expression 

and the apoptosis response. 

Inactivation of the EZH2 methyltransferase activity bypasses the need for JMJD3 in 

the transcriptional regulation of BCL2 in breast cancer cells. 

In light of our observations in the LCC2 cell line, we hypothesized that the 

H3K27me3 repressive mark is absent at the BCL2 promoter in these cells, leading to 

uncontrolled constitutive activation of BCL2. In support of this hypothesis, by interfering 

with the activity of EZH2 by the depletion of its essential partner SUZ12 (Pasini et al., 

2004), we observed an increase the basal expression levels of BCL2 in MCF7 cells 

(Figure S6). Furthermore, a ChIP assay comparing the enhancer region of BCL2 in 

MCF7 and LCC2 cells (Figure 6A) showed not only that ERa and RNAPII are present 

without E2 stimulation, but also that the repressive H3K27me3 mark is clearly absent, a 

result consistent with the lower levels of EZH2 binding to the BCL2 enhancer observed in 

our ChIP assays in LCC2 (Figure 6B). These findings indicate that the absence of the 

repressive H3K27me3 mark renders the presence of JMJD3 obsolete. We then blocked 

EZH2 phosphorylation with LY294002 treatment and observed by ChIP assays that we 

were able to restore a repressive state to the BCL2 enhancer region (Figure 6C) and 

decrease gene expression (Figure S7). When AKT activity was inhibited in absence of E2 

stimulation, we observed that the binding of ERa and RNAPII were decreased to basal 

levels in LCC2 (Figure 6C). More importantly, the level of H3K27me3 increased and the 

binding of EZH2 was restored (Figure 6C and 6D). 

To confirm the importance of EZH2 phosphorylation status on the Bcl-2 regulated 

apoptotic program in breast cancer cells and AE resistance, we investigated the effects of 

EZH2 mutants in MCF7 cells. The mutants were created by converting serine 21 either 

into alanine to block any potential phosphorylation (EZH2-S21A), or into aspartic acid to 

imitate the phosphorylated state (EZH2-S21D) (Cha et al., 2005). The overexpression of 

EZH2-S21D in JMJD3-depleted MCF7 cells did not lead to apoptosis, while the 
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overexpression of wild type EZH2 or EZH2-S21A still showed the typical apoptotic 

pattern of JMJD3-depleted MCF7 cells (Figure 6E-F). This result is corroborated by a 

restoration of induced levels of BCL2 in JMJD3-depleted MCF7 cells that overexpress 

EZH2-S21D (Figure 6G). So, a decrease in H3K27me3 due to EZH2 phosphorylation is, 

at least in part, responsible for the increased expression of Bcl-2, resulting cell survival. 

To further link these observations to AE resistance, we performed these tests in MCF7 

cells in the presence of increasing concentrations of tamoxifen (0, 5, 10, 15, 20 and 25 

uM) for 48h. Concentration-dependent apoptosis was observed in the presence of 

tamoxifen (Figure S8). Due to the high levels of cell death in increased concentrations 

FACS analysis following annexinV/PI staining was measured in the cell lines exposed to 

0, 5 and 10 uM tamoxifen,. Of note, the overexpression of EZH2-21D and Bcl-2 led to a 

resistance to tamoxifen-induced apoptosis (Figure 6H). Taken together, these results 

show that perturbation of H3K27 methylation by the phosphorylation of EZH2 affects 

BCL2 gene expression and the regulation of the apoptotic pathway, thus contributing to 

the acquisition of AE resistance in breast cancer. 
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Figure 4-6 : Inactivation of the EZH2 methyltransferase activity by the HER2/AKT 

pathway bypasses the need for JMJD3 at the BCL2 enhancer region in AE-resistant 

cells. 

(A) ChIP analysis comparing the levels of ERa, JMJD3, RNAPII and H3K27me3 in 

MCF7 and LCC2 cells in the absence of E2. The qPCR analysis was performed using 

primers corresponding to the ERE (ERE2) of the BCL2 gene. (B) ChIP assays showing 

the levels EZH2 in MCF7 and LCC2 cells at ERE binding site in absence of E2. (C-D) 

ChIP experiments showing the effects of AKT inhibitor (LY294002) on the recruitment 

of ERa, RNAPII, H3K27me3 (C), and EZH2 (D) at the ERE2 BCL2 binding site in 

LCC2 cells. (E) Immunoblot assay showing the overexpression of myc-tagged wild type 

EZH-2 (EZH2) and mutants EZH2-21A and EZH2-21D proteins in MCF7 cells as 

compared to the empty vector control using the antibody against the Myc tag (GAPDH 

used as loading control). The graphical representation of annexin-V/PI staining and flow 

cytometry (F) and qPCR analysis of mRNA expression of BCL2 (G) in MCF7 cells that 

overexpress EZH2 and mutants following the depletion of JMJD3 (data shown are the 

mean ± S.E. of three independent experiments). (H) Annexin-V/PI staining and flow 

cytometry analyses of EZH2 and EZH2 mutant MCF7 cell lines following treatment with 

0, 5, and lOuM TAM for 48h (data shown are the mean ± S.E. of three independent 

experiments). 

Discussion 

In breast cancer, E2 both promotes proliferation of abnormal cells by regulating 

the expression of cell cycle-related genes, and prevents apoptosis in these cells by 

increasing the expression of the anti-apoptotic gene BCL2 (Perillo et al., 2008; Teixeira et 

al., 1995). Bcl-2, a key player in the regulation of cell cycle and development of 

carcinogenesis, is often highly expressed in cancer and is associated with ERa status and 

more malignant breast cancers (Perillo et al., 2008; Teixeira et al., 1995). In this study, 

we show that the importance of the modification of an epigenetic mark, H3K27me3, to 

allow proper ligand-dependent regulation of BCL2 in breast cancer cells. We observed 
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that during the E2-mediated apoptotic response in MCF7 cells, the co-recruitment of ERa 

and JMJD3 to the enhancer of the anti-apoptotic gene BCL2 results in H3K27me3 

demethylation and subsequent gene activation. Therefore, we propose that the repressive 

chromatin state caused by H3K27 methylation in ERcc-dependent cancerous cells is 

permissive for the regulation of BCL2 following stimulation by E2 transcription by a 

mechanism that comprises the interdependent recruitment of ERa and JMJD3. The 

knockdown of JMJD3 in this context causes apoptosis, since the cells are rendered more 

sensitive to apoptotic demise in the absence of expression of the anti-apoptotic gene 

BCL2. 

It is of interest that the enhancer region of BCL2 in unstimulated MCF7 cells 

mirrors a poised enhancer signature (H3K4mel/H3K27me3) similar to what is observed 

in a subset of key developmental regulatory genes (Rada-Iglesias et al., 2011). Studies 

into the control of poised promoters in developmental genes (H3K4me3/H3K27me3) 

show that their activation requires the actions of cell signals to recruit transcription 

factors which can bind to and recruit JMJD3 to chromatin (Bernstein et al., 2006; 

Jorgensen et al., 2006; Sharov and Ko, 2007). Our results are in agreement with research 

on developmentally regulated genes, yet provide an interesting novel role of the 

demethylation of H3K27me3 outside this subset of genes. We show here for the first 

time the involvement of a demethylase, JMJD3, in the resolution of a poised enhancer 

region by its association with a hormone-dependent transcription factor, ERa, on the 

chromatin template to regulate a gene that is critical in cell survival. Our finding that 

H3K27me3 acts as a barrier to the binding of ERa in the ERE enhancer region suggests a 

twofold role of JMJD3 in the proper regulation of BCL2 and apoptosis in E2-dependent 

breast cancer cells. JMJD3 could first act by tightly regulating the accessibility to DNA 

in important distal control regions, and second by altering chromatin structure to permit 

communication between distal regulatory elements and the proximal promoter region 

(Figure 7). 
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We also observed that the binding of H2A.Z was pre-bound at BCL2 and 

colocalised with ERa and JMJD3 binding following E2 stimulation (Figure 4). It is 

possible that, in addition to JMJD3, H2A.Z is required for the activation of BCL2 in 

response to E2 in breast cancer cells, contributing to the anti-apoptotic characteristic of 

these cells. Interestingly, H2A.Z binds SUZ12 target genes in mouse embryonic stem 

cells, and the specific depletion in this context leads to the derepression of PcG targets 

(Creyghton et al., 2008). H2A.Z has been highly associated with gene activity in 

mammalian cells, so this result was surprising. However, it is possible that H2A.Z 

colocalisation to these areas promotes the bivalency of such genes, poising the promoter 

for activation. One avenue that remains to be explored is the role of H2A.Z in preventing 

apoptosis. The depletion of p400, catalytic protein responsible of the H2A.Z 

incorporation into chromatin, has been shown to lead to apoptosis in several cancer cell 

lines (Mattera et al., 2010; Mattera et al., 2009), and we observed in increase in TAM-

induced apoptosis in MCF7 cells in the absence of H2A.Z (A. Svotelis, unpublished 

results). The role of H2A.Z in pro- and anti-apoptotic gene regulation would be 

interesting to pursue, especially considering the known association of H2A.Z with p53 

and ERa, two known regulators of apoptotic genes (Gevry et al., 2007; Gevry et al., 

2009; Svotelis etal., 2010). 

Our studies also demonstrate that the perturbation of the H3K27 methylation 

pathway considerably affects the apoptosis program in breast cancer cells. Polycomb 

group proteins have been associated with carcinogenesis, namely by the control of 

senescence via the repression of the INK4/ARF locus (Agger et al., 2009; Barradas et al., 

2009). In this case, JMJD3 derepresses this locus, leading to cell cycle arrest and 

suggesting a tumor-suppressive role for JMJD3. Conversely, our results suggest that in 

the context of ERa-dependent breast cancer, JMJD3 promotes cellular growth by 

promoting the expression of the anti-apoptotic gene BCL2. Our results with JMJD3 are 

supported by the increase in the basal expression levels of BCL2 shown by depletion of 

SUZ12 in MCF7 cells (Figure S5). Recently, overexpression of JMJD3 and demethylase 
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activity has been shown to contribute to the pathogenesis of Hodgkin's Lymphoma 

(Anderton et al.). In addition, several studies suggest that EZH2 is a promising 

prognostic biomarker in breast cancer (Collett et al. 2006; Raaphorst et al. 2003; 

Buchmann et al. 2006). Moreover, decreased survival is observed in patients with low 

H3K27me3 levels (Wei et al., 2008). In fact, EZH2 overexpression is related more with 

the aggressive ER-negative breast cancer subtype and breast cancer invasion (Cao et al., 

2008; Gonzalez et al., 2009; Wei et al., 2008). However, we (and others (Bredfeldt et al., 

2010)) have shown that the overexpression of HER2 leads to Akt-mediated 

phosphorylation of EZH2 in more severe, AE-resistant breast cancer, decreasing global 

H3K27me3 levels. The levels of pEZH2 and global H3K27me3 in the aggressive breast 

cancers that exhibit increased EZH2 were not verified in previous studies, so it is possible 

that EZH2 overexpression in conjunction with HER2 overexpression does not lead to 

increased H3K27me3. Interestingly, we also observe a negative relationship in breast 

biopsy samples between H3K27me3 and HER2, a marker of AE-resistant breast cancer 

(Figure 5A and B). 

These results suggest a context-dependent role for JMJD3 and H3K27me3 in 

different cell types, and led us to speculate on the role of the HER2/AKT inactivation of 

EZH2 by phosphorylation in AE-resistant cells. The HER2/Akt dependent modification 

of EZH2 decreases H3K27 methylation (Cha et al., 2005) which has been strongly 

implicated in the development of AE resistance in breast cancer cells (Schiff et al., 2004; 

Shou et al., 2004). The phosphorylation of EZH2 caused by the overexpression of HER2 

in AE-resistant breast cancer cells prevents the methylation of H3K27 surrounding the 

enhancer region of BCL2, allowing the formation of an active chromatin conformation 

and constitutive activation of BCL2. The overall consequence is a bypass of the need for 

JMJD3 for transcriptional activation (Figure 5E). It is of particular interest that the 

constitutive expression of the proto-oncogene BCL2 has been shown to prevent apoptosis 

after AE treatment in breast cancer cells (Figure 5H). Taken together, our results 

strongly suggest that the regulation of BCL2 expression in AE-sensitive breast cancer 
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cells requires the simultaneous and coordinated implication of the genomic and non-

genomic pathway in the regulation of BCL2 by the implication of the effectors of H3K27 

methylation, EZH2 and JMJD3. In AE-sensitive cells, upon E2 induction, both pathways 

converge rapidly to activate the BCL2 gene transcription by suppressing the 

methyltransferase activity of EZH2 and by recruiting JMJD3 through ERa to remove the 

H3K27 mark at the enhancer region of BCL2. This regulation is sensitive to AE, as 

observed by a lack in BCL2 activation in presence of tamoxifen. However, in the 

acquisition of AE resistance, BCL2 becomes constitutively activated due to the 

overactivation of the HER2/AKT pathway which results in a global decrease in 

H3K27me3 that circumvents the requirement of JMJD3 at the BCL2 enhancer region. 

To summarise, we propose that there exists a balance between the genomic and 

the non-genomic pathways in the epigenetic regulation of transcription of ERa target 

genes during cellular stimulation with E2, as is the case for BCL2 in our E2-responsive 

MCF7 cell line (Figure 7). MCF7 cells remain responsive to external stimuli, such as E2, 

which results in the rapid regulation of BCL2 expression. First, the induction of AKT 

activity by the ERa non-genomic pathway results in the phosphorylation of EZH2 and its 

subsequent removal from the chromatin template, preventing further H3K27 methylation 

(Figure 7). Secondly, the ERa genomic response leads to the concomitant binding of 

ERa and JMJD3 at the BCL2 enhancer region and the demethylation of H3K27me3, 

favoring a transcriptionally active state. The contribution of HER2 remains negligible in 

E2-responsive cells, seeing as HER2 levels are low and the activation of AKT by the ERa 

non-genomic response is favored. However, the disruption of the balance between ERa 

and HER2 signalling by the overexpression of HER2 often observed in AE-resistant 

cancer cells results in the superactivation of the end result of the ERa non-genomic 

pathway (pEZH2 by AKT) in the absence of extracellular stimuli. Thus, the continual 

phosphorylation of EZH2 leads to a global decrease in H3K27me3, affecting the ERa 

transcriptional program. Our findings show that not only modifications in cellular 

signalling pathways are required to transform cancerous cells into AE-resistant cells, but 
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that an important key to understand this phenomenon lie in the fundamental epigenetic 

mechanisms and the signature of epigenetic marks on chromatin. This study may also 

provide JMJD3 and H3K27me3 as alternatives to current detection methods and 

chemotherapy treatments in breast cancer. 

Tamoxifen-sensitive breast cancer cells Tamoxifen-resistant breast cancer cells 

Figure 4- 7: Summary model of the role of JMJD3 and H3K27 methylation in the 

control of BCL2 gene expression in tamoxifen sensitive and resistant breast cancer 

cells. 

Materials and methods 

Cell culture and shRNA lentiviral transduction 

MCF7, MDA-MB-231, 293T and MCF7/HER2-18 (gift from Mien-Chie Hung, 

University of Texas, USA) cell lines were maintained in DMEM (Wisent) containing 

10% fetal bovine serum (FBS) and antibiotics. Prior to their use in E2 treatment 

experiments, MCF7 cells were grown in DMEM without phenol red (Wisent) and 

supplemented with 5% charcoal-dextran treated FBS for at least 3 days. The LCC2 cells 

(gift from Robert Clarke, Georgetown University Medical Center, USA) were cultured in 
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DMEM without phenol red containing 5% charcoal-dextran-treated FBS. All cells were 

mycoplasma-free and were kept in a humidified chamber at 37°C in 5% CO2. 17(3-

estradiol, tamoxifen and ICI 182,780 (Sigma) were used at concentrations of 100 nM, 1 

u.M and 100 nM respectively, unless otherwise stated. The shRNA sequences designed 

to inhibit JMJD3 (#1, GAGACCTCGTGTGGATTAA; #2, 

GCGCTCGTGTATGTACATT) were cloned into the pLVTHM backbone (gift from 

Didier Trono, University of Geneva, Switzerland). The shRNA against UTX were 

purchased from Open Biosystems in the pLKO.l vector and shRNA lentiviruses were 

obtained by cotransfection of pLVTHM or pLKO.l vectors, pMDVSV-G, and psPAX2 

into human 293T cell line. The pcDNA3 constructs overexpressing Bcl-2, EZH2, EZH2-

21 A, EZH2-21D were transfected in MCF7 cells as described previously(Gevry et al., 

2009). 

Apoptosis analysis 

For sub-Gl analysis, cells were harvested and fixed in 70% ethanol. Fixed cells were 

stained with propidium iodide (PI, 50 ug/mL) after treatment with RNase (100 ng/mL). 

Stained cells were analyzed for DNA content by FACS in a FACS Calibur (BD 

Biosciences). For annexin-V/PI analysis, cells were stained with annexin-V coupled to 

the fluorophore Cy5 according to the manufacturer's instructions (Abeam) and cells 

positive for annexin-V detection were measured using the CellQuest software (BD 

Biosciences). 

ChIP and FAIRE assays 

MCF7 cells were hormone-deprived for at least 3 days and then treated with 100 nM of 

E2 for the indicated time. ChIP assays were performed essentially as described 

previously (Gevry et al., 2007) with a panel of specific polyclonal antibodies generated 

in-house or from commercial sources, as well as pre-immune, and controls without 

antibodies. FAIRE experiments were performed as previously described (Eeckhoute et 

al., 2009). Samples were sonicated to generate DNA fragments <400 bp. qPCR was 
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performed using a set of primers relevant to the promoter regions of the BCL2 gene. The 

primers used in qPCR are listed in Table S3. 

RNA and microarray analysis 

Total RNA was isolated from MCF7 cells grown in E2-free medium using the GenElute 

mammalian total RNA miniprep kit (Sigma). RNA was reverse-transcribed into first-

strand cDNA using MMLV reverse transcriptase (Promega). Samples were subjected to 

qPCR using CFX-96 (BioRad) and qPCR for 36B4 and GAPDH mRNA were used as an 

internal controls. The relative abundance of BCL2 mRNA (or other test genes) was 

calculated after normalization using 36B4 mRNA, where relative expression levels were 

calculated as 2~ACT where ACT = CT test gene - CT 36B4. Primers used are listed in 

Supplementary Table S3. Microarray analysis using BeadChip Human Genome 

(Illumina, HT-12) was performed at the Centre d'innovation at Genome Quebec (McGill 

University, Montreal, QC, Canada). Data were analyzed using the FlexArray 1.5 software 

and as described previously(Blazejczyk et al., 2007). 

Analysis of the breast cancer TMA 

141 cases were selected from consented patients who had undergone surgical resectioning 

with auxiliary lymph node dissection for breast cancer, at the Centre hospitalier de 

TUniversite de Montreal - Hotel Dieu (CHUM-HD), between 2003 and 

2007. Formalin-fixed, paraffin-embedded archival tissue blocks were obtained from the 

surgical archives at CHUM-HD. Immunohistochemistry for HER2 and H3K27me3 were 

performed on representative tumor areas, annotated by a pathologist and two single core 

tissue-microarrays were constructed in parallel. Hierarchical clustering was done using 

the Cluster 3.0 program, Euclidian distance and complete centroid linkage. The original 

dataset was filtered to eliminate individuals with incomplete staining (16 of 142). Data 

visualization was done using the Java TreeView program(Saldanha, 2004). To test the 

distribution of the equivalent levels of expression, data was first transformed into high (2, 

3) or low values (0, 1). Where expression values where equivalent (high-high or low-
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low), we attributed a value of 1 to the sample, 0 otherwise. A Chi-Square test of 

independence with this sample was then run using a random distribution as our 

hypotheses. 

Antibodies 

A complete list of antibodies used in the present study in ChIP and Western blot analysis 

are shown in Supplemental Table S4. 
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Figure 4-S1: The shRNA-mediated knockdown of JMJD3 affects apoptosis in 

MCF7 cells. 

(A) Graphical representation of FACS analysis of the percentage of cells in sub-Gl, 

indicative of MCF7 cell death in complete media, following knockdown of JMJD3. 

Percent of cells in sub-Gl is shown in the upper left corner of each fluorogram. (B) Bar 

graph of cell cycle patterns of MCF7 cells depleted for JMJD3. Fluorograms and bar 

graphs are representative of three experiments. (C) Summary graph of annexin-V/PI 

analysis from panel A. The data shown are the mean ± S.E. of three independent 

experiments. 
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Figure 4-S2 : The effect of JMJD3 knockdown is specific to ERa-positive ceils. 

(A) Representative analysis of annexin-V/PI analysis in ERa-negative MDA-MB-231 

cells showing lack of effect of JMJD3 knockdown on cell survival. (B) The shRNA 

construct shJMJD3-l is shown to have no effect on the expression BCL2 (shown by 

qPCR) in MDA-MB-231 cells. 
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Figure 4-S3 : The H3K27me3 demethylase UTX does not affect BCL2 expression. 

The shRNA constructs shUTX-1 and shUTX-2 both efficiently reduce RNA levels of 

UTX (A) but do not affect induced expression levels of BCL2 (B), as shown by qPCR. 
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Figure 4-S4 : H3K27me3 status does not affect chromatin remodelling at the BCL2 

enhancer region. 

FAIRE-qPCR experiments were performed in MCF7 cells to monitor nucleosome 

depletion before and after E2 treatment at the indicated BCL2 promoter regions. Relative 

enrichment are normalized on a control region (+13 000 relative to the TSS). The primers 

used in these experiments correspond to the -1599, TSS and the ERE2 regions as shown 

in Figure 3A of the BCL2 gene. This graph is representative of three independent 

experiments. 
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Figure 4-S5: Anti-estrogen resistant cells exhibit an altered epigenetic pattern and 

regulation of BCL2. 

As shown by qPCR, induced BCL2 expression levels are restored to baseline levels in 

MCF7 cells with the addition of tamoxifen. MCF7/LCC2 cells demonstrate induced 

levels of BCL2 in the absence of E2 stimulation which is not affected by the addition of 

E2 or tamoxifen. 
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Figure 4-S6 : Depletion of PRC complex member SUZ12 induces expression of 

BCL2. 

RT-qPCR analysis showing the effect of SUZ12 depletion (A) on the expression levels of 

BCL2 in MCF7 cells treated or not with E2 (B), normalised using 36B4. 

> 

< 08-

| 06. 

I0" 
.1 °2-
* o o . 

4 ^ 

X 

^ 
& 
• 

Figure 4-S7 : Inhibition of pEZH2 in AE resistant cells decreases BCL2 expression. 

The addition of the AKT inhibitor LY294002 in MCF7/LCC2 cells decreases RNA 

expression levels ofBCL2, shown by qPCR analysis normalised using 36B4. 
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Figure 4-S8 : A decrease in H3K27me3 due to EZH2 phosphorylation leads to 

resistance to tamoxifen-induced apoptosis. 

MCF7 cells overexpressing EZH2, mutant EZH2 (EZH2-21A and EZH2-21D), or BcI-2 

were exposed to increasing concentrations of tamoxifen (0, 5, 10, 15, 20, and 25 uM) for 

48h. Concentration-dependent apoptosis was observed in the presence of tamoxifen for 

control, EZH2 and EZH2-21A, but not in the cell lines overexpressing EZH2-21D and 

Bcl-2. 
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Table 4-Sl : E2-regulated genes negatively affected by the knockdown of JMJD3 

Global gene expression in MCF7 cells depleted of JMJD3 following vehicle or E2 

treatment shows 151 of 274 E2-upregulated genes (55%) are negatively affected by the 

loss of JMJD3. 

EPDRl 
ADAMTSL5 
TUBB2B 
FGFRIOP 
SLC22A5 
LOCI 00134266 
EGR3 
COQ4 
LOC727941 
MIR574 
FABP5 
GADD45GIP1 
SLC6A6 
GAL 
POLR3G 
UNCI 19 
KCNF1 
ACOX2 
LOC643161 
ELOVL2 
MYBL1 
LOC643479 
C90RF95 
TFF2 
IL24 
IGFBP4 
C60RF221 
ALDOC 
PDLIM3 
PKIB 
SFXN2 
LRG1 
LOC643150 
DPYSL4 
ZNF185 
SDK2 
FAM25A 
FGFBP2 
CCDC110 
GPRIN1 
LOC730167 
GPR68 
HS.537742 
MAPT 

LHX4 
TFF1 
LOC730274 
C10ORF119 
CYP4F11 
PPP2R2C 
AP1B1 
GPR77 
SERP1NE2 
DEGS2 
MGC16121 
DCAF16 
NR5A2 
ARL3 
SLC25A25 
SGK1 
LOC647993 
AFF3 
LOC100131727 
CDC25A 
MPPED2 
KIF12 
LOC647987 
SNX24 
CXCL12 
RERG 
C40RF43 
CELSR2 
MSMB 
PRKCE 
HS.151692 
SGK 
RAPGEFL1 
B4GALT1 
TOE1 
RET 
SGK3 
TIMM10 
SUSD3 
LRP8 
GREB1 
APOA1 
NP 
BCL2 

LOCI 54860 
SSR3 
SIAH2 
CDCA7 
ADORA1 
WAPAL 
HS.224678 
IFIH1 
PLAC1 
REEP1 
ZNF533 
PDZK1P1 
PODXL 
PTGES 
SLITRK4 
TH 
NBL1 
TIFA 
HPDL 
PDZK1 
ANKRD37 
RBM24 
RBBP8 
GALE 
KCTD6 
LOC493869 
LOCI 00134009 
TUBA3D 
UST 
LOC100134073 
HS.562504 
SPOCD1 
HERC5 
OLFML3 
JAK2 
VWF 
SCNN1G 
LOC727831 
TMEM229B 
RAB31 
LOC441484 
LOC731954 
SPINK4 
NRIP1 

TUBA3E 
KIAA1881 
DEPDC6 
IL20 
PGLYRP2 
PCP4 
CHAF1A 
DTL 
SMTNL2 
GALNT4 
CEP135 
RPRML 
OSTF1 
FSIP1 
RASGRP1 
ZNF385B 
C20ORF160 
TGFA 
THBS1 
FARP1 
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Table 4-S2 : Potential anti-apoptotic genes negatively regulated by the knockdown 

ofJMJD3 

The subset of genes implicated in the inhibition of apoptosis in the group of E2-regulated 

genes negatively affected by the knockdown of JMJD3. In this subset of genes, we 

observed the presence of BCL2, one of the most important anti-apoptotic genes. 

BCL2 

TK1 

FGFR3 

FGFR5 

FKBP11 

LHX4 

IL20 

1L24 

MYBL1 

MYB 

RLN2 

TTC9C 

SGK1 

SGK3 

RET 

MLKL 

MYB 

FGFR5 

Apoptosis regulator Bcl-2 

Fibroblast growth factor receptor homolog 1 

Fibroblast growth factor receptor 3 

Fibroblast growth factor receptor 5 

FK506-binding protein 11 

LIM/homeobox protein Lhx4 

lnterleukin-20 

lnterleukin-24 

Myb-related protein A 

Myb proto-oncogene protein 

Relaxin A chain 

Tetratricopeptide repeat protein 9C 

Serine/threonine-protein kinase Sgk1 

Serine/threonine-protein kinase Sgk3 

Proto-oncogene tyrosine-protein kinase receptor ret 

Mixed lineage kinase domain-like protein 

Telomere length regulator tazl 

Fibroblast growth factor receptor 4 
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Table 4-S3 : List of primers used in this study. 

Primer name 

GAPDH-FWD 

GAPDH REV 

36B4 FWD 

36B4 REV 

JMJD3 FWD 

JMJD3 REV 

BCL2 FWD 

BCL2 REV 

GREB1-FWD 

GREB1-REV 

TFF1-FWD 

TFF1-REV 

PR-FWD 

PR-REV 

IGFBP4-FWD 

IGFBP4-REV 

CCND1-FWD 

CCND1-REV 

UTX Fwd 

UTX Rev 

SUZ12 Fwd 

SUZ12Rev 

BCL2-1599 Fwd 

BCL2-1599 Rev 

BCL2 -698(TSS) Fwd 

BCL2 -698(TSS) Rev 

BCL2 ERE2 Fwd 

BCL2 ERE2 Rev 

Application 

RT-qPCR 

RT-qPCR 

RT-qPCR 

RT-qPCR 

RT-qPCR 

RT-qPCR 

RT-qPCR 

RT-qPCR 

RT-qPCR 

RT-qPCR 

RT-qPCR 

RT-qPCR 

RT-qPCR 

RT-qPCR 

RT-qPCR 

RT-qPCR 

RT-qPCR 

RT-qPCR 

RT-qPCR 

RT-qPCR 

RT-qPCR 

RT-qPCR 

ChIP 

ChIP 

ChIP 

ChIP 

ChIP 

ChIP 

Sequence 

CTCTGCTCCTCCTGTTCGAC 

TGACTCCGACCTTCACCTTC 

GCGACCTGGAAGTCCAACTA 

ATCTGCTGCATCTGCTTGG 

CACCCACTGTGGTCTGTTGT 

GTCTCCGCCTCAGTAACAGC 

GTGTTCCGCGTGATTGAAGAC 

CCCCAGAGAAAGAAGAGGAGTTATAA 

CTCTGCCTGAAGGATGCTGT 

CGTTGGAAATGGAGACAAGG 

GTGCAAATAAGGGCTGCTGT 

GCAGATCCCTGCAGAAGTGT 

CGCGCTCTACCCTGCACTC 

TGAATCCGGCCTCAGGTAGTT 

CCCACGAGGACCTCTACATC 

ATCCAGAGCTGGGTGACACT 

GCTGTGCATCTACACCGACA 

CCACTTGAGCTTGTTCACCA 

AATTCCCGCAGAGCTTACCT 

GGATGTGACACAGCATGTCC 

GGATATTCATCGCCAACCTG 

GACATGCTTGCTTTTGTTCG 

GCTCAGAGGAGGGCTCTTT 

TGCCTGTCCTCTTACTTCATTCT 

GTCTGGGAATCGATCTGGAA 

GCAACGATCCCATCAATCTT 

CACCTGTGGTCCACCTGAC 

CTGAAGAGCTCCTCCACCAC 
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CHAPTER V 

V. DISCUSSION 

The general definition of a cancerous cell is a cell that has become insensitive to various 

signals in cell cycle causing continued, uncontrolled proliferation, resulting from a 

normal eukaryotic cell that has accumulated a number of mutations (Vogelstein and 

Kinzler, 1993). There are numerous possible alterations made in a cancerous cell leading 

the cell to continue throughout the cell cycle without being controlled at any point 

(Hanahan and Weinberg, 2000; Boehm and Hahn, 2005). The presence of only one of 

these alterations renders the cell pre-cancerous, yet multiple mutagenic events normally 

occur in order for the cell to become cancerous. In breast cancer, ERa both promotes 

proliferation of abnormal cells by regulating the expression of cell cycle-related genes 

and apoptosis prevention in these cells (Doisneau-Sixou et al., 2003; Perillo et al., 2008; 

Teixeira et al., 1995). The E2-stimulated ERa cellular response leads to the convergence 

of transcriptional and protein signalling pathways involved in chromatin regulation. 

Depending on the genetic context, the ERa response leads to multiple effects in breast 

cancer cells. For example, numerous CRCs and histone modifications implicated in ERa 

pathways have been shown to be affected in various tumour types, notably in breast 

tissues. MLL2, an ERa coactivator that methylates H3K4 and interacts with H3K27 

demethylase UTX and JMJD3, is aberrantly upregulated in breast cancer (Lan et al., 

2007; Natarajan et al., 2010). Several studies suggest that EZH2 is a promising 

prognostic biomarker in breast cancer (Collett et al. 2006; Raaphorst et al. 2003; 

Buchmann et al. 2006). Overall, the totality of the observations made during my doctoral 

thesis suggests that two important epigenetic marks with opposing roles in transcriptional 
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activation, H2A.Z and H3K27me3, are both linked to ERa during the typical E2 

response, and these pathways are modified leading to proliferative effects and 

progression towards AE resistance. 

V.l. ERa modulation of chromatin signatures affects the cell cycle 

Our results suggest that in the context of ERa-dependent breast cancer, the removal of 

H3K27me3 by JMJD3 promotes cellular proliferation by the activation of the anti-

apoptotic gene BCL2. This suggests a context-dependent role for JMJD3 and H3K27me3 

in different cancer types. In normal cells, a subset of key developmental regulatory genes 

contain both the active H3K4me3 at promoter and repressive H3K27me3 modifications 

and are pre-bound by RNAPII (Bernstein et al., 2006; Jorgensen et al., 2006; Sharov and 

Ko, 2007). This poised transcriptional state requires the action of H3K27me3 

demethylases such as JMJD3 to initiate gene expression (Agger et al., 2007; De Santa et 

al., 2007; Hong et al., 2007; Lan et al., 2007; Xiang et al., 2007). Many of these 

developmental genes require the actions of cell signals to recruit transcription factors 

which bind to and recruit JMJD3 to chromatin. For example, JMJD3 association with 

Smads2/3 is essential in the activation of Nodal-Smads2/3 target genes during 

development (Dahle et al., 2010). Our results are in agreement with this research, yet 

provide an interesting novel role of the demethylation of H3K27me3 outside this subset 

of genes in which JMJD3 cooperates with ERa to regulate a gene that is critical in 

carcinogenesis. The unstimulated BCL2 promoter region in MCF7 cells shows a 

chromatin conformation similar to bivalent genes, and H3K27me3 prevents ERa binding 

to the ERE enhancer region of the BCL2 gene (Figure 4.3). Prior to activation of BCL2, 

the promoter appears to be poised for activation, with pre-bound H3K4me3, RNAPII and 

H2A.Z (Figure 4.3). E2 stimulation leads to the JMJD3-mediated depletion of 

H3K27me3 and the possible formation of an active loop between the distal and proximal 

149 



regulatory elements, exhibited by the increase in H3K4me3 and H2A.Z at the ERE 

enhancer region. It is possible that in the case of oncogene-induced JMJD3-dependent 

activation of the pl6INK4a locus, a similar same mechanism may be employed, but in 

response to different cellular stimuli. So, in the context of breast cancer cells, JMJD3 is 

important in establishing the activation of an anti-apoptotic response gene, therefore 

contributing to the oncogenic properties of these cells. 

We also observed the presence of H2A.Z at the poised enhancer of BCL2. We observed 

that the binding of H2A.Z and H3K4me3 were pre-bound at BCL2 and colocalised with 

ERa and JMJD3 binding following E2 stimulation (Figure 4.3). It is possible that, in 

addition to JMJD3, H2A.Z is required for the activation of BCL2 in response to E2 in 

breast cancer cells, contributing to the anti-apoptotic phenotype of these cells. 

Interestingly, H2A.Z binds Su(z)12 target genes in mouse embryonic stem cells, and the 

specific depletion in this context leads to the derepression of PcG targets (Creyghton et 

al., 2008). H2A.Z has been highly associated with gene activity in mammalian cells, so 

this result was surprising. However, it is possible that H2A.Z colocalisation to these 

areas promotes the bivalency of such genes, poising the promoter for activation. Notably, 

p400 binding is known to closely mirror H3K4me3, and when H3K4me3 is reduced by 

depletion of Ash21, a subunit of SET 1-family methyltransferase complexes, p400 binding 

to its target genes is also reduced (Fazzio et al., 2008). One avenue that remains to be 

explored is the role of H2A.Z in preventing apoptosis. The depletion of p400 has been 

shown to lead to apoptosis in several cancer cell lines (Mattera et al., 2010; Mattera et al., 

2009), and we observed an increase in TAM-induced apoptosis in MCF7 cells in the 

absence of H2A.Z (A. Svotelis, unpublished results). The role of H2A.Z in pro- and anti-

apoptotic gene regulation would be interesting to pursue, especially considering the 

known association of H2A.Z with p53 and ERa, two known regulators of apoptotic genes 

(Gevry et al., 2007; Gevry et al., 2009; Svotelis et al., 2010). Therefore, our observations 

at BCL2 in MCF7 cells suggest an important interplay between epigenetic marks that 

leads to an oncogenic anti-apoptotic response. 
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In addition to the modulation of anti-apoptotic genes, an important requirement for 

cellular proliferation is the expression of genes that promote the crucial transition in the 

cell cycle from the resting phase (Gl) to the DNA replication phase (S). The p53/p21 

and pi6 pathways are negative regulators of cell cycle progression, namely through the 

Gl/S transition. The p400/Tip60 complex is known to regulate the expression of these 

cell cycle inhibitors (pl6INK4a and p21WAFl/CIPl), acting primarily through the p53 

pathway (Gevry et al., 2007; Legube et al., 2004; Park and Roeder, 2006; Tang et al., 

2006; Tyteca et al., 2006a). H2A.Z is required for the p400-induced repression of 

p21WAFl/CIPl (Gevry et al., 2007). Our studies show that H2A.Z overexpression 

promotes cellular proliferation in breast cancer cells (Svotelis et al., 2010), possibly 

through the regulation of cell cycle arrest by repressing p21 WAF1/CIP1 (Gevry et al., 

2007). In addition, the kinetics of H3K27 methylation at the p21WAFl/CIPl promoter 

would be interesting to observe following E2 stimulation. For the pl6INK4a locus, the 

specific knockdown of p400 leads to increased transcription ofpl6INK4a (Mattera et al., 

2010), suggesting a similar role for the p400-mediated deposition of H2A.Z as observed 

at p21WAFl/CIPl. A recent study has shown that the presence of H2A.Z and insulator 

protein CTCF are lost at the silenced pl6INK4a in breast cancer cells (Witcher and 

Emerson, 2009). Of note, this locus is also repressed by PcG proteins (Agger et al., 2009; 

Barradas et al., 2009). In this case, JMJD3 derepresses this locus in response to 

oncogenic stress in fibroblasts, leading to cell cycle arrest and suggesting a tumor-

suppressive role for JMJD3. Considering that our studies concerning these two 

epigenetic marks in breast cancer proliferation were performed in a pl6INK4a-l-

background (MCF7 cells), it would be interesting to observe the ERa-dependent kinetics 

of H3K27 methylation and H2A.Z deposition during the regulation of this locus in breast 

cancer cells. All in all, the interplay between epigenetic marks at cell-cycle inhibitors is 

an important step in breast cancer progression. 
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Cancerous cells also generally demonstrate an increase in the expression of genes that are 

important in the promotion of cell-cycle progression through the Gl/S transition, such as 

E2F1-regulated genes (Svotelis et al., 2009). Although the expression of H2A.Z has not 

been considered regulated throughout the cell cycle, we know that there is a peak of 

H2A.Z expression at the Gl/S transition during the cell cycle (A. Svotelis, unpublished 

results; (Hatch and Bonner, 1988)). In addition, we observed that the overexpression of 

H2A.Z causes increased proliferation, and the pro-proliferative effects of H2A.Z seem to 

be caused by a deregulation in the cell cycle, most apparent in the MCF7 breast cancer 

cell line (Figure 3.1) (Svotelis et al., 2010). The p400/Tip60 complex has been 

associated with cell proliferation due to its association with activators such as p53, E2F1, 

Myc, and ERa (Chan, 2005; Gevry et al., 2009; Kim et al., 2005; Nagl et al., 2007; 

Samuelson et al., 2005; Taubert et al., 2004). Interestingly, E2F1 can recruit the 

p400/Tip60 complex to chromatin at the promoters of cell-cycle-related genes during the 

Gl/S transition (Kramps et al., 2004; Nagl et al., 2007; Taubert et al., 2004). However, 

the depletion of H2A.Z did not significantly affect E2F-1 dependent genes in human 

fibroblasts and breast cancer cells in our investigations (A. Svotelis, unpublished results), 

whereas H2A.Z depletion significantly affects ERa-regulated genes in MCF7 breast 

cancer cells (Gevry et al., 2009). Although several studies have shown increased levels 

of H2A.Z in breast cancer (Camp et al., 2002; Hua et al., 2008; van de Vijver et al., 

2002), no group has yet modified the expression of H2A.Z to determine its role in the 

regulation of cellular proliferation besides ours (Gevry et al., 2007; Gevry et al., 2009). 

Thus, it would be interesting to further pursue the modulation of gene expression patterns 

by the exogenous overexpression of H2A.Z. 
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V.2. The role of epigenetic signatures in anti-estrogen resistance 

In our results the overexpression of H2A.Z overrides the toxic potential of the AE TAM, 

and leads to increased cellular proliferation in the absence of E2 stimulation (Figure 3.1). 

TAM is widely used to treat breast cancer due to its capacity to bind ERa and inhibit the 

activation potential of the nuclear receptor, but some patients exhibit resistance to this 

treatment, which has also been attributed to the constitutive activation of ERa target 

genes (Badia et al., 2007; Shou et al., 2004). E2-independent growth is typical of more 

severe breast cancers that have constitutively activated ERa target genes (Anderson, 

2002). This suggests a possible activation of genes involved in cellular proliferation (or 

repression of cell cycle arrest genes) that are normally controlled by E2-dependent 

pathways. Therefore, H2A.Z could serve as an important prognostic factor in 

determining not only cancer severity, but could help guide clinical treatments as a marker 

of possible resistance to AE therapy. Considering the important effect H2A.Z in ERa-

positive breast cancer cells (MCF7) and their estrogen-independent growth (Gevry et al., 

2009; Svotelis et al., 2009; Svotelis et al., 2010), it would be interesting to explore the 

role of H2A.Z in AE-resistant cell lines. 

We also observed increased levels of H2A.Z in breast cancers, with a notable correlation 

between ERa and H2A.Z in low-grade breast cancers (Table 3.1 and Figure 3.3). 

Expectedly, ERa levels decrease with increasing cancer severity (Pearce and Jordan, 

2004), but we also observed that the highest levels of H2A.Z associate with more severe 

cancers, in line with a previous study (Hua et al., 2008). What is the role of increased 

levels of H2A.Z on its existing target genes? Does overexpression lead to constitutive 

activation? H2A.Z has been suggested to be important in cell-specific responses, 

possibly due to activator-specific p400-deposition of H2A.Z at target genes (Gevry et al., 

2007; Gevry et al., 2009). We (and others (Bredfeldt et al., 2010)) have shown that the 

overexpression of HER2 leads to Akt-mediated phosphorylation of EZH2 in more severe, 
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AE-resistant breast cancer, decreasing global H3K27me3 levels. However, decreased 

survival is observed in patients with low H3K27me3 levels (Wei et al., 2008). In fact, 

EZH2 overexpression is related more with the aggressive ER-negative breast cancer 

subtype and breast cancer invasion (Cao et al., 2008; Gonzalez et al., 2009; Wei et al., 

2008). The levels of pEZH2 and global H3K27me3 in the aggressive breast cancers that 

exhibit increased EZH2 were not verified, so it is possible that EZH2 overexpression in 

conjunction with HER2 overexpression does not lead to increased H3K27me3. In 

relation with our findings on a global H3K27 demethylation, the absence of this 

repressive regulation and the "overloading" of H2A.Z in chromatin could lead to 

activation in the absence of cellular stimuli such as E2. In this case, both the genomic 

(H2A.Z presence) and non-genomic (H3K27 demethylation by pEZH2) pathways of ERa 

regulation are active during conditions that should normally promote inactivation. 

Our results also lead us to propose that AE resistant cells exhibit a chromatin signature 

that is permissive for BCL2 transcription in the absence of stimulation. E2 cellular 

stimulation results in an ERa-mediated genomic response in which ERa interacts with 

several coactivators at target genes, as well as a rapid non-genomic response where ERa 

associates with protein kinase signalling pathways such as that of PI3K/Akt (Ordonez-

Moran and Munoz, 2009). The use of AE will block E2 binding to ERa, preventing the 

activation of either pathway. In AE-sensitive cells, the JMJD3/ERa-dependent regulation 

of H3K27 methylation is required for BCL2 activation, but is blocked in the presence of 

the AE TAM (Figure 4.4). The HER2/Akt dependent phosphorylation of EZH2 decreases 

H3K27 methylation (Cha et al., 2005) which has been strongly implicated in the 

development of AE resistance in breast cancer cells (Schiff et al., 2004; Shou et al., 

2004). We show that the pEZH2 caused by the overexpression of HER2 in AE-resistant 

breast cancer cells specifically prevents the methylation of H3K27 surrounding the 

enhancer region of BCL2, allowing the formation of an active chromatin conformation 

and constitutive activation of BCL2. The overall consequence is a bypass of the need for 

JMJD3 for transcriptional activation (Figure 4.5 and 4.6). It is of particular note that the 
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constitutive expression of BCL2, has been shown to prevent apoptosis after AE treatment 

in breast cancer cells (Crawford et al., ; Kumar et al., 1996; Wang and Phang, 1995; Yde 

et al., 2007), which we confirm by the introduction of exogenous BCL2 expression in the 

MCF7 cell line (Figure 4.6). We believe these findings are of great significance since we 

show that fundamental epigenetic mechanisms and the signature of epigenetic marks on 

chromatin can provide important clues on AE-resistance and breast cancer. 

In cells that overexpress H2A.Z, we observed an increased amount of H2A.Z protein 

when extracting histone proteins from precipitated chromatin, suggesting that more 

H2A.Z is deposited into chromatin when overexpressed (Figure 3.1) (Svotelis et al., 

2010). Notably, an increase in p400 levels has never been observed in cancer, but it has 

been suggested that histone chaperones that are important in replication-dependent 

nucleosome assembly NAP1 may deposit H2A.Z/H2B dimers into chromatin templates in 

yeast (Luk et al., 2007; Mazurkiewicz et al., 2006). Random H2A.Z incorporation could 

be a causal factor in chromosomal defects and translocation in breast cancer by the 

creation of confusion between heterochromatic regions in euchromatic areas, resulting in 

devastating effects during the transcriptional process. The random deposition of H2A.Z 

at low levels in euchromatin has already been observed in genome-wide in human cells, 

and is suggestive of silenced or heterochromatic areas in which genes are not transcribed, 

and the removal of H2A.Z in gene bodies is required for gene activation (Hardy et al., 

2009). So, the overexpress ion of H2A.Z may also lead to a decreased capacity to 

distinguish between heterochromatin and repressed or poised genes, leading to the 

aberrant spreading of HP1 and H3K9me3 over normally expressed genes. Of importance 

here is the fact that H2A.Z and CpG methylation are significantly anti-correlated in 

certain mouse and human cell lines (Conerly et al., 2010; Kobor and Lorincz, 2009; 

Zilberman et al., 2008). CpG methylation at promoter and regulatory areas is associated 

with H3K27me3 and gene silencing (Kobor and Lorincz, 2009). In addition, 

hypomethylation of promoters regulating growth stimulatory pathways has been observed 

in AE-resistant cell lines (Fan et al., 2006). Thus, our observations that demonstrate 
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increased H2A.Z incorporation associated with increased tamoxifen resistance (Chapter 

III) and decreased global H3K27me3 in AE-resistant cell lines (Chapter IV) is suggestive 

of an overall epigenetic signature in AE resistance. It would be interesting to correlate 

these marks genome-wide in AE-resistant cell lines as well as in cases of AE resistance in 

breast cancer patients. 

V.3. General conclusions and perspectives 

My investigation into epigenetic mechanisms involved in breast cancer has lead me to the 

following conclusions: (1) Epigenetic modifications, such as H2A.Z overexpression and 

H3K27 methylation status, may be useful prognostic markers for breast cancer severity; 

(2) Epigenetic modifications are pivotal in the regulation of cell cycle progression related 

genes and the overactivation of pathways that affect this epigenetic marks in certain cells 

leads to carcinogenesis; (3) Continued deregulation of multiple pathways that affect the 

modulation of epigenetic marks can lead to more severe breast cancer and AE resistance. 

However, with every answer, there comes a new question. 

What type of genomic instability is caused by the modulation of epigenetic marks? First, 

the analysis of H2A.Z-overexpressing cancer cells by immunohistochemistry or FISH 

would provide us with information concerning any chromosomal abnormalities. Also, 

comparing the ChlP-chip or ChlP-seq profiles of H2A.Z and heterochromatic markers 

HP1 and H3K9me3 in non-transformed breast epithelial cells with those of several 

different breast cancer cell lines in which H2A.Z is overexpressed would be of interest. 

To more clearly determine the role of H2A.Z overexpression or global H3K27 

demethylation in tumour formation and genomic instability it would be interesting to 

develop transgenic mouse models that conditionally overexpress H2A.Z or JMJD3 in a 

dose-dependent fashion specifically in breast tissue. 
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How do the expression profiles of normal cells compare to breast cancer cells? Increased 

random H2A.Z incorporation may result in an increase in cryptic transcription by the 

recruitment of RNAPII to alternate transcription initiation sites, or by the incapacity to re

establish closed chromatin conformation in gene bodies (Farris et al., 2005; Hardy et al., 

2009; Williams and Tyler, 2007). Comparing total RNA expression patterns by the 

newly developed transcriptome sequencing (RNA-seq) in non-transformed breast 

epithelial cells with those of several different breast cancer cell lines in which H2A.Z is 

overexpressed would provide us with some indications of cryptic transcription (van Bakel 

and Hughes, 2009; Wang et al., 2009). It would be interesting to compare mRNA 

expression patterns in cell lines exhibiting different levels of H3K27me3. Together with 

ChlP-seq analysis of H2A.Z and H3K27me3 binding, these results would provide us with 

a map of the genomic effects of the modulation of these marks. It would be especially 

interesting to determine the states of these marks by immunohistochemistry and ChlP-seq 

in triple-negative breast cancers (ERa-/PR-/HER2-), a very severe breast cancer with low 

survival rates. It has been suggested that ERa-negative breast cancer may evolve from 

ERa-positive precursors (Allred et al., 2004), and our observations concerning the 

development of E2 independence by an imbalance in the chromatin signature may 

support this model. 

How does the presence of H2A.Z or the demethylation of H3K27 affect long range 

chromatin interactions between regulatory elements? JMJD3 and H2A.Z may both have 

roles in the modification of chromatin structure to permit communication between distal 

regulatory elements and the proximal promoter region. A recent analysis by ChlA-PET 

of ERa long-range interactions during E2 stimulation in MCF7 cells, showing the 

existence of several ERa-dependent loops at BCL2, in addition to those previously 

described (Fullwood et al., 2009; Perillo et al., 2008). It would also be intriguing to 

compare the chromatin landscape prior to and following E2 stimulation by ChlA-PET of 

H2A.Z, JMJD3 and H3K27me3. 
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The studies presented in this thesis support a model in which epigenetic marks H2A.Z 

and H3K27me3 will strongly affect the outcome of a breast cancer cell, and these marks 

may present novel prognostic tools in the discrimination between different types of breast 

cancer by affecting genomic instability, gene regulation and the development of AE 

resistance. 
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