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Abstract

In cancer cells, the organization of DNA in chromatin is frequently affected. Thus, it is
crucial to understand how factors involved in chromatin organization contribute to
tumorigenesis. Of particular interest in this context is the Chromatin Assembly Factor 1
(CAF-1). CAF-1 is a complex involved in chromatin assembly coupled to DNA synthesis,
both during DNA replication and DNA repair. Two subunits of the CAF-1 complex are
downregulated in quiescent cells and can be used as proliferation markers in cancer cells. In
addition, CAF-1 has a role in the maintenance of the compact chromatin domains near the
centromeres, called pericentric heterochromatin, through its interaction with Heterochromatin
Protein 1 (HP1). Three HP1 isoforms (HPla., 3 et y) exist in mammalian cells, among which
HP1a associates most specifically with pericentric heterochromatin regions.

During my PhD, I have addressed two main questions: First, how do the three
human HP1 isoforms relate to cell proliferation and tumorigenesis? Using both cell line
models and tumoral and healthy human tissue samples, I showed that the expression of HP1a
isoform, but not HPIP ou vy, is proliferation-dependent. Downregulation of HPla,
specifically, results in mitotic defects. In addition, HP1a., but not HP1f ou v, is overexpressed
in several tumoral tissues compared to the corresponding healthy tissues. In breast cancer, the
level of HP1a overexpression significantly correlates with global survival and the occurence
of metastasis. Our results suggest that HP1la overexpression confers a growth advantage to
tumor cells that is related to the organization of pericentric heterochromatin and the passage
of mitosis. We put forward HP1oa as new prognostic marker in breast cancer and potentially
other cancers. This study gave rise to the deposition of a patent and a publication in EMBO
Molecular Medecine.

The second main question I have addressed is: how do quiescent cells, which express
CAF-1 at very low levels, deal with chromatin assembly coupled to DNA repair? This
question is of particular interest since a differential repair capacity between tumoral
(proliferative) cells and healthy (quiescent) cells will affect the efficiency and the toxicity of
genotoxic cancer treatments, such as chemo- and radiotherapy Using ultra-violet (UV)
irradiation as a means to induce DNA lesions, I was able to show that CAF-1 expression is
not induced upon DNA damage and that the low levels of CAF-1 are sufficient for its
recruitment to sites of UV lesions, suggesting that its function is conserved in quiescence.
However, we observe a delayed repair of a specific type of UV lesions in quiescence. Our
results suggest that the repair of these lesions might require additional chromatin dynamics,
which would be the limiting step in quiescence, potentially due to the extremely low levels of
CAF-1. These observations gave rise to a manuscript that is currently in preparation.

In these two major projects, I have demonstrated how factors involved in chromatin
organization are related to cell proliferation, tumorigenesis and, more generally, genome
stability. In addition, we have been able to put forward a new marker of clinical interest for
breast cancer prognosis.

Key words: chromatin, cell proliferation, cancer, quiescence, DNA repair



Résumé

Dans les cellules cancéreuses, des défauts affectant 1’organisation d’ADN en
chromatine sont fréquemment observés. L’étude de facteurs impliqués dans cette organisation
est donc essentielle pour mieux appréhender leur implication dans la tumorigénese. Un
facteur particulierement intéressant dans ce contexte est le facteur d’assemblage de la
chromatine, le complexe CAF-1 (Chromatin Assembly Factor 1). CAF-1 est impliqué dans
I’assemblage en chromatine de I’ADN lors de la réplication et la réparation de I’ADN. Deux
sous-unités de CAF-1 sont sous-exprimés dans les cellules non-proliférantes (quiescentes) et
constituent des marqueurs de prolifération dans le cancer. De plus, CAF-1 a un role au niveau
des régions de chromatine dense proches des centromeres, 1’hétérochromatine péricentrique,
par son interaction avec les protéines HP1 (Heterochromatin Protein 1). Il existe trois
isoformes de HP1 dans les cellules mammaires (HPla, et y), dont HPla est le plus
spécifiquement associ€ aux régions d’hétérochromatine péricentrique, impliqués dans la
répression des genes et la ségrégation des chromosomes.

Pendant ma these, je me suis penchée sur deux questions majeures: Premiérement, est-
ce que I’expression des isoformes de HP1 est régulée d’une facon dépendante de la
prolifération et de la tumorigénése ? En combinant des modeles de lignées cellulaires et des
échantillons de tissu humain, j’ai pu montrer que 1’expression de 1’isoforme HP1a, mais pas
HP1p ou vy, est dépendante de la prolifération. La déplétion de HP1a, spécifiquement, affecte
le passage de la mitose. De plus, HPla, mais pas HPIP ou y, est surexprimé dans de
nombreux types de cancer comparé aux tissus sains correspondants. La surexpression de
HP1la dans le cancer du sein est corrélée de facon significative a la survie des patientes et la
formation de métastases. Ces résultats révelent HP1ao comme un marqueur pronostique dans
le cancer du sein et potentiellement dans d’autres types de cancer. Nous proposons que la
surexpression de HP1a présente un avantage sélectif pour les cellules cancéreuses, liée a
I’organisation de 1’hétérochromatine péricentrique et le passage de la mitose. Ces résultats ont
donné lieu a un brevet et a une publication dans EMBO Molecular Medecine.

La seconde question a laquelle je me suis intéressée est: comment des cellules
quiescentes, qui expriment peu de CAF-1, gerent I’assemblage de la chromatine couplé a
la réparation de ’ADN ? En effet, une capacité de réparation différente entre cellules
proliférantes (tumorales) et quiescentes (saines) aura un impact majeur sur I’efficacité et la
toxicité des traitements génotoxiques comme la chimio- et la radiothérapie. J’ai pu montrer
que, dans les cellules quiescentes, les irradiations aux ultra-violets (UV) n’induisent pas
I’expression de CAF-1. De plus, la faible quantité de CAF-1 est recrutée aux sites des 1ésions
d’UV, suggérant que sa fonction dans la réparation est conservée hors du cycle cellulaire.
Cependant, en quiescence, nous observons une réparation retardée d’un type spécifique de
1ésions, qui reflete potentiellement une difficulté des cellules quiescentes a gérer la prise en
charge de ces lésions au sein de la chromatine. Ces résultats font 1’objet d’un manuscrit
actuellement en préparation.

Dans ces deux projets majeurs, j’ai mis en avant comment des facteurs de
I’organisation de la chromatine peuvent étre impliqués dans la prolifération, la tumorigénese
et la réparation d’ADN suite a des traitements génotoxiques. De plus, nous avons pu proposer
un nouvel outil d’intérét médical pour le pronostique des cancer du sein.

Mots-clés: chromatine, prolifération cellulaire, cancer, quiescence, réparation de I’ADN



Preface

How to read beyond the genetic code?

The Human Genome Project (1990 - 2006) had for goal to sequence the human
genome in order to reveal the secrets and the complexity of human beings. Although
sequencing and analysis is still ongoing, it has become clear that the DNA sequence
alone was not able to reveal all secrets of life. A human genome is estimated to contain
fewer genes than those of many plants and human genes show very high similarity (up
to 98%) with their homologues in apes. So what accounts for the differences that, as we
like to think, would make us superior to apes and plants?

Even more intriguing are twins. Monozygotic twins possess the same genome;
they are true clones of each other. Yet, they do show differences in phenotype, character
and sensitivity to certain diseases. So what accounts for these differences that are not
encoded in the genome?

Even within a single organism, most cells contain the same genome, which is
formed from a paternal and a maternal set of chromosomes upon fertilization. Yet, many
different cells with specialized functions and distinct tissue organizations can be formed
out of one genome.

In conclusion, In addition to the genetic code, other sources of information are
needed to account for these observations. This extra information would determine how

to read the information encoded by DNA.

The term “epigenetics” has been put forward by Conrad Waddington in 1942 to
designate “interactions between the genome and the environment that brings the
phenotype into being”. It was based on the concept of epigenesis, put forward by
Aristotle to explain how the complexity of an organism arises during development. More
recently, the definition of epigenetics has been refined and is most often used to denote
all those somatically heritable changes in gene expression that do not involve changes in
DNA sequence. The concept of heritability is of major importance and distinguishes

epigenetics from temporary gene regulation by signaling pathways. It implies that
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epigenetic changes can be transmitted through cell division and potentially even from

one generation to the next.

Until recently, cancer was considered as a genetic disease: an accumulation of
mutations, deletions or translocations that affect oncogenes and tumorsuppressor genes
and that can ultimately lead to tumorigenesis (Hanahan & Weinberg, 2000). The
American Society of Cancer actually still states: “Cells become cancer cells because of
damage to DNA” (http://www.cancer.org). Yet, only a few types of cancer harbor
mutations in the same genes among different patients (with the possible exception of
the tumor suppressor gene p53) and genetic alterations alone cannot predict cancer
prevalence or patient outcome. Thus, mechanisms that alter the usage of the genome,
without affecting the genetic sequence, are thought to contribute to cancer initiation and
progression. As an example, colon cancer is often characterized by a specific series of
genetic alterations, affecting among others the gene MLH1. However, at least two cases
have been identified in which this gene was not mutated but silenced by epigenetic
mechanisms (Suter et al, 2004).

In this thesis, I will focus on epigenetic mechanisms in the context of cell
proliferation, DNA damage and tumorigenesis, particularly breast cancer. Breast cancer
is a heterogeneous disease, both clinically and genetically. Unlike colon cancer, many
different genetic alterations can be found among breast cancer patients, and the
correlation with the clinical characteristics are not evident. Several recent studies have
compared in a genome-wide fashion the genomic alterations and the changes in gene
expression in breast cancer samples (Valladares et al, 2006; Vincent-Salomon et al,
2008; Yao et al, 2006). They show that relatively few changes in gene expression can be
attributed to genomic alterations. The recent development of high-throughput DNA
sequencing techniques might allow the detection of single nucleotide polymorphisms or
point mutations associated with familial breast cancer (reviewed in Stratton et al, 2009).
Yet, the vast majority of familial and sporadic breast cancer is not related to mutations
in high-risk genes and the contribution of epigenetic changes could thus to be of
particular importance. How such changes arise and how they contribute to cancer
development remains largely unknown.

In order to address these issues in a comprehensive manner, [ will first introduce

the best-known candidate for the transmission of epigenetic information: the
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organization of DNA into chromatin. Next, I will discuss how chromatin organization can
be affected in breast cancer and what remains to be learnt. I will then present in more
detail two factors involved in chromatin organization: Heterochromatin Protein 1 (HP1)
and Chromatin assembly factor 1 (CAF-1). This background information, provided in the
introduction, will bring me to the questions that have intrigued me during my PhD: (i)
Are the Heterochromatin Protein 1 isoforms related to cell proliferation and to breast
tumorigenesis? and (ii) Are the chromatin dynamics that accompany DNA repair
dependent on cell proliferation? Next, | will present published and unpublished results
obtained during my PhD, which I will then discuss and put into a broader context in the

discussion.
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l. Introduction
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1. Chromatin: a vector of information

1.1 Organization of DNA into chromatin

Walther Flemming used the term “chromatin” as early as 1882 to describe the
structures that he observed in the nuclei of cells stained with basic dyes (Flemming,
1882). However, it wasn’t until the 20t century, with the exciting discovery that DNA
was the genetic material (Avery et al, 1944; Watson & Crick, 1953), that scientific
attention focused on the molecular structure of the nucleus and the organization of DNA
in chromatin in the nucleus. Chromatin is composed of DNA and a multitude of other
molecules, among which are the histone proteins, and serves to organize, compact, and
regulate DNA. Chromatin organization, as depicted in Figure 1, comprises multiple steps
of compaction, which help to confine 2 meters of DNA in a cell nucleus of about 10
microns. How these different levels of chromatin organization are achieved will be the

first focus of this chapter. Secondly, I will discuss the biological implications of this

organization in normal cells and the changes encountered in cancer cells.

N. Bouvier for G. Almouzni

Figure 1: Artistic representation of chromatin organization. DNA is wrapped around histone
proteins (blue and white) to form the repeated unit of chromatin, the nucleosome. Nucleosomal arrays
can adopt higher order levels of organization corresponding to nuclear domains in interphase nuclei
(bottom left). Watercolour by N. Bouvier for G. Almouzni.
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1.1.1 The nucleosome: basic unit of chromatin

The first level of chromatin organization and genome compaction consists of the
formation of the basic repeated subunit of chromatin, the nucleosome (Kornberg, 1977;
Oudet et al, 1975). The nucleosome consists of a core particle, in which 146bp of DNA
turn 1.6 times around a histone octamer, and of linker DNA, which interconnects two
nucleosomes. The length of the linker DNA varies depending on cell type and chromatin
compaction levels (Kornberg, 1977).

The octamer of histone proteins is composed of an (H3-H4); tetramer flanked by two
H2A-H2B dimers. Histone proteins are small, highly basic proteins with a high affinity
for acidic DNA. They are characterized by the presence of histone fold domains that are
highly conserved and form a-helices (Arents & Moudrianakis, 1995). The minimal
histone fold domain comprises three o-helices connected by two loops. The 2.84
resolution of the crystal structure of the core particle (Davey et al, 2002; Luger et al,

1997) revealed the detailed interactions both between different histones proteins and

between histones and DNA (Figure 2).

Figure 2: Crystal structure of the nucleosome core particle at a resolution of 2.8A. A human
repetitive DNA fragment and recombinant core histones were crystallized and their structure analyzed
by X-ray crystallography. DNA: brown and turquoise; histone H3: blue; histone H4: green; histone
H2A: yellow; histone H2B: red). Left panel: front view. Right panel: side view. Note that unstructured
N-terminal tails of the histones protrude from the core particle and are thus accessible for protein
interactions. Image from Luger et al, 1997.

17



In addition to the four histone proteins found in the core particle, a fifth type of
histone protein can bind to the linker DNA. This family of linker histones, of which
histone H1 is the best-known example, seems to bind a stretch of 15 to 20 nucleotides of
DNA at the exit of the core particle, but is also in contact with DNA that is located within
the nucleosomal core particle (Figure 3) (reviewed in Happel & Doenecke, 2009). The
presence of histone H1 has been associated with the formation of a regularly spaced,
higher order organization of nucleosomes (see below). Different variants of histone H1
exist, which are differentially regulated throughout differentiation and development

(reviewed in Godde & Ura, 2008).

Figure 3: Schematical model of the binding of
linker histone H1 to nucleosomal DNA. DNA is
represented in light grey. The 146bp that are part
of the core particle are indicated. Histone H1,
which binds the linker DNA that exits and enters
the core particle, is depicted in dark grey. Image
adapted from Thoma et al, 1979.

1.1.2 Higher order chromatin structure

Arrays of nucleosomes, observed as “beads on a string” at low ionic strength
using atomic force or electron microscopy (Figure 4) (Olins & Olins, 1974; Olins et al,
1980; Oudet et al, 1975), need to be further compacted for nuclear organization. The
first level of compaction is promoted by the binding of linker histones. Indeed, in
presence of linker histones, arrays of nucleosomes fold into a fiber with an approximate

diameter of 30nm (Figure 4) (Thoma et al, 1979).

18



Figure 4: Nucleosomal arrays visualized as
beads on a string. A. Chromatin fibers from
rat thymus nuclei, stained with
phosphotungstic acid and ethanol, as
observed by electron microscopy. Scale bar:
0.2 um. Image from Olins & Olins, 1974. B&C.
A glutaraldehyde-fixed chromatin  fiber
prepared from chicken erythrocytes as
observed by scanning force microscopy. Linker
histones have been removed (B) or not (C)
with 0.35M NaCl. Images from Bustamante et
al, 1997.

How the nucleosomes are exactly arranged within this fiber is a highly debated
subject. Two models have been proposed (Figure 5) (reviewed in Robinson & Rhodes,
2006): (i) the one-start model, in which the array of nucleosomes forms a left-hand helix
(Robinson et al, 2006), and (ii) the two-start model, in which the linker DNA connects
nucleosomes back and forth in a zigzag manner (Dorigo et al, 2004). Recent studies
using reconstituted nucleosome arrays suggest that both structures can be formed,
depending on the length of the linker DNA (Kruithof et al, 2009; Routh et al, 2008).
Indeed, shorter linker DNA length favors the formation of the more compact two-start
model, while longer linker DNA lengths seem more compatible with the formation of a
one-start helix (Kruithof et al, 2009; Routh et al, 2008). However, it should be kept in
mind that the structures of reconstituted chromatin fibers as observed by microscopy
are variable and highly dependent on the preparation techniques and the fixation
method. The extent to which 30nm fibers can be formed in vivo remains unclear. An
extreme view is that there may not be any fiber formation and that the nucleosomes

instead form a disorganized “sea of nucleosomes” in vivo (Eltsov et al, 2008).
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Figure 5: Schematic representation of the
two models for the 30nm fiber folding. A.
The one-start model, in which the array of
nucleosomes forms a left-handed helix. B. The
two-start model, in which the linker DNA
connects nucleosomes back and forth in a
zigzag manner. Image from Robinson &
Rhodes, 2006.

>

Further compaction levels ultimately lead to the most condensed form of
chromatin found in mitotic chromosomes. The existence of long chromatin loops has
been put forward in the context of DNA replication (Berezney et al, 2000), gene
transcription (van Driel & Fransz, 2004) and DNA recombination (Kantidze & Razin,
2009), in order to explain the observed spatial distribution of these processes. Domains
of approximately 1Mb would fold into ~100kb loops and help to compact and organize
chromatin (Bode et al, 2003; Kantidze & Razin, 2009). Yet, to what extent such loops
exist in vivo and contribute to higher order chromatin organization remains an open

issue.

1.1.3 Nuclear chromatin organization

Many organisms display a non-random organization of chromatin in the
interphase nucleus. Both in mammalian (reviewed in Cremer et al, 2006) and in yeast
(Berger et al, 2008) nuclei, each chromosome occupies a distinct location (Figure 6).
Although the localization of each chromosome is highly variable from one cell to another
and seems to depend on cell type and proliferation status (Bolzer et al, 2005), a general
picture is emerging in which chromosomes can be organized based on their size or their
gene density. However, this organization is dynamic, and particularly highly expressed
genes can be found to protrude outside of their chromosome territory (e.g. Mahy et al,
2002, Chambeyron et al, 2005 and Chambeyron & Bickmore, 2004). Thus, a certain
degree of intermingling of chromosomes is thought to occur (Branco & Pombo, 2007). In

addition, sub-nuclear compartments can be distinguished that contribute to gene
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regulation and cell functioning. Cells from several types of cereals show a Rabl-
chromosome configuration, with centromeres at one side of the nucleus and telomeres
at the other side (Shaw et al, 2002). In yeast, the telomere sequences are also localized
at the nuclear envelope, where they form clusters (Gotta et al, 1996). In eukaryotes, the
nuclear membrane is often associated with compact, repetitive and transcriptionally
silent chromatin, called constitutive heterochromatin. Tethering a chromosomal region
to the nuclear periphery can indeed modulate transcriptional regulation, both in terms
of gene activation and gene repression (reviewed in Ruault et al, 2008). Thus, a picture
emerges in which the nuclear organization seems to impact on transcriptional
regulation and vice versa. Whether these effects are direct or indirect, and whether they

follow a general rule, is a current subject of investigation.

Figure 6: Chromosome territories in a human
fibroblast. Computer simulation of the distribution of all
chromosomes in the nucleus of a human quiescent
fibroblast, based on a chromatin painting experiment in
which all chromosomes were visualized by fluorescent
in situ hybridization. Adapted from Bolzer et al, 2005.
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1.2 Chromatin dynamics: histone chaperones and histone variants

Histones are not permanently associated with DNA. Newly synthesized histones
have to be transported to the nucleus and targeted to the required location, whereas old
or damaged histones have to be discarded. In addition, cellular processes involving DNA
can require transient histone eviction and replacement (Loyola & Almouzni, 2004). As
histones are highly basic proteins, their presence in the cell could lead to deleterious
effects. Thus, when histones are not in association with DNA, they are bound to
dedicated proteins called histone chaperones (De Koning et al, 2007, see appendix 1).
These escort proteins, defined as “factors that associate with histones and stimulate a
reaction involving histone transfer, without being part of the final product”, help to
control histone supply and incorporation into chromatin. This implies that histone
chaperones are implicated in all cellular processes that operate on chromatin, like
transcription, replication and repair (Corpet & Almouzni, 2009; Groth et al, 2007b; Polo
& Almouzni, 2006). They interact with an intricate network of different partners to

regulate histone traffic (Figure 7).
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Downstream chaperones

To identify factors that can promote histone deposition, cell-free systems have
been developed. The first system allowing the study of chromatin assembly was derived
from Xenopus egg extracts (Laskey et al, 1977). These egg extracts contain all factors
needed for chromatin assembly during the rapid rounds of DNA replication that occur in
early development. Incubation of these extracts with circular template DNA from the

Simian Virus 40 (SV40) (Laskey et al, 1977) or with circular single stranded
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bacteriophage DNA (Almouzni & Mechali, 1988a; Almouzni & Mechali, 1988b) results in
chromatin assembly independent from or coupled to DNA synthesis, respectively. This
model system allowed the identification of the most abundant histone H2A-H2B
chaperone in Xenopus eggs, nucleoplasmin (Laskey et al, 1978). The further
development of a system using a combination of human cytosolic and nuclear extracts
and biochemical fractionation (Stillman, 1986) helped to identify Chromatin Assembly
Factor 1 (CAF-1), a chaperone promoting chromatin assembly coupled to DNA synthesis
(Smith & Stillman, 1989).

Histone chaperones can be distinguished based on their specificity towards
distinct histones or histone variants. We have proposed a classification of currently
known histone chaperones, according to their histone preference and whether they act
alone, within a chaperone complex or within an enzymatic complex (De Koning et al,
2007, appendix 1). A first level of specificity is based on whether they bind either to H3-
H4 or H2A-H2B, with several chaperones preferentially binding to specific isoforms
(variants) of histones H3 or H2A. Indeed, among the histone proteins, we can distinguish
replicative histone variants, which are expressed and deposited mainly during S-phase,
and replacement variants, which are constitutively expressed and incorporated in a
replication independent fashion. As an example, CAF-1 shows specificity towards the
replicative variant H3.1, while the histone chaperone histone regulator A (HIRA) shows
specificity for the replacement variant H3.3. Elegant studies using Xenopus egg extracts
and in vitro chromatin assembly have shown that whilst CAF-1 promotes the deposition
of H3.1-H4 in a manner coupled to DNA synthesis, HIRA does so for H3.3-H4
independently of DNA synthesis (Tagami et al, 2004) (figure 8). Anti-silencing function 1
(Asfl), a factor that cannot promote histone deposition on its own in vivo (Mello et al,
2002; Ray-Gallet et al, 2007) but rather acts as a histone donor for CAF-1 and HIRA in
histone deposition (Polo & Almouzni, 2006), can interact with both H3.1-H4 and H3.3-
H4. However, only the Asfla isoform can interact with HIRA (Tagami et al, 2004; Zhang
et al, 2005), thus providing an indirect specificity for H3.3-H4 deposition. However, it
should be kept in mind that the chaperone-histone interaction is not always a strict
specific interaction, as exemplified by Nuclear Autoantigenic Sperm Protein (Nasp).
Nasp was first reported to co-purify with the linker histone H1 (Richardson et al, 2000;
Wang et al, 2008a), but was more recently found to interact with H3-H4 (Tagami et al,

2004). This may not be so surprising since Nasp is the homologue of the H3-H4
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chaperone N1/N2 in Xenopus. Thus, histone binding preferences should be taken with

caution and may be subject to regulation, depending on the cellular context and binding
partners.

H3.3-H4 GEX-H4

Replication-independent Replication-
assembly coupled assembly

Figure 8: Chromatin assembly in a replication-dependent or -independent fashion. CAF-1
deposits H3.1-H4 in a replication-coupled fashion, while HIRA specifically deposits H3.3-H4 in a
manner independent from DNA synthesis. Asf1 serves as a histone donor for both CAF-1 and HIRA
and can interact with both H3.1 and H3.3. However, only the Asf1a isoform interacts with HIRA, while
both Asf1a and b can interact with CAF-1. Image from De Koning et al, 2007.
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1.3 Chromatin organization as a source of information

In the previous chapters, we have discussed how DNA is organized into
chromatin and how the basic unit of this organization, the nucleosome, is formed. Here, I
will address how this organization can be a possible source of epigenetic information,
i.e. contribute to a heritable status of gene silencing and expression that contributes to
cell identity and behavior.

Chromatin organization is dynamic and can show a large repertoire of molecular
characteristics, or marks, which contribute to different levels of organization (Figure 9).
The combination of these marks, rather than the presence or absence of a single mark, is
thought to constitute the motif that can, for example, impact on the accessibility and

dynamics of a given part of the genome.

Figure 9: Schematic representation of
potential epigenetic marks. At all levels of
chromatin organization, form the DNA up to
the nuclear position, marks and variants can
change and contribute to the accessibility and
dynamics of the genome. Image from Probst et
al, 2009.
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1.3.1 DNA methylation

First, the DNA component of chromatin can be methylated. In mammalian cells,
this methylgroup is almost exclusively found on the symmetrical CpG (cytosine-
phospho-guanine) dinucleotides. These CpG dinucleotides are not distributed uniformly
across the genome, but are grouped into so-called CpG islands, which often correspond
to gene promoter regions. A high fraction of methylated CpGs within such islands is
generally associated with gene silencing. Specific enzymes, named DNA Methyl
Transferases (DNMTs) ensure the establishment and maintenance of DNA methylation.
Several types of DNMTs are found in mammalian cells. In general, Dnmt3a and b,
together with their co-factor Dnmt3L, are involved in de novo DNA methylation, while
Dnmt1 is involved in the maintenance of the methylation mark through S-phase (Figure
10). Indeed, upon DNA replication, the newly synthesized strand is unmethylated, thus
resulting in a hemi-methylated CpG dinucleotide. For transmission of the mark, the new
strand needs to acquire the same marks as the mother strand. Dnmt1 can be recruited to
the DNA replication fork through its interaction with the polymerase accessory factor
Proliferating Cell Nuclear Antigen (PCNA) (Chuang et al, 1997). However, the dominant
manner of Dnmt1 recruitment seems to be through its interaction with UHRF1, a protein
that binds specifically hemi-methylated DNA and is crucial for the maintenance of
methyl marks (reviewed in Prokhortchouk & Defossez, 2008) and (Probst et al, 2009).
Since the methyl mark can be transmitted from mother to daughter cells, DNA

methylation is considered as a bona fide epigenetic mark.
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Figure 10: Schematic representation of DNA methylation in mammalian cells. Dnmt3a and b are
de novo methyl transferases, which can establish a silent chromatin status. DNA replication results in
hemi-methylated DNA. Dnmt1 can restore metylation patterns by methylating the newly synthesized
strand. Image from Issa, 2004.

In the absence of Dnmt1 activity, passive DNA demethylation would occur when
cells go through multiple cell divisions. For a long time, this was thought to be the only
mechanism to erase DNA methyl marks in mammalian cells. Recently, however,
mechanisms have been proposed that might enable the removal of DNA methylation in
vivo, which involve the transformation of the methylated cytosine into a mark that can
be recognized and excised by DNA damage repair pathways (Gehring et al, 2009; Ma et
al, 2009). Thus, DNA methylation in mammals might be a less stable mark than initially
thought. Interestingly, in Drosophila, DNA methylation seems restricted to a short time
window in early development and does not necessarily correlate with gene silencing

(reviewed in Mandrioli & Borsatti, 2006).

1.3.2 Histone variants

At the level of the nucleosome, different isoforms of histones H3 and H2A, called
variants, can be incorporated (reviewed in Loyola & Almouzni, 2007; Polo & Almouzni,
2006; Pusarla & Bhargava, 2005). Two types of histone variants can be distinguished
(Table I) (Osley, 1991). Replicative histone variants, of which the synthesis and the

deposition peak in S-phase, supply the required amount of histones to ensure chromatin
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assembly during DNA replication. Replacement variants, which are expressed at steady
state levels throughout the cell cycle and in quiescence, provide a constitutive source for
histone turnover or dynamics. The centromere specific histone H3 variant CENPA
(Centromere Protein A) is an exceptional case, since its expression peaks in G2 (Shelby
et al, 2000) and its deposition occurs during a short time window at the exit of mitosis in

mammalian cells (Dunleavy et al, 2009; Foltz et al, 2009; Jansen et al, 2007).

Table I: Somatic Mammalian Histone Variants

Histone type Variant Specificity /function
H2A replicative H2A.1 .
H2A 2 Not determined
replacement H2AX DNA repair signaling
H2AZ Regulation of transcription

macroH2A Inactivation of one X chromosome in female
H2ABbd Active chromatin, nulceosome destabilization

H3 replicative H3.1 deposition coupled to DNA synthesis
H3.2 deposition coupled to DNA synthesis, generally
associated with repressive chromatin
replacement deposition independent of DNA synthesis, generally
H3.3 . . - .
associated with active chromatin
CENPA centromere structure and function

Histone variants often show high similarity in amino acid sequence, as
exemplified by histone H3.1 and H3.3, which only differ by 5 amino acids. Nevertheless,
the choice of the histone variant is of importance for genome function and structure.
Indeed, most histone variants are not distributed uniformly over the genome, but show
specificity for certain chromatin regions, as summarized in Table I. For example, H3.3
dynamics are most pronounced at promoters, enhancers and transcriptionally active
genes (Mito et al, 2005) and the presence of H3.3 seems to facilitate gene expression by
forming unstable nucleosomes that can be easily disrupted (Jin & Felsenfeld, 2007). In
addition to the somatic histone variants presented in table I, tissue specific histone
variants have been identified, such as the testis-specific variant H3.1t (Witt et al, 1996)
that differs in four amino acids from canonical H3.1. The presence of such variant might
reflect an adaptation to particular cellular demands in terms of histone levels and
dynamics during rapid proliferation and/or development.

Interestingly, the presence of multiple histone variants has arisen during
evolution. The yeast S. cerevisiae contains only one histone H3 variant, which is most

closely related to mammalian H3.3. In organisms such as plants, flies and frogs, an
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additional replication-dependent variant, similar to H3.2, has evolved. Only mammals
express two different replication-dependent variants, H3.1 and H3.2. The increasing
number of histone variants throughout evolution is thought to parallel the increasing

nuclear complexity, required to optimize and diversify genome usage.

1.3.3 Histone modifications

An important source of information is provided by an extensive panel of post-
translational modifications of histone proteins (Figure 11). These modifications include
acetylations, methylations, phosphorylations and ubiquitinations and mainly concern
amino acids in the N-terminal tails of histone proteins, which protrude from the

nucleosome and are therefore most accessible.
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[t has been proposed that histone modifications could be involved both in short-
term cell signaling and in hereditary long-term regulations. Only in the latter case,
histone modifications can be considered as true epigenetic marks (Turner, 2002;
Turner, 2007) (Figure 12). How specific histone modifications can possibly be
transmitted through DNA replication and mitosis is currently an important question in

the field (Corpet & Almouzni, 2009; Probst et al, 2009).
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Figure 12: Histone modifications and epigenetics. Signals from the environment may induce
certain histone modifications. These modifications can have short-term outcomes in ongoing
processes, such as transcription, and thus serve in cell signalling. Alternatively, these modifications
can have long-term, hereditary, effects on chromatin organization and thus contribute to the epigenetic
state of a cell. Scheme from Turner, 2007.

While particular combinations of modifications have been associated with
activation of gene transcription, others are implicated in gene silencing. Different
histone variants are associated with different post-translational modifications, of which
some are already partially present before histone incorporation into chromatin
(reviewed in Loyola & Almouzni, 2007). Importantly, it is the combination of multiple
histone modifications within one or several nucleosome(s), rather than one signal
modification, that will be decisive for gene activity. This view has been put forward as
the “histone code” (Jenuwein & Allis, 2001; Turner, 2000; Turner, 2002). In line with this
view, several modifications are known to “cross-talk”, either within the same histone or
between different histones (Suganuma & Workman, 2008). For example, the presence of
phosphorylation on serine 10 of histone H3 (H3S10P) seems to render inaccessible the
trimethylation of the neighboring lysine 9 of histone H3 (H3K9me3) (Duan et al, 2008;
Fischle et al, 2005; Hirota et al, 2005), while H3K9me3 has been proposed to be
required for the establishment of trimethylation on lysine 20 of histone H4
(H4K20me3), at least in established mouse embryonic fibroblasts cell lines (Schotta et

al, 2004).
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Histone modifications are established and removed by a series of enzymes,
including histone acetyl transferases (HAT), histone deacetylases (HDAC), histone
methyl transferases (HMT) and histone demethylases (HD). In each group of enzymes,
different members often show specificity toward a certain histone residue. The most
diverse group is the histone deacetylases, which contains 18 members in mammalian
cells (reviewed in Witt et al, 2009). This group is further divided into four classes, based
on sequence homology with their yeast orthologues. HDACs of class | (HDAC1, 2, 3 & 8)
are expressed in a ubiquitous manner, while HDACs of classes II, III and IV are tissue
specific and might thus contribute to development and cell identity. Many HDACs not
only deacetylate histone proteins, but also other nuclear or cytoplasmic proteins such as
the tumor suppressor protein p53 (Luo et al, 2000) or tubulin (Zhang et al, 2003a). It is
noteworthy that histone methylation, which can occur on lysine and arginine residues,
was until recently considered as a very stable mark with low turnover (Byvoet et al,
1972). The discovery of Lysine-Specific Demethylase 1 (LSD1) (Shi et al, 2004), which
demethylates H3K4me2 though an oxidation reaction, therefore constituted a landmark
in our understanding of chromatin dynamics. Since then, a large family of other histone
demethylases, which share a so-called Jumonji C catalytic domain, has been described
(reviewed in Agger et al, 2008). The reversibility of all histone modifications
underscores the dynamic nature of chromatin organization and raises again the
question of which marks could be considered as epigenetic, and how these can be

transmitted through cell division.

1.3.4 Chromatin binding proteins and higher order organization

Both DNA methylation and histone modifications mainly affect chromatin
organization through the recruitment of “effector proteins”, which recognize a specific
mark. DNA methylation is recognized by Methyl Binding Domain proteins (MBD1-4), the
Methyl-CpG-binding Protein 2 (MeCP2) and zinc finger proteins like Kaiso (reviewed in
Klose & Bird, 2006; Prokhortchouk & Defossez, 2008). Histone acetylation is specifically
recognized by proteins containing a so-called bromodomain (reviewed in Mujtaba et al,
2007), while histone methylation forms a binding site for proteins with a chromodomain

(reviewed in Brehm et al, 2004). Many proteins are known to contain such domains,
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and, importantly, many of such proteins also interact with each other and with the
proteins that establish or remove the modifications. As an example, the
Heterochromatin Protein 1 (HP1), which will be discussed in more detail later, binds to
H3K9me3 (Bannister et al, 2001; Lachner et al, 2001), but also to the enzyme that
establishes this modification, Suv39h1 (Aagaard et al, 1999). In addition, HP1 interacts
with the methyl binding protein MeCP2 (Agarwal et al, 2007), but also with the DNA
methyl transferase Dnmt1 (Fuks et al, 2003). In conclusion, one can imagine a process in
which an “effector” protein, the reader of a mark, communicates with the protein that
establishes the mark, the writer, in order to perpetuate the mark (Figure 13) or, on the
contrary, inhibit additional modifications. These networks can ensure the maintenance

of a higher order chromatin organization, once established.

. Figure 13: The reader-writer model. A
erter m chromatin mark, represented by a grey ball, is
\ recognized by a specific binding protein, the

ﬂ reader, which in turn recruits the modifying

Reader enzyme, the writer. This model explains how
chromatin marks can be copied to an adjacent
molecule, in this case an adjacent
nucleosome. Image from Probst et al, 2009.
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1.4 Heterochromatin: the “other type of chromatin”

In 1928, the botanist Emile Heitz (1892-1965) observed that certain regions of
the genome stain intensely with basic dyes during interphase, while other regions seem
to decondense when cells exit mitosis (Heitz, 1928) (Figure 14). He termed the intensely
stained chromatin “heterochromatin” (literally: “the other chromatin”), as opposed to
the decondensed “euchromatin” (“true chromatin”). He noticed that heterochromatin
was mostly localized near the nuclear periphery and surrounding the nucleoli, and
proposed that heterochromatin contains passive, inactive chromatin. More recently,
molecular studies have shown that, although exceptions do exist, heterochromatin is
indeed generally gene-poor and transcriptionally silent, as opposed to euchromatin,
which is rich in protein-coding genes that can be transcriptionally active (reviewed in
Craig, 2005; Delcuve et al, 2009).

The repressive features of heterochromatin have been extensively studied in
Drosophila, where the positioning of a gene near heterochromatin results in its silencing
in a fraction of cells, while staying active in other cells (reviewed in Girton & Johansen,
2008). This phenomenon of position effect variegation (PEV) is due to spreading of the
heterochromatic state into the gene. Taking advantage of this phenomenon, by using a
gene with a visible phenotype, such as eye color, it has been possible to identify genes
that, when they are mutated, inhibit or promote heterochromatin spreading. So-called
“suppressors of variegation” (Su(var)) are factors in which a mutation impairs
variegation and that therefore normally promote heterochromatin formation. On the
other hand, Enhancers of variegation (E(var)) are factors in which a mutation promotes

variegation and that therefore normally prevent heterochromatin formation.
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Figure 14: Human HeLa cell observed by
electron microscopy. Heterochromatin (dark
regions) and euchromatin (bright regions) are
visible within the nucleus. Image adapted from
« Principles  of Nuclear Structure and
Function » by P.R. Cook.

1.4.1 Facultative and constitutive heterochromatin

Among heterochromatic regions, S. Brown distinguished two distinct types
(Brown, 1966): constitutive and facultative heterochromatin (reviewed in Trojer &
Reinberg, 2007). Brown defined these regions as: « In constitutive heterochromatization
both the homologous chromosomes, one maternal, the other paternal, respond in the
same way during development. In facultative heterochromatization, the two
homologous chromosomes differ; one becomes heterochromatic during development,
and the other remains euchromatic ». The best-described example and study model of
facultative heterochromatin is the transcriptional inactivation of a large fraction of one
of the two X chromosome in female mammals, in order to obtain dosage compensation
with regard to male cells that only contain one X chromosome (reviewed in Heard &
Disteche, 2006; Wutz & Gribnau, 2007).

As a study model for constitutive heterochromatin in mammals, mouse cell lines
have proven extremely useful. Mouse cells contain large blocks of constitutive
heterochromatin near the centromeres, the so-called pericentric heterochromatin,
which are organized into large clusters, called chromocenters (Guenatri et al, 2004;
Maison et al, 2002). These clusters of pericentric heterochromatin are easily identifiable
cytologically (Hsu et al, 1971) (Figure 15) and facilitate the study of constitutive
heterochromatin. In human cells, such clusters do not exist since (peri-) centromeric

regions are more dispersed.
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Figure 15: Organization of pericentric heterochromatin into chromocenters in mouse cells. A.
Schematic representation of a murine chromosome. Pericentric heterochromatin is positioned next to
the centromere and is composed of repetitive sequences, the so-called major satellite repeats. B.
Clusters of pericentric heterochromatin (pHC) can be visualized by DNA staining (left picture) or by
DNA Fluorescent In Situ Hybridization (FISH) using a probe for pericentric repeats (right picture). Each
spot comprises the pericentric regions of several chromosomes. Images adapted from Guenatri et al,
2004 and Probst et al, 2009.
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1.4.2 Heterochromatic components

Heterochromatic regions are characterized by the presence of a specific
combination of factors. These include specific features of the DNA, modifications of
histone proteins and the recruitment of specific proteins, of which many have been

identified as suppressors or enhancers of variegation in Drosophila.

The DNA within regions of constitutive heterochromatin is often methylated and
is enriched in repetitive elements. This is particularly striking at centromeres and
pericentric regions, which are composed of megabase-long arrays of repeated elements
(reviewed in Plohl et al, 2008). In human cells, the repeated elements at the centromere,
designated as a-satellites, have a length of 171 bp and are organized in a head-to-tail
fashion. Pericentric regions are composed of other types of repeats, including satellites I,
I and Il and B- and y-satellites in human cells. Furthermore, telomeres are also
associated with a juxtaposed stretch of repeated sequences of 6 bp each, which is
constitutively heterochromatic. Finally, other types of repetitive elements, such as mini-
and microsatellites and transposable elements, can be found dispersed along the
chromosomes and are also organized into heterochromatic structures. While these
repetitive sequences were considered for a long time as inert “junk” DNA, recent work
has highlighted the importance of these blocks in the structural and functional
organization of the genome (Plohl et al, 2008). The fact that these sequences are often

affected in cancer cells has largely contributed to this view.

A combination of specific histone modifications is a characteristic of constitutive
heterochromatin in mammalian cells (Maison & Almouzni, 2004). These include a global
hypoacetylation of the histones (Jeppesen et al, 1992) and an enrichment in H3K9me3
(Peters et al, 2001) and H4K20me3 (Schotta et al, 2004). The H3K9me3 mark is
established by the enzymes Suv39hl and Suv39h2 (Peters et al, 2001), and the
H4K20me3 mark by the enzymes Suv4-20h1 and Suv4-20h2 (Schotta et al, 2004)
(Figure 16). In line with the localization of heterochromatin close to the centromeres
and the telomeres, mice deficient for both Suv4-20h1 and Suv4-20h2 are unviable and
show telomere deficiencies and chromosomal aberrations (Benetti et al, 2007; Schotta et

al, 2008). Suv39h1l and Suv39h2 knockout mice show impaired viability and the
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corresponding mouse embryonic fibroblasts show chromosomal instabilities and
mitotic defects (Guenatri et al, 2004; Peters et al, 2001). In addition, the histone
modification H3K27me3, generated by the Polycomb Repressor Complex PRC2Z, is
specifically associated with the establishment of facultative heterochromatin (reviewed

in Schwartz & Pirrotta, 2008; Trojer & Reinberg, 2007).

The heterochromatic marks can recruit interacting proteins, of which the best
studied are the Heterochromatin protein 1 (HP1) isoforms. Mammalian cells express 3
HP1 isoforms, HP1a, B and y, which will be discussed in detail in chapter 2. HP1 proteins
bind specifically to H3K9me3 (Bannister et al, 2001; Lachner et al, 2001; Nielsen et al,
2002). Although this interaction occurs with moderate affinity (Kq= ~70nM), it is
thought to constitute their major binding activity in constitutive heterochromatin
(Figure 16). Indeed, in cells derived from Suv39h1/2 knockout mice embryos, HP1 is no
longer concentrated on pericentric heterochromatin (Lachner et al, 2001; Maison et al,

2002).

Figure 16 : Schematical representation of
pericentric heterochromatin in mammalian
cells. Blue stars represent trimethylation on
H3K9, blue hexagones represent trimethylation
on H4K20. Image adapted from Maison &
Almouzni, 2004.
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Finally, an RNA component is of importance for the organization of (pericentric)
heterochromatin. In mammalian cells, the presence of RNA is required to stabilize HP1
binding at pericentric heterochromatin (Maison et al, 2002; Muchardt et al, 2002).
Indeed, treatment of cells with RNase results in the dispersion of HP1 (Maison et al,
2002). The nature and the origin of this RNA component is still an open question, and it
has been tempting to make the connection with the RNA interference (RNAi) pathway.
Well described in the yeast S.pombe, but also in plants, flies and worms, this pathway
contributes to gene silencing and heterochromatin maintenance through the processing
of non-coding RNAs (reviewed in Djupedal & Ekwall, 2009). Long double stranded RNAs

derived from centromeric regions are processed by Dicer (Dcrl) into small interfering
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RNAs (siRNA) and loaded on Argonaute (Agol). Through sequence homology between
RNA and DNA, Argonaute can establish heterochromatin in the DNA from which the
siRNA originates, potentially trough the recruitment of histone modifiers and HP1
homologues (Volpe et al, 2002). In mouse cells, transcripts from centromeric regions
have been detected as early as in 1968 (Gaubatz & Cutler, 1990; Harel et al, 1968;
Rudert et al, 1995); reviewed in Eymery et al, 2009), suggesting that a similar
mechanism could operate in mammals. Although mammalian cells seem to lack an RNA-
dependent RNA polymerase, which initiates or amplifies dsSRNA production in other
organisms (Djupedal & Ekwall, 2009), transcription from both sense and antisense
strands or from the head-to-tail oriented satellite repeats might give rise to dsRNA.
Strikingly, depletion of Dicer from a chicken-human hybrid cell line resulted in the
accumulation of long a-satellite transcripts and decreased HP1 concentration at
(peri)centromeric regions (Fukagawa et al, 2004). Yet, a functional link between satellite
transcripts, the RNAi machinery and heterochromatin formation remains to be

demonstrated in mammals.
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1.5 Chromatin organization and tumorigenesis

1.5.1 Current prognostic tools

Defects in chromatin organization have been explored in the context of cancer
(reviewed in Jones & Baylin, 2007). Such defects could contribute to the deregulation of
a cells’ response to signaling pathways and could potentially be transmitted through cell
division. An epigenetic alteration that results in a cellular growth advantage could be
selected for during tumorigenesis. In many types of cancer, the correlation between
identified genomic mutations, gene expression and disease outcome remains poor. As
discussed in the preface, genetic alterations alone seem insufficient to explain the
prevalence and the heterogeneity of a cancer like breast cancer. In these types of cancer,
defects in chromatin organization are likely to contribute to the disease. I will present
here the clinical value of current prognostic factors and the potential contribution of
aberrant chromatin organization, in the context of breast cancer.

With more than 1 million new cases per year worldwide, of which more than
50,000 are in France, breast cancer (Figure 17) is the most frequent cancer among
women in developed countries. Although survival rates have improved since 1990,
probably due to earlier detection and improved therapies, it remains the most lethal
cancer for women both in France and worldwide (source: Institut National du cancer at
www. www.e-cancer.fr). The lethality of breast cancer is mainly due to the formation of
metastasis in vital organs, such as lungs and bone marrow. Predicting the risk of
metastasis formation of a tumor is therefore a key challenge in the clinic, and crucial to
determining the treatment of the patient. Indeed, only 20 to 30% of all patients treated

for breast cancer will eventually develop metastasis.
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Figure 17: Breast cancer tumorigenesis. A.
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tumorigenesis, from benign hyperplasia to the
formation of metastasis. B. Histological
characteristics of breast cancer. Breast cancer
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In order to predict the disease outcome, several methods of breast cancer

classification have been used, now compiled on the website www.adjuvantonline.com to

assist the clinicians in their decisions. First, the Nottingham Prognostic index (Galea et
al, 1992) is a staging procedure to indicate how advanced the tumor is, based on clinical
observations. It includes the size of the tumor (T), the lymphe node involvement (N) and
the presence of metastasis (M) and can be applied to all tumors. Second, the tumor grade
classifies tumors according to their histological characteristics. The most widespread
grading system was proposed by Elston and Ellis (Elston & Ellis, 1991) and takes into
account the level of cell differentiation, the nuclear morphology and the percentage of
mitotic cells (Figure 18). Additional proliferation markers, such as Ki67 (Barnard et al,
1987), are used routinely. Although significantly associated with disease outcome in
general, individual prognoses based on these systems remain too imprecise and do not

take into account the biology of the tumor.

Grade Description
Grade 1 Well-differentiated breast cells;
(lowest) cells generally appear normal
and are not growing rapidly;
cancer arranged in small tubules.
Grade 2 Moderately-differentiated breast cells;
have characteristics between
Grade 1 and Grade 3 tumors.
Grade 3 Poorly differentiated breast cells;
(highest) Cells do not appear normal and tend to
grow and spread more aggressively.

Figure 18: The Eiston & Ellis grading
system in breast cancer. The grading system
takes into account the differentiation of the
cells (organization in tubules), the nuclear
morphology and the mitotic index of the tumor.
Table adapted from www.imaginis.com.
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The search for a more molecular approach of breast cancer prognosis started
with the discovery that tumor cells can be dependent or not on specific signaling
pathways, notably hormones. The tumoral expression of the estrogen (ER) and
progesterone (PR) receptor in premenopausal women and the overexpression of the
Human Epidermal Growth Factor Receptor-2 (HER2 or ERBB2) are crucial prognostic
factors. In addition, they gave rise to new therapies: the monoclonal antibody
trastuzumab binds and inactivates HER2 (Hudis, 2007), while tamoxifen binds and

blocks the estrogen receptor (Lee et al, 2008).

With the arrival of microarray-based technologies, the search for more precise,
genome-wide, prognostic classifications of breast cancer intensified, with the hope to
individualize administered therapies based on tumor biology. Several studies have
shown that, based on microarray mRNA expression profiles, breast cancers can be
divided into four main groups: (i) the luminal breast cancers, predominantly ER positive
and further divided into luminal A (low grade) and B (high grade); (ii) basal-like breast
cancers, predominantly ER, PR and HER2 negative; and (iii) the HER2 overexpressing
cancers (Perou et al, 2000; Sorlie et al, 2001; Sorlie et al, 2003; Sotiriou et al, 2003,
reviewed in Sotiriou & Piccart, 2007). Although of major importance for our
understanding of breast cancer sub-types, these genome-wide approaches are mainly
based on already known markers (grade, ER, HER2). Several companies have taken
advantage of these new technologies to create tests based on a selection of genes (Geyer
et al, 2009; Pusztai et al, 2007), as exemplified by the MammaPrint® test (Agendia, The
Netherlands), based on the expression of 70 genes, or the Oncotype DX test (Genomic
Health, USA), based on the expression of 21 genes. Yet, these tests remain very
expensive and their added value to classical analysis uncertain. Thus, there is a need for
new prognostic markers that can be analyzed in an easy, cheap and fast manner. Much
hope has been put on new generation sequencing techniques (Stratton et al, 2009),
which could reveal point mutations or single nucleotide polymorphisms that were not
detectable by comparative genomic hybridization (CGH). However, these techniques are
unlikely to be applied to each patient on a day-to-day basis and will rather be used to
detect new mutations in the context of unexplained familial breast cancers cases. In

sporadic breast cancer, only a small fraction of aberrant gene expression can be
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attributed to genomic alterations (Valladares et al, 2006; Vincent-Salomon et al, 2008;
Yao et al, 2006). Defects in chromatin organization, affecting gene expression without

changing the DNA sequence, could be a source of potent prognostic marks.

1.5.2 Chromatin organization in breast cancer

The best described epigenetic aberrations in cancer cells concern DNA
methylation (reviewed in Jones & Baylin, 2007). Cancer cells generally display a
diminished global DNA methylation level, which is thought to contribute to genome
instability. On the other hand, the promoters of certain tumor suppressor genes locally
gain methylation and thus become epigenetically silenced. In breast cancer, this is not
any different and many genes involved in cell proliferation, DNA repair, cell adhesion or
apoptosis were found to be either hypo- or hypermethylated (reviewed in Agrawal et al,
2007 and Hinshelwood & Clark, 2008). These aberrant methylation profiles seem to be,
at least partially, the consequence of an aberrant expression of Dnmtl and Dnmt3b
(reviewed in Esteller, 2007).

Histone modifications in cancer cells have been less extensively studied, but seem
to follow similar rules as DNA methylation. Specific genes become silenced through the
loss of active histone modifications, such as H3K4me2 and H3K9Ac, and a gain in
repressive marks like H3K9me2 (Ballestar et al, 2003; Fahrner et al, 2002). However, on
a global level, DNA hypomethylation associates with decreased levels of the repressive
marks H4K20me3 and H4K16Ac in several types of cancers (Fraga et al, 2005), among
which is breast cancer (Tryndyak et al, 2006). Interestingly, Suv39h1/2 double
knockout mice develop B cell lymphomas at very high rates (Peters et al, 2001),
suggesting that the loss of a repressive histone modification can indeed be associated
with tumorigenesis. Again, aberrant expression levels of several histone-modifying
enzymes, including HDAC1 and HDAC2 (reviewed in Weichert, 2009), Suv4-20h2 (Van
Den Broeck et al, 2008) and the polycomb protein Enhancer of Zeste Homolog 2 (EZH2)
(reviewed in Simon & Lange, 2008), have been reported and could contribute to the

observed changes in histone modifications.

The DNA methylation and histone modifications are thought to affect gene

expression through the binding of specific interacting proteins, which interpret the
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signal and contribute to higher order chromatin organization. Thus, these “reader”
proteins are crucial to translate epigenetic marks and might constitute an additional
pathway to affect chromatin organization in cancer cells. However, until now, little is
known about how these proteins are regulated and whether they are affected in cancer
cells. Tumoral overexpression of certain DNA methyl binding proteins, such as MeCP2
(reviewed in Esteller, 2007) and Kaiso (Prokhortchouk et al, 2006), has been reported.
BMI1, a subunit of the Polycomb repressor complex 1 that binds to H3K27me3, is
generally considered as an oncoprotein (Sparmann & van Lohuizen, 2006), although its
expression was recently associated with a better prognosis in breast cancer (Choi et al,
2009; Pietersen et al, 2008). For the 3 human isoforms of Heterochromatin Protein 1
(HP1), the best-studied “reader” protein that specifically binds H3K9me3 and is
involved in heterochromatin formation, even less is known about its correlation with

tumorigenesis, as will be discussed in chapter 2.

In conclusion, although DNA methylation and histone modifications are affected
in cancer cells, in many cases the correlation with breast cancer prognosis remains to be
studied. Genome-wide analysis, using micro-array based approaches, are currently
being developed to investigate these marks in patient samples (Esteller, 2007).
However, as discussed above, these marks mainly participate in the first level of
chromatin organization and much remains to be learnt about how their readout is
affected. In addition, how they these marks can be transmitted from tumor cell to tumor
cell, and how they could modulate the response to cancer treatment, remains largely an

open question.
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2. Heterochromatin Protein 1

2.1 HP1 proteins in different species

HP1 proteins were identified more than 20 years ago in Drosophila embryos
(James & Elgin, 1986), where they were described as non-histone proteins that associate
with heterochromatic loci on polytene chromosomes. A few years later, a mutation in
Drosophila HP1 was shown to abolish position effect variegation (Eissenberg et al,
1990). This provided proof for its functional role in heterochromatic gene silencing. A
search for homologous sequences showed that homologues of the protein exist in
human and mice (Singh et al, 1991). Importantly, this study also suggested for the first
time that different isoforms of HP1 proteins were present, at least in mice. The authors
described M31 and M32, later known as HP1f and Yy, respectively (see Table II for
nomenclature).

Since then, HP1 homologues have been described in many organisms (Figure 19).
While the yeast S. pombe and Arabidopsis contain only one HP1 homologue (Swi6 in
yeast and Like Heterochromatin Protein 1 (LHP1) in Arabidopsis), C. elegans presents
two HP1-like proteins. Flies express three constitutive HP1 proteins, HP1a, b and ¢, in
addition to two tissue specific isoforms (HP1d/rhino in ovaries and HP1le in testes).
Vertebrate cells express three HP1 isoforms, named HP1q, B and y in mouse and human.
The high conservation is underlined by rescue experiments in Drosophila, where
expression of human HPla rescues the lethality of homozygous HPla mutants
(Norwood et al, 2004). Murine and human HP1 proteins are highly similar (Figure 19B)
both in structure and in function, and antibodies raised against murine HP1 isoforms

generally recognize the human proteins and vice versa.

Table II: HP1 nomenclature. Different names for each mammalian isoform

-HPla -HP1pB -HP1y
- chromobox homolog 5 (Cbx5) - chromobox homolog 1 (Cbx1) - chromobox homolog 3 (Cbx3)
-M31 - M32

- Modifier 1 (MOD1)
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A. HP1 protein conservation B. Phylogenetic tree
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Figure 19: Constitutively expressed HP1 homologues in various species. A. Schematic
representation of S. pombe, Drosophila, mouse and human HP1 proteins. Highlighted are the
conserved N-terminal chromodomain (CHD) and the C-terminal chromoshadowdomain (CSD). The
hinge region connects the two domains. Image adapted from Kwon & Workman, 2008. B.
Phylogenetic tree of HP1 proteins in different species. Sp: Schizosaccharomyces pombe; Nc:
Neurospora crassa; Ce: Caenorhabditis elegans; Dm: Drosophila melanogaster; Xl: Xenopus laevis;
Mm: Mus musculus: Hs: Homo sapiens. Image adapted from Lomberk et al, 2006b.

Although the three mammalian HP1 isoforms, HP1q, 3 and vy, globally show high
similarity in the conserved structural domains (Figure 20), several indications suggest
that that they may not carry out identical functions. First, they show differences in their
nuclear pattern of distribution. The overall nuclear staining of HP1a marks strongly
pericentric heterochromatin, while HP1y shows less specificity for these regions (Gilbert
et al, 2003; Minc et al, 1999; Nielsen et al, 2001a; Taddei et al, 2001). In addition, the
three isoforms show different chromatin-binding dynamics. Indeed, HP1 proteins
distribute in different nuclear fractions, distinguished by their capacity to resist
extraction with high salt concentrations or with Triton X-100 detergent. The salt- or
detergent-resistant pool of HP1 is considered as the active, chromatin-bound pool of
HP1 and represents less than 10% of total HP1 in human and rodent cells, as

determined by Western Blot quantification (Taddei et al, 2001) or Fluorescence
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Recovery After Photobleaching (FRAP) (Cheutin et al, 2003; Dialynas et al, 2007;

Festenstein et al, 2003). HP1y shows the highest mobility among the three isoforms,

both in murine and human cells (Cheutin et al, 2003; Dialynas et al, 2007), suggesting

that it is less tightly associated with (hetero-) chromatin (Taddei et al, 2001).

Furthermore, despite their high similarity, the three isoforms are not always present

together and can interact with different binding partners (see below). Finally, all three

HP1 isoforms can be extensively modified, not only by phosphorylation but also by

acetylation, sumoylation and ubiquitination (Lomberk et al, 2006a; Minc et al, 1999).

Some of these modifications seem to be isoform-specific and may further diversify their

functions. In the chapters below, isoform-specificity will be indicated, when known.

However, most often functions or interactions have not been tested for all three HP1

isoforms. Thus, the common or divergent characteristics among the isoforms remain

largely unknown.
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Figure 20: The three HP1 isoforms in human cells. A. Amino acid sequences of human HP1a,
and y. Asterisks indicate identical residues within the three isoforms. The chromodomain is highlighted
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in blue, the hinge region in pink and the chromoshadow domain in yellow. B. Schematical
representation of HP1 protein domains and binding partners. Colours as in A. Image adapted from
Maison & Almouzni, 2004.
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2.2 Structural organization of HP1 proteins

HP1 proteins are characterized by several conserved structural features, which
have facilitated the search for homologues (see also Figure 19 and 20). The
chromodomain (CHD) was the first identified conserved domain. This domain is located
N-terminally and consists of a three-stranded 3-sheet folded close to an a-helix (Figure
21A) (Ball et al, 1997). Chromodomains are found in many proteins involved in
chromatin organization, such as chromatin remodeler factors and Polycomb repressor
proteins (Jones et al, 2000). In HP1 proteins, the chromodomain provides a specific
binding site for di- and trimethylated H3K9 (Figure 21B) (Bannister et al, 2001; Lachner
et al, 2001; Nielsen et al, 2002). Its structure is slightly different in polycomb proteins,
where it preferentially binds to trimethylated H3K27 (Fischle et al, 2003).

A. CHD B. CHD + H3K9me peptide

C. CSD dimer

Figure 21: Schematical representation of the structural domains of HP1 proteins. A.
Schematical representation of the chromodomain (CHD) of murine HP1p3. Image from Brasher et al,
2000. B. Interface between the chromodomain of murine HP1p (blue and green) and a dimethylated
peptide corresponding to residues 1-13 of histone H3 (yellow and red). Interacting regions in the CHD
are depicted in green. Image from Nielsen et al, 2002. C. Schematical representation of a
chromoshadowdomain (CSD) dimer of murine HP1{. Image from Brasher et al, 2000.
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The second conserved domain is the C-terminally located chromoshadow domain
(CSD) (Aasland & Stewart, 1995). This domain is specific for HP1 proteins and
resembles the chromo domain, except that a small additional a-helix is present between
the large a-helix and the p-sheet (Figure 21C) (Brasher et al, 2000; Cowieson et al,
2000). The chromoshadow domain provides the interface for homo-and
heterodimerization of HP1 proteins (Brasher et al, 2000; Cowieson et al, 2000). In
addition, this domain is required for the interaction of HP1 with many different binding
partners, characterized by the presence of a conserved motif consisting of a PxVxL
sequence (Nielsen et al, 1999; Smothers & Henikoff, 2000).

A hinge region that is poorly conserved, not only between species but also
between the different isoforms, separates the chromodomain and the chromoshadow
domain. The hinge region binds not only to chromatin templates in a sequence-
independent manner (Meehan et al, 2003), but also to RNA (Muchardt et al, 2002) and to
histone H1 (Nielsen et al, 2001a). It has been proposed that the hinge domain, due to its
poor conservation, modulates and diversifies the interactions of each HP1 isoform
(Smothers & Henikoff, 2000). Furthermore, this unstructured region is thought to allow
the two conserved domains to move independently from each other. This would allow
HP1 to be a bridging molecule between chromatin and methylated H3K9 on the one
hand and interacting partners on the other. A mechanism for recruiting factors to
heterochromatic regions can thus be envisaged. This is exemplified by the interaction of
the CSD with the H3K9 methyltransferase enzymes Suv39h1/2 (Aagaard et al, 1999).
HP1 proteins could bind to methylated H3K9 by the CHD and recruit Suv39h1/2
through their CSD (Schotta et al, 2002; Yamamoto & Sonoda, 2003), resulting in
additional methylation of H3K9 and the recruitment of more HP1 proteins (Bannister et
al, 2001; Lachner et al, 2001). In this manner, the heterochromatic state could be
maintained and self propagate. Interestingly, studies on chromatin templates assembled
in Xenopus oocytes indicated that the stable binding of HP1 proteins to methylated H3K9
also required the presence of the Suv39 enzymes (Stewart et al, 2005), suggesting a
tightly regulated mechanism. However, it remains unclear how HP1 proteins bind to
Suv39 enzymes, which lack the classical PxVxL sequence. Both the N-terminal region

and the C-terminal catalytic SET-domain of Suv39h1 were reported to interact with
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HP1la (Schotta et al, 2002; Stewart et al, 2005; Yamamoto & Sonoda, 2003), but the

individual importance and the regulation of these two binding sites are yet to be defined.

2.3 HP1 partners and functions

HP1 proteins interact with an impressive list of proteins (Table III), and new
interacting partners are still regularly described. The binding partners of HP1 proteins
give an insight into their potential roles, revealing functions beyond the one initially
described as a non-histone structural component of constitutive heterochromatin
(Grewal & Jia, 2007; Kwon & Workman, 2008). Instead, HP1 proteins could constitute a
platform to integrate a variety of signals involved in many cellular processes, dependent

on cell cycle and developmental stage.

2.3.1 Heterochromatin formation

The targeting of exogenous HP1a or §§ to a transgene region that is particularly
decondensed in Chinese hamster ovarian (CHO)-derived cells results in the
condensation of this region (Verschure et al, 2005). The compacted region becomes
enriched in H3K9 methylation through the activity of the HMT SET Domain Bifurcated 1
(SetDB1), and endogenous HP1 proteins are recruited in parallel. In addition to their
interaction with Suv39h1/2, the three HP1 isoforms were also documented to associate
with another H3K9 methyltransferase, G9a (Chin et al, 2007). Interestingly, the
Suv39h1/2 enzymes are thought to methylate H3K9 mainly in (pericentric)
heterochromatin regions, while G9a activity seems restricted to euchromatic regions
(Tachibana et al, 2002). Thus, HP1 proteins could be involved both in the maintenance
of the heterochromatic state and in the silencing of euchromatic sites. Furthermore, all
three HP1 isoforms interact with the H4K20 methyltransferase Suv4-20h2 and correct
localization of HP1 is necessary for the recruitment and the activity of this enzyme
(Schotta et al, 2004). Thus, sequential steps of heterochromatin formation or
maintenance can be identified, with H3K9 methylation and HP1 binding preceding
H4K20 methylation. In addition, at least the HP1f isoform was also reported to interact
with the DNA methyl transferases Dnmt1 and Dnmt3a/b (Fuks et al, 2003). As discussed
earlier, while Dnmtl is involved in the duplication of DNA methylation during

replication, Dnmt3 is a de novo histone methyltransferase. The interaction of HP1 with
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both types of methyltransferases suggests that HP1 might contribute both to the
establishment and the maintenance of heterochromatin. The recruitment of DNA
methyltransferase activity could ensure the full heterochromatization of the target
region and the formation of a repressive state that is transmitted through mitosis
(Ayyanathan et al, 2003). Finally, at least the HPla isoform interacts with the
Suppressor of Zeste 12 (Suz12) subunit of the Polycomb Repressive Complex 2 (PRC2)

(Yamamoto et al, 2004). Depletion of Suzl2 in human cells
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Table Il : Major interacting partners of Drosophila and mammalian HP1 proteins and functional
implications. Inspired by Kwon & Workman, 2008.
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leads to reduced H3K9 methylation and altered HP1a distribution (de la Cruz et al,
2007). This suggests that, although generally considered as two separate repressive
pathways, HP1 and Polycomb-dependent silencing do show cross talk that could
contribute to HP1 functioning in heterochromatic regions.

How HP1 proteins are targeted to specific genomic sites is still largely unknown.
The two distinct types of heterochromatin, constitutive and facultative heterochromatin,
potentially rely on two distinct pathways for HP1 targeting. As discussed in the
introduction, the RNA interference pathway might be involved in the propagation and
maintenance of constitutive heterochromatin. S.pombe centromeric repeats rely highly
on this process for their enrichment in H3K9me and Swi6 and their silent state. In
mammalian cells, the process might be conserved (Eymery et al, 2009; Morris et al,
2004). Indeed, RNA degradation by RNase treatment on permeabilized mouse cells
delocalizes HP1 from pericentric heterochromatin (Maison et al, 2002) and at least the
HPla isoform interacts with multiple RNA binding proteins (Ameyar-Zazoua et al,
2009). In addition, depletion of factors involved in RNAi (Argonaute, Dicer) results in the
accumulation of centromere-derived RNAs and reduced levels of H3K9me3 and HP1
proteins at centromeres (Fukagawa et al, 2004; Kim et al, 2006). However, these
associations could be indirect, since the mutation of Dicer results in reduced expression
levels of Dnmt1l and Dnmt3a/b (Benetti et al, 2008). Thus, the importance of RNAi for
mammalian centromere organization and stability remains unclear.

For the silencing of genes localized in euchromatic regions, HP1 targeting seems
to rely on specific binding partners. The tumor suppressor Retinoblastoma protein (Rb)
interacts with HP1 proteins (Nielsen et al, 2001b; Williams & Grafi, 2000) and recruits
both Suv39h1/2 and HP1 to induce silencing of cell cycle genes, such as Cyclin E
(Nielsen et al, 2001b). In addition, HP1 interacts with the transcriptional repressor KAP-
1, also called Tif1p (Ryan et al, 1999). KAP-1 serves as a co-repressor protein for a large
number of zinc finger proteins that contain a Kruppel-associated box (KRAB) motif. The
genomic targets of KAP-1-mediated repression include a wide variety of genes involved
in crucial cellular pathways (O'Geen et al, 2007). KAP-1 induces silencing of its target
genes by recruiting the H3K9 methyltransferase SETDB1 and HP1 proteins (Sripathy et
al, 2006). At least on a stably integrated transgene, this repressed state is stably
maintained for over more than 40 mitoses (Schultz et al, 2002), suggesting that silencing

of a euchromatic region can be mitotically heritable. Importantly, this also suggests that
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silencing of a euchromatic regions by H3K9me3 and HP1 recruitment may be mainly
restricted to genes requiring long-term silencing. Indeed, Suv39h1/2 enzymes are
crucial for silencing of S-phase genes in the context of muscle cell differentiation (Ait-Si-
Ali et al, 2004).

A highly specific type of heterochromatin is formed in the context of cellular
senescence. This permanent cell cycle exit is accompanied by the formation of
Senescence Associated Heterochromatin Foci (SAHF), which are enriched in H3K9me3
and all three HP1 isoforms (Narita et al, 2003; Zhang et al, 2005). These domains are
thought to contain many genes involved in cell proliferation, such as target genes of the
E2 promoting Factor (E2F) (Narita et al, 2003), thus ensuring their stable silencing.
Interestingly, in this case, HP1 proteins are not involved in the initiation of the
heterochromatin formation, since dense regions of DNA appear before HP1 enrichment
(Zhang et al, 2005). In addition, expression of a dominant negative truncated HP1p,
which traps endogenous HP1 isoforms and prevents their recruitment, does not impair
the formation of SAHF (Zhang et al, 2007). Therefore, it was proposed that HP1 proteins
might be involved in the stabilization, rather than the formation, of these
heterochromatic structures and would thus contribute to the irreversibility of the cell

cycle exit (Adams, 2007).

2.3.2 Heterochromatin maintenance during DNA replication

Links between HP1 and factors involved in DNA replication have provided
interesting insights into heterochromatin replication and maintenance. Both human and
murine HP1a and f interacts with several subunits of the Origin Recognition Complex
(ORC) (Auth et al, 2006; Lidonnici et al, 2004; Prasanth et al, 2004). This complex,
initially implicated in the formation of pre-replication complexes at replication origins,
was found to colocalize with HP1 proteins at centromeres (Prasanth et al, 2004;
Prasanth et al, 2002). Interestingly, the depletion of the ORC2 subunit leads to the
delocalization of HP1 and mitotic defects (Prasanth et al, 2004) that are similar to those
observed after HP1 depletion (Auth et al, 2006; Obuse et al, 2004; Serrano et al, 2009).
In contrast, perturbation of HP1 localization, by prolonged treatment with the HDAC
inhibitor trichostatin A (TSA) or by RNase treatment, does not affect the ORC1

localization (Lidonnici et al, 2004). It has been put forward that HP1 recruitment by ORC
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could provide a connection between replication origin firing and heterochromatin and
might thus contribute to the late replication timing of heterochromatin (Sasaki & Gilbert,
2007). How exactly this interaction could affect replication timing was not discussed.
According to Leatherwood and colleagues, the interaction between ORC and HP1 might
facilitate the replication of heterochromatic domains, through the enhanced recruitment
of initiation complexes (Leatherwood & Vas, 2003). Indeed, replication of
heterochromatin requires access to the compact domains, but also maintenance and
duplication of the heterochromatic components (reviewed in Wallace & Orr-Weaver,
2005). In this respect, an interesting connection between replication and
heterochromatin maintenance has been revealed for the chromatin assembly factor 1
(CAF-1). The CAF-1 complex is involved in chromatin assembly coupled to DNA
synthesis and localizes to sites of DNA synthesis through the interaction of its largest
subunit p150 with the polymerase accessory factor PCNA. However, CAF-1 p150 was
also found to bind the chromoshadow domain of all three HP1 homologues in vitro
(Murzina et al, 1999). Interestingly, the PxVXL sequence required for the interaction is
located in the N-terminal part of CAF-1 p150 that is dispensable for chromatin assembly,
suggesting two distinct functions. This was confirmed by the detailed analysis of CAF-1
and HP1 during replication of pericentric heterochromatin clusters (chromocenters) in
mouse cells (Quivy et al, 2008; Quivy et al, 2004). These studies showed the in vivo
association of CAF-1 p150 with HP1a and y in a complex that did not contain histones,
again pointing to an independent function distinct from chromatin assembly (Quivy et
al, 2004). Moreover, depletion of CAF-1 p150 leads to an arrest in S-phase. This arrest is
due an impaired replication of HP1-rich pericentric heterochromatin, specifically (Quivy
et al, 2008). This phenotype can be rescued by a wild-type p150, but not by a mutant
p150 that cannot bind to HP1. Furthermore, in Suv39h1/2 deficient cells, where HP1 is
not enriched at pericentric domains, the depletion of CAF-1 p150 no longer affects S-
phase progression (Quivy et al, 2008). Thus, the interaction of CAF-1 p150 with HP1 is
crucial for replication of HP1-rich chromocenters. Interestingly, the replication of these
domains takes place at their periphery, and a rim of CAF-1 can be observed surrounding
the chromocenters during their replication. This CAF-1 is associated with a fraction of
HP1 that is not dependent on the presence of H3K9me3 or RNA (Quivy et al, 2004).
Thus, a model was proposed in which CAF-1 p150 accepts, sequesters and provides HP1

proteins during replication of pericentric heterochromatin, which occurs at the
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periphery of the chromocenters (Quivy et al, 2008; Quivy et al, 2004). More recently, the
histone methyltransferase SetDB1 was also identified as a component of the CAF-1 -
HP1 complex (Loyola et al, 2009). SetDB1 preferentially monomethylates H3K9 before
histone deposition onto DNA and localizes to pericentric heterochromatin during
replication (Loyola et al, 2009). The created H3K9me1 constitutes the main substrate
for further H3K9 methylation by Suv39h1/2 (Loyola et al, 2006) and downregulation of
SetDB1 indeed diminishes the levels of H3K9me3 within heterochromatin (Loyola et al,
2009). Thus, a picture emerges in which CAF-1 coordinates the propagation of
pericentric heterochromatin, by orchestrating both SetDB1-dependent H3K9
methylation and HP1 dynamics. Whether these findings also apply to human cells,
where pericentric regions are not organized in dense chromocenters, remains to be

addressed.

2.3.3 Cell division

In S.pombe, it is well established that the HP1 homologue Swié6 is involved in
mitotic segregation. The protein localizes to centromeric regions and its mutation gives
rise to mitotic defects including lagging chromosomes (Table IV) (Ekwall et al, 1995).
Swi6b promotes proper chromosome segregation by stimulating cohesin recruitment to
centromeres (Bernard et al, 2001). Furthermore, Swi6 is involved in the initial
recruitment of the centromeric histone H3 variant CENP-Atr1 (Folco et al, 2008), to

promote de novo formation of centromeric chromatin.

Table IV: Phenotypes associated with depletion of HP1 proteins
Species Protein | Approach | Phenotype References
S.pombe Swi6 mutant - Mating type switching Breeden & Nasmyth, 1987
deficiencies
- Silencing defects Lorentz et al., 1992
- Mitotic defects Ekwall et al., 1995
C.elegans HPL1 RNAi None Couteau et al., 2002
HPL2 RNAi - Sterile Couteau et al., 2002
- Vulval development
deficiencies
- Silencing defects
HPL1 & KO - Larval lethality Schott et al,, 2006
HPL2 - Somatic gonad development
deficiencies
D.melanogaste | HP1la mutant - Developmentally lethal Eissenberg & Hartnett,
r - Suppression of PEV 1993
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- Chromosome missegregation | Eissenberg etal., 1990
- Telomere fusions Kellum & Alberts, 1995
Fanti et al., 1998
HP1la RNAi - Proliferation defects De Lucia et al., 2005
- Chromosome missegregation
M.musculus HPla RNAi - Mitotic defects Auth et al,, 2006
HPla RNAi - Differentiation defects Panteleeva et al., 2007
HP1pB KO - Perinatal lethality Aucott et al.,, 2008
- Genomic instability
HPla & KO Not documented* Dialynas et al., 2007
HP1pB
H.sapiens HPlo & | RNAI - Chromosome missegregation Obuse et al., 2004
HP1y (HeLa cells) Serrano et al., 2009
HP1la & | Dom.Neg. | - Chromosome missegregation Inoue et al., 2008
HP1p HP1BAN (HeLa cells)

Abbreviations: RNAi: RNA interference; KO: knock-out; Dom.Neg.: Dominant Negative mutant; PEV: Position
effect variegation.

*The authors use KO embryonic stem cells to introduce tagged exogenous HP1; they mention that the
phenotype of the mice will be described elsewhere.

In mammalian cells, the connection with chromosome segregation seems
conserved (Table IV), but the exact role of HP1 proteins in this process is still a matter of
debate. The presence of three different isoforms, that might have overlapping functions,
has also complicated research in this direction. Mammalian HP1 proteins interact with
proteins that localize to the kinetochore complex and the centromere, such as
Minichromosome Instability 12 (Mis12) (Obuse et al, 2004) and Inner Centromere
Protein (INCENP) (Ainsztein et al, 1998; Wheatley et al, 2001). Downregulation (Auth et
al, 2006; Inoue et al, 2008; Obuse et al, 2004) or mislocalization of HP1 isoforms, due to
the absence of H3K9me3 (Guenatri et al, 2004) or to treatment with the histone
deacetylase inhibitor TSA (Taddei et al, 2001), result in mitotic defects. Intriguingly,
recent reports indicate that, in contrast to Swi6 in S. pombe, the correct localization of
HP1 is not required for the recruitment of cohesins to centromeric regions (Koch et al,
2008; Serrano et al, 2009). The HP1la isoform might instead help to stabilize the
Shugoshin protein upon prolonged metaphase arrest, which protects cohesins from
degradation and thus prevents chromosome segregation (Yamagishi et al, 2008).
However, this observation could not be reproduced under less extreme cell cycle arrest
conditions (Serrano et al, 2009). Interestingly, during mitosis, phosphorylation of H3S10
by Aurora B induces the release of HP1 proteins from pericentric chromatin during
mitosis (Fischle et al, 2005; Hirota et al, 2005). Yet, the HP1a isoform can be visualized
on mitotic chromosomes, where it is associated with centromeric regions (Guenatri et al,

2004; Hayakawa et al, 2003; Minc et al, 2001; Schmiedeberg et al, 2004). In conclusion,
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distinct pools of HP1 proteins might exist and their exact roles in mitosis remain to be

elucidated in mammals.

2.3.4 DNA repair

The first evidence that HP1 proteins might also play a role in DNA repair came
from the observation that HP1la interacts with the protein Ku70 (Song et al, 2001).
Together with Ku80, Ku70 is involved in the repair of double strand breaks (DSB) by the
non-homologous end-joining (NHE]) pathway. However, like many repair proteins,
Ku70 also has an important role in the protection of telomeres (reviewed in Fisher &
Zakian, 2005). Since HP1 proteins localize to telomere-associated heterochromatin
(Minc et al, 1999), the interaction between Ku70 and HP1a has been explained as a
manner to ensure telomere stability (Song et al, 2001). Indeed, overexpression of HP1a
or  impairs the telomeric recruitment of the catalytic subunit of telomerase (hTERT)
and induces telomere instability (Sharma et al, 2003).

Recently, more direct evidence for a role of HP1 proteins in DNA repair has
emerged. Using local laser irradiation, Ayoub and colleagues showed that the induction
of DSB within chromocenters of mouse cells results in the local spreading of HP1f3
(Ayoub et al, 2008). This dispersion is associated with the phosphorylation of HP1p,
which prevents its binding to H3K9me3. The authors put forward that this apparent
decompaction is necessary for the efficient accumulation of y-H2AX foci and thus DNA
repair signaling. These observations would suggest that chromatin relaxation is crucial
for the DNA damage response to occur. Goodarzi and colleagues (Goodarzi et al, 2008)
came to similar conclusions but propose a distinct mechanism. They showed that the
repair of DSB within chromocenters, specifically, requires the activity of the Ataxia
Telangiectasia Mutated (ATM) damage response protein and that downregulation of
HP1, HDAC1+2 or KAP-1 alleviates this need for ATM. They suggest that, upon DSB
induction, ATM phophorylates KAP-1, which would diminish the affinity of KAP-1 for
heterochromatin and promote the accessibility of chromocenters for the repair
machinery. It is indeed conceivable that chromatin relaxation is required to gain access
to the dense chromocenters. However, it is also tempting to speculate that the repair
might occur at the periphery of these domains, as is the case for DNA replication (Quivy

et al, 2008; Quivy et al, 2004).
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More recently, three groups have reported an accumulation of HP1 proteins on
DNA damage sites (Ayoub et al, 2009; Luijsterburg et al, 2009; Zarebski et al, 2009).
According to Ayoub and colleagues (Ayoub et al, 2009), this accumulation, observed in
both euchromatin and heterochromatin, occurs after the initial HP1 dispersion that they
documented earlier (Ayoub et al, 2008). However, Luijsterburg and colleagues
(Luijsterburg et al, 2009) were not able to reproduce this dispersion and document a
rapid and long-lasting recruitment of all three HP1 isoforms to Ultra-Violet (UV) -
induced damage or DSB. This recruitment is independent of H3K9me3 and requires the
chromoshadow domain of HP1. Furthermore, HP1 can be recruited even in the absence
of certain DNA damage detection and signaling factors, suggesting that HP1 is recruited
independently of functional DNA repair (Luijsterburg et al, 2009). The rapid recruitment
of HP1 proteins in both euchromatin and heterochromatin was confirmed by Zarebski
and colleagues (Zarebski et al, 2009). In conclusion, this topic and in particular the
dispersion of HP1 remains controversial. A current aim will be to determine how HP1
proteins are recruited to DNA damage sites and what could be their functional role in

DNA repair.

2.3.5 Regulation of transcription

While HP1 has been considered for a long time as a silencing protein, an
increasing number of studies, mostly in Drosophila, also involve HP1 in active
transcription. Several genes that are naturally located within heterochromatin actually
require the presence of HP1 for their transcription (Clegg et al, 1998; Hearn et al, 1991;
Lu et al, 2000). Subsequent studies evidenced that HP1 can indeed directly promote
gene transcription. First, HP1 was found to localize to so-called puffs on polytene
Drosophila chromosomes (Piacentini et al, 2003), which are euchromatic regions of
intense transcription. Chromatin Immunoprecipitation (ChIP) analysis demonstrated
that HP1 was indeed associated with several genes that showed decreased expression
when HP1a levels were reduced (Cryderman et al, 2005). Furthermore, high resolution
mapping of HP1 binding sites on Drosophila chromosomes 2 and 4 revealed that the
association with actively transcribed genes is a general phenomenon that is not
restricted to the promoter region, but concerns all gene exons (de Wit et al, 2007). A
more direct role for HP1 in the positive regulation of transcription was reported for the

Drosophila HP1c isoform, of which the targeting to a reporter gene resulted in enhanced
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transcription instead of silencing (Font-Burgada et al, 2008). Furthermore, it was
recently shown that HPla interacts with and stimulates the H3K36 demethylase
dKDM4A (Lin et al, 2008), thus providing for the first time a molecular mechanism
linking HP1 to positive gene regulation.

Interestingly, H3K9me3 and HP1y are also associated with actively transcribed
genes in mammalian cells, in a manner that requires transcription elongation, and are
rapidly lost upon transcriptional inactivation (Vakoc et al, 2005). Again, this enrichment
is more prominent in the coding region than in the gene promoter. Similarly, HP1y is
recruited upon activation of a viral gene integrated in human cells, where it replaces
repressive HP1f (Mateescu et al, 2008). These observations suggest that the
requirement of HP1 for the transcription of certain genes could be conserved in
mammalian cells and that HP1y might have evolved as the isoform involved in gene
activation, while HP1a would be more specific for gene silencing. Also, the enrichment
associated with positive gene regulation seems to concern the entire coding region, with
a role in elongation, while a concentration at the promoter region is more characteristic
for gene silencing. How HP1 proteins can efficiently choose between gene silencing and
promoting transcription is an open issue and probably depends on the chromatin
environment, binding partners and cell status. Thus, a picture emerges in which HP1
proteins might constitute a platform of interactions to influence transcription in various

ways.

2.4 HP1 proteins in the context of tumorigenesis

When considering the multiple functions of HP1 proteins described above,
including gene silencing, gene expression and DNA repair, their involvement in
tumorigenesis can be readily imagined. Surprisingly, very little has been reported in this
context, possibly because of the diverse functions and the presence of three different
isoforms, which do not facilitate the task in deciphering how HP1 isoforms impact on
cell transformation. A first indication that HP1 proteins might play a role in
tumorigenesis came from the construction of mice deficient for Suv39h1 and Suv39h2
(Peters et al, 2001). These double null mice show a dispersed localization of HP1

proteins, a high degree of chromosomal instability and develop B cell lymphomas.

60



Reduced H3K9 methylation can also be observed upon overexpression of the
H3K9me2/3 histone demethylase GASC1 (Cloos et al, 2006), as observed in esophageal
cancer (Yang et al, 2000; Yang et al, 2001). In addition, the finding that HP1 proteins
interact with the tumor suppressor protein Rb (Nielsen et al, 2001b; Williams & Grafi,
2000) and contributes to Rb-dependent silencing of cell cycle genes, such as Cyclin E
(Nielsen et al, 2001b), also suggest an implication of HP1 in tumorigenesis. Kirschmann
and colleagues provided a more direct link between HPla and the behavior of
transformed cultured cells (Kirschmann et al, 2000). They showed that a high in vitro
invasive potential is associated with low HPla expression levels and vice versa.
Downregulation of HPloa increased the in vitro invasive potential, while HPla
overexpression led to decreased invasive potential, without affecting proliferation rates
(Norwood et al, 2006). Immunohistochemistry staining on breast cancer tissues shows
low HP1la expression levels in 9 metastatic tissues compared to 6 primary invasive
breast cancers. The authors therefore suggest that HP1a levels are low in the cells that
are found after formation of metastasis, which they consider as the most invasive ones.
However, these observations have not been validated by other laboratories and the
mRNA levels coding for HP1a,  or y were not associated with the occurrence of bone
marrow metastasis in 37 breast cancer patients (Abreu et al, 2008). Moderate
overexpression of exogenous HPla and P reduced the tumorigenicity of human
embryonic kidney cells when used in a xenograft mouse model (Sharma et al, 2003).
Finally, intense HP1y staining was observed in 26 human tumor samples (Takanashi et
al, 2009), without any comparison to corresponding normal tissues nevertheless. In
conclusion, thorough analysis of how levels and dynamics of the three HP1 isoforms are
altered in different human tumors and how this contributes to the process of
tumorigenesis remains unclear.

This has led me to one of the main questions that [ have addressed during my
PhD: how is the expression of the three human HP1 isoforms regulated in the context of
cell proliferation and (breast) tumorigenesis? Is the expression of one or several
isoforms cell cycle dependent or altered in cancer cells? What could be the clinical
impact of such altered expression and to which function of HP1 could it be related? I will
discuss this question, and the results we obtained, in more detail in the results (section

I0).
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3. The CAF-1 complex: at the crossroad between
replication, repair and heterochromatin

In the previous chapters, the CAF-1 complex has been mentioned mainly in the
context of heterochromatin maintenance through its interaction with HP1. However,
CAF-1 was initially discovered for its role in chromatin assembly coupled to DNA
synthesis (Smith & Stillman, 1989). Indeed, it was known that, while cytosolic cell
extracts are proficient for the replication of viral SV40 DNA, the addition of nuclear cell
extracts is required to induce replication-coupled chromatin assembly (reviewed in
Stillman, 1986). Fractionation of these nuclear extracts led to the identification of the
CAF-1 complex as the single crucial component for replication-coupled chromatin
assembly (Smith & Stillman, 1989). Here, [ will first discuss the conservation and the
structural features of the CAF-1 complex. Next, I will address in more detail the different

cellular functions of the CAF-1 complex.

3.1 The CAF-1 complex: structure and conservation

CAF-1 is a complex composed of three subunits, which have been named
according to their molecular weight: p150, p60 and p48 in human cells (Smith &
Stillman, 1991b). Since their characterization, CAF-1 complexes have been identified in
many different organisms, from S.cerevisiae to human (Table V). Each of the three
subunits shows conserved structural characteristics among species, as shown in Figure

22.

Table V: subunits of the CAF-1 complex in different species
Species Large subunit | Intermediate | Small subunit Key reference
subunit
H. sapiens p150 p60 p48/RbAp48 (Smith & Stillman, 1989)
M. musculus p150 p60 p48 (Murzina et al, 1999)
X. laevis p150 p60 p48 (Quivy et al, 2001)
D. melanogaster | p180 pl105/p75* p55 (Kamakaka et al, 1996)
A. thaliana Fasl Fas2 MSI1 (Kaya et al, 2001)
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S. pombe Pcfl Pcf2 Pcf3 (Dohke et al, 2008)

S. cerevisiae RIf2/Cacl Cac2 Msil/Cac3 (Kaufman et al, 1997)

*In Drosophila, the 75-kDa polypeptide of dCAF-1 is a C-terminally truncated form of p105.

3.1.1 CAF-1 p150

The largest subunit, p150 in mammals, contains large regions of acidic residues
(including the KER and ED domains) (Kaufman et al, 1995b), which are thought to
facilitate its interaction with basic histone proteins. The interaction with p60 has been
mapped to the C-terminal region of p150 (Kaufman et al, 1995b). In line with the
formation of a complex involved in histone deposition, the region that is crucial for the
nucleosome assembly activity of p150 overlaps the binding sites for both p60 and
histones (Kaufman et al, 1995b). In addition, two binding sites have been identified for
the polymerase accessory factor PCNA (Krawitz et al, 2002; Moggs et al, 2000), which
permit the recruitment of CAF-1 to sites of DNA synthesis (Shibahara & Stillman, 1999).
It is interesting to note that p150 interacts with the HP1 proteins through a Mod1-
Interacting Region (MIR) that is located outside of the region required for chromatin
assembly (Murzina et al, 1999), pointing towards a function in heterochromatin
maintenance that is separated from chromatin assembly (see also chapter 2.3.2) (Quivy
et al, 2008; Quivy et al, 2004). Furthermore, the p150 subunit can dimerize through a
region that is juxtaposed to the domain required for the binding to p60 (Quivy et al,
2001). Finally, p150 contains a so-called PEST domain, a region that is characteristic of
proteins with a short half life (Rogers et al, 1986).

MIR acidic domain
p150 E— [
PEST KER ED DD
NH, [ ] N COOH
1 245296 311-445 564-641 678 938
- [ ]
putative PCNA= P60-binding domain
binding motif I
replication-coupled assembly
WD repeats PEST domain
p60 I ] [ ]
62-94 167-199 277-331
NH, I W B BN D COOF
1 845 1254157  226-270 342-374 559
WD repeats
p48 H4 binding H4 binding
] =
NH 114-153 217-255 307-345
2 [ 7T [T 7 7 [T [T 7] COooH
1 55-94 167-205 263-301  363-403 425

Figure 22: Conserved domains within the subunits of CAF-1. Depicted are the human proteins.
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Abbreviations: MIR: MOD1-interacting region; DD: dimerization domain; PEST: proline (P), glutamic
acid (E), serine (S) and threonine (T)-rich domain; KER: lysine (K), glutamic acid (E) and arginine (R)-
rich domain; ED: glutamic acid (E) and aspartic acid (D)-rich domain; WD: tryptophan (W) and
aspartate (D)-rich repeats; DD: Dimerization domain. Image from Ridgway & Almouzni, 2000.

3.1.2 CAF-1 p60

The intermediate subunit, p60 in mammals, is characterized by the presence of
seven tryptophan-aspartate (WD) repeats (Kaufman et al, 1995b), which are generally
implicated in protein-protein interactions. Like p150, the p60 subunit contains a PEST
domain, suggesting a potential co-regulation of protein stability. Indeed, the two
subunits show a similar regulation in protein levels throughout the cell cycle and in

quiescence (Polo et al, 2004).

3.1.3 CAF-1 p48

The smallest subunit, p48, is not strictly specific for the CAF-1 complex and can
be found in several histone-remodeling and histone-modifying enzymatic complexes,
such as the ISWI and Mi-2/CHD chromatin-remodeling families and the histone acetyl
transferase HAT1 (reviewed in Ridgway & Almouzni, 2000 and De Koning et al, 2007).
Indeed, only a small fraction of available human p48 coprecipitates with the two other
CAF-1 subunits (Verreault et al, 1996). Like the p60 subunit, p48 contains seven WD
repeats, which can serve for the binding of its partners (Verreault et al, 1996). Indeed,
p48 binds to histone H4 through a conserved binding pocket that mainly consists of the
B-propeller structure formed by the WD repeats (Song et al, 2008). Within the HAT1
complex, this binding pocket of p48 is crucial for the histone acetyl transferase activity,
suggesting that p48 could provide H4 binding capacity to HAT1. The contribution of the
p48 subunit to the function of the CAF-1 complex remains largely unknown, but it could
provide additional histone binding capacity or cross talk between multiple chromatin-

associated complexes.
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3.2 Functions of the CAF-1 complex

To gain insight into the functions of the CAF-1 complex, depletion and deletion
approaches have been undertaken in multiple organisms (Table VI). The phenotypes
resulting from these approaches show the importance of CAF-1 for cell proliferation,
gene silencing and, at least in S.cerevisiae and Drosophila, recovery from DNA damage.
These loss of function studies have paved the road for further cellular and biochemical
analyses. Together, these have allowed the clarification of the roles of CAF-1 in these

processes, which are depicted in figure 23 and will be discussed in more detail below.

2 x H2A-H2B
o
\’ i 9G‘
PCNA \
A
REPLICATION FORK REPAIR SITE (NER) HETEROCHROMATIN
MAINTENANCE
Stillman et al., 1986 Gaillard et al., 1996 Quivy et al., 2004
Shibahara et al., 1999 Moggs et al., 2000 Murzina et al., 1999

Zhang et al., 2000 Polo et al., 2006

Figure 23: Cellular functions of the CAF-1 protein complex. CAF-1 is composed of three subunits:
p150, p60 (Kaufman et al, 1995a) and p48 (Verreault et al, 1996) (upper panel). p150 and p60 can be
phosphorylated (Smith & Stillman, 1991a), and p150 and p48 interact with acetylated newly
synthesized histones H3 and H4 (Kaufman et al, 1995a). The complex is implicated in chromatin
assembly during replication (left panel) and during repair (middle panel), both through its interaction
with Proliferating Cell Nuclear Antigen (PCNA) (Shibahara & Stillman, 1999). Furthermore, CAF-1 has
a less well-understood function in heterochromatin maintenance (right panel), possibly through
maintenance and/or deposition of Heterochromatin Protein 1 (HP1) on these chromatin regions. Image
adapted from Mello & Almouzni, 2001.
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3.2.1 CAF-1 functions during DNA replication

CAF-1 was initially discovered for its role in chromatin assembly coupled to DNA
replication (Smith & Stillman, 1989). The molecular link between CAF-1 and DNA
replication was provided by the finding that CAF-1 p150 directly interacts with the
polymerase accessory factor PCNA (Moggs et al, 2000; Shibahara & Stillman, 1999). CAF-
1 indeed colocalizes with PCNA at sites of DNA synthesis (Krude, 1995; Shibahara &
Stillman, 1999). In addition, depletion of PCNA from cell extracts abolished CAF-1
chromatin assembly activity coupled to DNA synthesis, both in the context of DNA
replication (Shibahara & Stillman, 1999) and DNA repair (Moggs et al, 2000). The
interaction of p150 with PCNA can be cell cycle regulated. The S-phase kinase Cdc7-Dbf4
phosphorylates p150, which abolishes p150 dimerization and promotes its interaction
with PCNA (Gerard et al, 2006a). Thus, the monomerization of p150 at the onset of S-
phase can facilitate its recruitment. The p150 dimerization on the other hand could be
important in later steps of the reaction. Indeed, a dominant negative form of p150 that
cannot dimerize impairs Xenopus development and is unable to promote chromatin
assembly in vitro (Quivy et al, 2001). In conclusion, continuous switching between
monomeric to dimeric states of p150 might be required to regulate histone supply and
deposition during DNA replication.

Interestingly, both in S.cerevisiae and S.pombe, the inactivation of the three CAF-1
subunits does not impair cell viability or proliferation under normal conditions (Table
VI). In multicellular organisms, DNA replication is affected only when the p150 subunit
is depleted, while depletion of p60 does not notably affect cell proliferation. This
suggests that the CAF-1 function in nucleosome assembly is not required per se for DNA
replication and cell proliferation. This is exemplified in mouse cells, where the role of
the p150 subunit in replication is distinct from its involvement in histone deposition and
has been linked to the propagation of pericentric heterochromatin. Indeed, CAF-1 p150
orchestrates both SetDB1-dependent H3K9 methylation and HP1 dynamics during the
replication of these regions (Loyola et al, 2009; Quivy et al, 2008; Quivy et al, 2004), as
described in detail in chapter 2.3.2. This role of CAF-1 p150 seems to be highly
conserved, since in all organisms the depletion or mutation of at least the p150

homologue gives rise to defects in heterochromatic silencing or organization (Table VI).

66



Thus, the p150 subunit might coordinate HP1 dynamics and replication fork

progression, independently from the other two subunits.

Table VI: Phenotypes of CAF-1 loss of function

Species Approach Phenotype Key references

S.cerevisiae Deletion of - Silencing defects (impaired recruitment of | (Kaufman et al, 1997)
Cacl, Cac2 & Sir silencing proteins)
Cac3 - Sensitivity to UV damage

S.pombe Deletion of - Silencing defects (loss of Swi6 (Dohke et al, 2008)
Pcfl & Pcf2 recruitment)

A.thaliana Mutation of - Misorganization of apical meristems (Kaya et al, 2001)
Fasl & Fas2 - Misregulation of gene expression (Ono et al, 2006)

- Defects in heterochromatin content and

(Schonrock et al, 2006)

silencing (Kirik et al, 2006)
- Increased homologous recombination (Endo et al, 2006)
D.melanogaster | Mutation of - Larval lethality (Songetal, 2007)

p180

- Heterochromatic gene silencing defects
- Sensitivity to y-irradiation

- Reduced double strand break repair

- Replication defects in endocycling cells

(Klapholz et al, 2009)

Xlaevis Dominant - Arrest in early development (Quivy et al, 2001)
negative p150
M.musculus RNAi p150 - Arrest in early S-phase (Quivy et al, 2004)
- Impaired HP1 maintenance during (Quivy et al, 2008)
heterochromatin replication
- Deficient nucleosomal organization of
replicated DNA
- Impaired replication of (peri-
)centromeric DNA
RNAi p60 - Slightly delayed cell cycle progression
- Deficient nucleosomal organization of
replicated DNA
KO mice p150 | - Embryonic lethal (Houlard et al, 2006)
- Misorganization of pericentric
heterochromatin
H.sapiens Dominant - Arrest in early S-phase (Hoek & Stillman, 2003;
negative p150 Ye etal, 2003)
RNAi p60 - Slightly delayed cell cycle progression (Polo et al, 2006)

3.2.1.1 CAF-1 as a marker for cell proliferation of interest for human oncology

In line with a major role of the CAF-1 complex during DNA replication, CAF-1
p150 and p60 expression levels are massively downregulated in non-proliferating,

quiescent cells (Polo et al, 2004). The p48 subunit does not exhibit any detectable
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change in expression. Upon exit from quiescence, CAF-1 p150 and p60 subunits are
upregulated just before the onset of DNA replication (Polo et al, 2004). Since aberrant
cell proliferation is a major characteristic of cancer cells, CAF-1 expression was further
analyzed in human cancer samples. The detection of the CAF-1 p60 protein by
immunostaining in breast cancer tissue samples correlates with the grade, the size and
the proliferation index of the tumors (Polo et al, 2004) (Figure 24). These and additional
observations led to the proposition that CAF-1 p60 could be used as a proliferation
marker in breast cancer. These observations have been validated in tongue and prostate
cancer (Staibano et al, 2009; Staibano et al, 2007). However, no data is available yet to
validate whether CAF-1 p60 levels can predict the outcome of breast cancer, or if it
would be a better prognostic marker than Ki67, the most widely used proliferation
marker for clinical purposes. In addition, whether p150 expression parallels p60

expression in human breast cancer samples remains to be explored.

A' Whole cell extracts B Immunohistochemistry staining
(MCF7 cells) of mammary tissues
As GO0 Benign Malignant

p60
PEO-P —ME |
P6O-P
=
p6o Ki67

Figure 24: CAF-1 levels are downregulated in quiescence and upregulated in breast cancer
cells. A. Levels of CAF-1 p150, p60 and phosphorylated p60 (p60-P) in whole cell extracts from
asynchronously growing (As) or quiescent (GO) MCF7 cells. p-actin is used as a loading control. B.
Immunostaining for CAF-1 p60 and the proliferation marker Ki67 in benign and malignant breast
tumors. Image adapted from Polo et al, 2004.
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3.2.2 CAF-1 function in DNA repair

The human genome is constantly exposed to endogenous and exogenous sources
of genotoxic stress. To repair the induced DNA damage, a wide variety of repair
machineries has evolved (Hoeijmakers, 2001). Many of these repair mechanisms
operate through the removal of the stretch of damaged DNA and subsequent DNA re-
synthesis (gap filling). As will be discussed in detail below, CAF-1 is recruited to these
sites of DNA synthesis, through its interaction with PCNA, and promotes DNA synthesis-
dependent histone deposition (Gaillard et al, 1996; Green & Almouzni, 2003b; Martini et
al, 1998; Moggs et al, 2000; Polo et al, 2006). In line with a role for CAF-1 in DNA repair,
S.cerevisiae and Drosophila show an increased sensitivity to DNA damage upon loss of
function of CAF-1 (Kaufman et al, 1997; Song et al, 2007). While Drosophila shows
reduced repair of DNA double strand breaks, S.cerevisiae is particularly sensitive to
ultra-violet (UV) irradiation. The role of CAF-1 has been studied mostly in the context of
the repair of UV-induced lesions. Therefore, I will first introduce the nature of these
lesions and their repair by the Nucleotide Excision Repair (NER) pathway. Then, the role
of CAF-1 in DNA repair will be discussed.

3.2.2.1 UV-induced lesions
Several types of UV irradiation can be distinguished based on their wavelength

and their absorption by DNA. UV-A consists of longer wavelengths (400 nm-320 nm)
that penetrate deeply in the skin and mostly generate reactive chemical intermediates,
which in turn can cause DNA damage. Direct DNA damage is predominantly induced by
the shorter wavelengths of UV-B (320 nm-280 nm) and UV-C (280 nm-100 nm).
Although UV-C is absorbed by the ozone layer and does not reach earth, research
laboratories widely use UV-C irradiation for its highly efficient induction of DNA lesions.
In addition to some oxidative stress, UV-B and UV-C mainly create covalent bonds
between two adjacent thymine or cytosine bases on the same DNA strand, thus creating
a pyrimidine dimer. Two types of covalent bonds can be distinguished, giving rise to
either Cyclobutane Pyrimidine Dimers (CPDs) or 6,4 pyrimidine-pyrimidone adducts

(6,4-PPs) (Figure 25).
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Interestingly, the two types of lesions do not have the same consequences for the
cell and are not dealt with in the same way. First, 6,4-PP lesions are almost 4 times less
abundant than CPDs in irradiated human cells (Suquet et al, 1995). Furthermore, 6,4-PP
lesions induce a stronger local distortion of the DNA molecule. They induce a bending of
44°, against only 9° for a CPD lesion (Kim & Choi, 1995). Several factors involved in NER
preferentially bind to distorted DNA (Batty & Wood, 2000), which could explain why
6,4-PP lesions are repaired much faster than CPDs, even when different UV doses are
applied in order to start with similar amounts of each lesion (Suquet et al, 1995).
Concerning their localization within chromatin, CPDs can be found both in nucleosomal
DNA and linker DNA, while 6,4-PP lesions almost exclusively occur in nuclease-sensitive
linker DNA (Gale & Smerdon, 1990; Mitchell et al, 1990; Suquet et al, 1995). The sterical
conformation of DNA within a nucleosome is probably incompatible with the formation

of a 6,4-PP lesion.

i YLomael Figure 25: Structures of CPD and 6,4-PP
p—_— \Tj:KJ\N/ lesions. Formation of Cyclobutane Pyrimidine
. . N N)\o Dimers (CPDs) or 6,4 pyrimidine-pyrimidone
1 H2 adducts (6-4 PPs) between two adjacent

h)\ pyrimidines (here: two thymines). The created
covalent bond is indicated in red.

3.2.2.2 The Nucleotide Excision Repair pathway
Two distinct sub-pathways exist within the NER pathway: the global genome

repair (GGR) and the transcription-coupled genome repair (TCR) (reviewed in Costa et
al, 2003 and Fousteri & Mullenders, 2008). TCR is initiated by RNA polymerase II
encountering a lesion and thus removes lesions mainly in transcribed strands. The two
pathways only differ in their way of detecting the lesion and subsequently use the same
factors for DNA unwinding, lesion excision and DNA synthesis (Figure 26). The
important DNA distortion induced by 6,4-PPs makes these lesions more amenable to be
repaired by the global genome repair pathway, while CPD lesions rely more on

transcription-coupled detection. TCR might thus help to minimize the toxic effects of
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CPD lesions in actively transcribed essential genes (Fousteri & Mullenders, 2008).
Indeed, CPD lesions contribute more significantly than 6,4-PPs to cell death after
exposure to UV irradiation (de Lima-Bessa et al, 2008).

Our understanding of the NER pathway and the role of each of its components
has greatly benefited from the combined use of in vitro reconstituted systems
(Aboussekhra et al, 1995) and in vivo cellular model systems. These latter include the
study of cells from patients that are deficient for one of the components. Indeed,
mutations in genes coding for specific components of the NER pathway leads to
Xeroderma pigmentosum (XP), Cockayne syndrome (CS) or trichothiodystrophy (TTD)
syndromes, dependent on which factor is affected (reviewed in Cleaver, 2005 and
Lehmann, 2003). XP patients show a defect in one of the factors involved in GGR and are
characterized by a high photosensitivity and the development of skin cancers. CS
patients on the other hand are specifically affected in TCR and do not display increased
photosensitivity, but instead suffer from developmental and neurological symptoms.
TTD patients display deficient helicase activity of the general transcription factor IIH
(TFIIH), which is also involved in transcription, and show a wide variety of symptoms
including growth retardation, neurological abnormalities and brittle hair and nails.
Exposure of cells derived from these different patients to UV irradiation has allowed the

dissection of the kinetics of the NER pathways.
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Figure 26: Schematical representation of the
Nucleotide Excision Repair (NER) pathway.
Lesions can be detected either in a transcription-

mechanisms. Detection is followed by DNA
unwinding and stabilization of the single stranded
DNA. A total length of about 30 nucleotides is
excised, followed by DNA synthesis and
chromatin restoration. Whether the damaged
strand is released before or after completion of
gap filling is not clear. Image inspired by Fousteri
& Mullenders, 2008.

coupled manner or by global genome surveying
3.2.2.3 CAF-1 and repair of UV lesions in a chromatin context

The repair of DNA lesions does not occur on naked DNA, but should be
considered in the context of chromatin organization. In vitro studies showed that the
efficiency of DNA repair is reduced up to 10-fold when the DNA is assembled into
nucleosomes, compared to repair on naked DNA (Araki et al, 2000; Hara et al, 2000; Liu
& Smerdon, 2000; Sugasawa et al, 1993; Wang et al, 1991), and this even when the
lesion is localized in linker DNA (Ura et al, 2001). Furthermore, in vivo, heterochromatic
regions seem to be refractory to DNA repair at least in the case of double strand breaks
(Cowell et al, 2007; Goodarzi et al, 2008; Kim et al, 2007). Thus, for efficient repair to
occur, factors permitting access to the damaged DNA, including chromatin remodeling
and modifying factors, are thought to be required (reviewed in Gong et al, 2005 and
Gontijo et al, 2003). This in turn implies that after repair has occurred, the chromatin

organization needs to be restored in order to maintain genome function and integrity.

The role of CAF-1 in chromatin assembly coupled to DNA repair was first
demonstrated in vitro using UV-irradiated plasmids and extracts from human cells or
Xenopus eggs (Gaillard et al, 1996). These approaches showed that CAF-1 dependent
nucleosome assembly on the plasmid occurs in a manner coupled to the DNA synthesis
step of DNA repair. The recruitment of CAF-1 to damaged DNA is dependent on the
presence of the DNA lesions and PCNA (Moggs et al, 2000). In addition, the histone
chaperones Asfla and b, which interact directly with the p60 subunit of CAF-1, promote
CAF-1-dependent histone deposition coupled to DNA repair (Mello et al, 2002). Since
Asf1 proteins are not recruited to damaged DNA, they were proposed to act as histone
donors for CAF-1. Asfl and CAF-1 thus seem to form an assembly network of histone
chaperones to regulate the supply of histones to required sites of incorporation (De

Koning et al, 2007; Loyola & Almouzni, 2004; Polo & Almouzni, 2006).
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These in vitro approaches have paved the way for exploring the role of CAF-1 in
DNA repair in vivo using cellular model systems. First, global UV irradiation markedly
increases the fraction of CAF-1 p150 and p60 associated with chromatin in human HeLa
cells (Martini et al, 1998). The fraction of p60 that is recruited after UV irradiation is
highly phosphorylated, which seems to stimulate nucleosome formation (Martini et al,
1998). Next, the development of a method to induce UV damage only in a small fraction
of the nucleus, by irradiation through a filter with pores of a few um in diameter (Volker
et al, 2001), allowed to follow the recruitment of CAF-1 and PCNA to the site of UV
lesions and showed a local rather than a global CAF-1 response (Green & Almouzni,
2003b) (Figure 27). Applying this method to cells derived from XP patients showed that
CAF-1 is not recruited if factors involved in the early stages of the NER pathway (XPC,
XPA) are absent. In addition, both endonucleases, XPF and XPG, need to be present in
order to recruit PCNA and CAF-1 (Green & Almouzni, 2003b; Miura et al, 1996; Mocquet
et al, 2008). More recently, Staresincic and colleagues showed that CAF-1 can be
recruited if XPF has cut at the 5’ end of the lesion and if XPG is present but unable to
incise the DNA (Staresincic et al, 2009). Thus, the DNA lesion has to be recognized, both
endonucleases have to be present and at least one side of the lesion should be incised for

PCNA and CAF-1 recruitment.

A. Figure 27: Local UV irradiation and CAF-1
recruitment. A. Scheme of the experimental

uy Triton approach. Cells are irradiated with UV-C
L 57 extraction IF through a filter and extracted with Triton X-100
[ — — to remove soluble protein fractions.

Immunofluorescence (IF) reveals the NER
patches. B. Recruitment of CAF-1 p60 to local
sites of UV damage, revealed by staining for
CPD lesions, in human cells. Image adapted
from Polo et al, 2006.

B.
CPD p60 merge DAPI

Importantly, CAF-1 is dispensable for the removal of DNA lesions in both yeast and
human cells (Game & Kaufman, 1999; Kim & Haber, 2009; Polo et al, 2006). In yeast, the

absence of both CAF-1 and Asfl does not affect the repair process of double strand
breaks but impairs recovery from the cell cycle checkpoint that is induced by the DNA

damage, resulting in cell death (Kim & Haber, 2009). In human cells, the recruitment of
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CAF-1 is crucial for the local deposition of newly synthesized tagged histone H3.1 at
sites of NER in human cells (Polo et al, 2006). These observations demonstrate the
occurrence of a chromatin restoration step that involves the incorporation of histones,
of which at least a fraction comes from a newly synthesized pool and not from recycled
(evicted) histones. Interestingly, the presence of ubiquitinated H2A at sites of NER also
requires CAF-1 (Zhu et al, 2009), suggesting that the CAF-1 dependent incorporation of
H3.1 and H4 might allow the subsequent deposition of modified H2A and H2B.

Taken together, these findings show a role for CAF-1 in the later steps of the NER
pathway. Since the complex is not required for the removal of DNA lesions, CAF-1 is
thought to play a role in the restoration of chromatin organization after DNA repair. This
places CAF-1 in the last step of the “access-repair-restore” model that was put forward
to explain how DNA repair can take place in the context of chromatin organization
(Figure 28) (Green & Almouzni, 2002; Smerdon, 1991). To date, CAF-1 is the only factor
that has been convincingly implicated in this step. CAF-1 has also been implicated in the
repair of single strand breaks and double strand breaks (Kim & Haber, 2009; Lewis et al,
2005; Linger & Tyler, 2005; Nabatiyan et al, 2006; Okano et al, 2003; Polo et al, 2006),
suggesting that its function in the restoration of chromatin organization is not restricted

to NER, but is a general requirement upon DNA repair in a chromatin context.

Figure 28: The Access-Repair-Restore
model. The organization of DNA into
CHROMATIN REMODELLING/ chromatin requires that chromatin remodeling
MODIFICATION FACTORS and modifying factors render the DNA lesion
accessible in order for DNA repair to occur.
Subsequently, chromatin organization should
be restored to the initial status. The Access-
* REPAIR MACHINERY Repair-Restore model was initially proposed in

ACCESS *

the context of NER, but probably also applies
to other types of DNA damage. Image from
Green & Almouzni, 2002.

CHROMATIN ASSEMBLY
FACTORS

RESTORE *

[t must be noted that the role of CAF-1 during DNA repair has been studied
exclusively in proliferating cells. Yet, quiescent cells, which constitute the main fraction
of cells in an adult human body, are exposed to genotoxic stresses like proliferating cells
and also need to preserve both DNA integrity and chromatin organization to maintain

cellular identity. In addition, quiescent cells cannot rely on any known cell cycle
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checkpoint to survey genome and chromatin integrity. This raises the intriguing
question of how non-proliferating cells, which express very low levels of p150 and p60
(Polo et al, 2004), deal with chromatin assembly coupled to DNA repair. In addition, the
expression of the histone variant H3.1, which specifically associates with CAF-1 (Tagami
et al, 2004), is also cell cycle-dependent and low during quiescence (Polo & Almouzni,
2006). Thus, whether chromatin assembly coupled to DNA repair can occur efficiently in
quiescent cells, and which factors are involved, remains an open issue. This question
brings me to my second main PhD project, in which I have compared the chromatin

dynamics coupled to DNA repair in proliferative and quiescent cells.

75



Il. RESULTS

76



77



Key Questions and Approaches: an overview

During my PhD, my interest has been focused on chromatin-related mechanisms
underlying cell proliferation and tumorigenesis. For this, I particularly focused my
attention on two chromatin-related factors, discussed in detail in the introduction: CAF-

1 and HP1.

Our laboratory has previously shown that the expression of CAF-1 p150 and p60 is
dependent on cell proliferation and constitutes a proliferation marker of clinical value in
breast cancer (Polo et al, 2004; Quivy et al, 2008). However, in cell line models, the
chromatin assembly capacity of CAF-1 is not essential for cell proliferation (Polo et al,
2006). Intriguingly, only the interaction of CAF-1 p150 with the HP1 proteins is required
for DNA replication and thus for cell survival (Quivy et al, 2008; Quivy et al, 2004). This
tight connection between CAF-1 and HP1 proteins in proliferative cells suggested a
potential role for HP1 proteins in tumorigenesis. The involvement of HP1 proteins in
crucial cellular processes, such as gene silencing and chromosome segregation (see
introduction), and their interaction with the tumor suppressor protein Rb (Nielsen et al,
2001b; Williams & Grafi, 2000), are in line with this hypothesis. In a first study, we have
therefore addressed how the three human HP1 isoforms relate to cell proliferation and
tumorigenesis. For this, we have used tumoral and primary human cell lines, siRNA
approaches and a selection of tumoral human patient samples, which were chosen and
analyzed in collaboration with the Institut Curie hospital and the department of
biostatistics. These data gave rise to publication #1: DE KONING Leanne, SAVIGNONI
Alexia, BOUMENDIL Charléene, REHMAN Haniya, ASSELAIN Bernard, SASTRE-GARAU

Xavier, ALMOUZNI Genevieve, Heterochromatin Protein 1 alpha: a hallmark of cell
proliferation relevant in clinical oncology, EMBO Molecular Medecine, Vol 1 (issue 3), p

178-191, 2009.

Using the same series of breast cancer patient samples, we have analyzed, in
addition to HP1, the expression of other factors involved in chromatin organization. We
focused on the histone chaperones CAF-1 p60, CAF-1 p150, Asfla and Asflb. Since CAF-

1 p60 is a known proliferation marker in breast cancer (Polo et al, 2004), we aimed to
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determine if CAF-1 p150 behaves similarly. In addition, unpublished data from the
laboratory, concerning Asfla and b, suggested that the two isoforms might not fulfill
identical functions. Therefore, we analyzed how the two Asfl isoforms are regulated in
relation to cell proliferation and tumorigenesis and compared their expression to the
expression of CAF-1 and HP1. This work gave rise to manuscript #2 that is currently in
preparation: CORPET Armelle, DE KONING Leanne, TOEDLING Joern, SERVANT Nicolas,
SAVIGNONI Alexia, BOUMENDIL Charlene, BARILLOT Emmanuel, ASSELAIN Bernard,
SASTRE-GARAU Xavier and ALMOUZNI Genevieve, Distinct functions for the two Asf1

isoforms in relation to proliferation, in prep.

Next, | have addressed in more detail the role of CAF-1 in chromatin dynamics
coupled to DNA repair. The efficiency by which cells are able to repair DNA lesions
largely determines the clinical response to anti-cancer treatments such as
chemotherapy and radiotherapy, both in terms of tumor reduction and toxicity to
healthy cells (Helleday et al, 2008). A differential capacity between proliferative tumoral
cells and quiescent healthy cells in term of their capacity to repair DNA and to restore
chromatin organization could therefore affect cancer treatment. Until now, the role of
CAF-1 in chromatin dynamics coupled to DNA repair has been studied exclusively in
proliferative cells. This raises the question of how quiescent cells, which express very
low levels of CAF-1 p150 and p60 (Polo et al, 2004), deal with chromatin assembly
coupled to DNA repair. To address these issues, chromatin dynamics coupled to DNA
repair in quiescent human cells has been studied. As a model for DNA damage, [ applied
UV irradiation, as the role of CAF-1 during UV repair in proliferative cells is particularly
well studied (see introduction). This work gave rise to manuscript #3 that is currently in

preparation: Leanne DE KONING, Sophie E. POLO, Daniele ROCHE and Genevieve

ALMOUZNI, Quiescent human cells show distinct chromatin restoration kinetics upon UV

damage, in prep.

Finally, I will present preliminary but intriguing observations concerning a
potential role of CAF-1 p60 in the initiation of the tumorigenesis process. Indeed, CAF-1
p60 is not essential for cell survival in proliferative cells (Polo et al, 2006; Quivy et al,
2008), where its expression levels are constantly high (Polo et al, 2004). However, rapid

neosynthesis of CAF-1 p60 occurs upon exit from the quiescent state (Polo et al, 2004).
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Using siRNA approaches, we addressed if this upregulation is crucial for cell cycle entry

and thus initiation of cell proliferation and tumorigenesis.

Each of these four projects, all closely related to cell proliferation and
tumorigenesis, and the obtained results, will be presented and summarized in the

following chapters.
Publication #1:

Heterochromatin Protein 1 alpha: a hallmark of cell proliferation

relevant in clinical oncology

DE KONING Leanne, SAVIGNONI Alexia, BOUMENDIL Charlene, REHMAN Haniya,
ASSELAIN Bernard, SASTRE-GARAU Xavier, ALMOUZNI Genevieve

EMBO Molecular Medecine, Vol 1 (issue 3), p 178-191, 2009

In this manuscript, we address how the three human isoforms of HP1 relate to
cell proliferation and tumorigenesis. As discussed in the introduction, the three HP1
isoforms are highly similar in sequence and in protein structure. Their functional
differences are poorly understood and experimental findings concerning one isoform
are often generalized and considered as applicable to all three isoforms. Yet, the three
proteins show different nuclear distribution patterns. While the nuclear staining of
HPla is enriched at constitutive pericentric heterochromatin, HP1y shows less
preferential binding to these regions and would be more often associated with
facultative heterochromatin and gene silencing (Gilbert et al, 2003; Minc et al, 1999;
Nielsen et al, 2001a). Furthermore, the three isoforms can interact with different
binding partners (Kwon & Workman, 2008; Quivy et al, 2004). Finally, distinct
posttranslational modifications have been identified on individual HP1 isoforms
(Lomberk et al, 2006a; Minc et al, 1999).

The three isoforms are encoded by different genes, under control of different

promoters, and a differential regulation of expression may further diversify their
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functions. However, little is known about how the HP1 proteins are regulated. We
addressed this issue in relation to cell proliferation and tumorigenesis, with a major
focus on breast cancer. As discussed in the introduction, the clinical and genetic
heterogeneity of breast cancer suggests that alterations in chromatin organization may
play an important role in this type of cancer. In addition, the Institut Curie is specialized
in breast cancer treatment and patient sample collections. However, the heterogenic
nature of breast cancers renders its study more complex and, therefore, appropriate
cellular models and adequate selections of patient samples are required. We used a
selection of primary and tumoral (mammary) cell lines and tissue samples, when
possible derived from the same patient, to study the expression patterns of HP1
isoforms. Our major results are summarized below. More detailed information,
concerning methodology or obtained results, can be found in the corresponding
publication (De Koning et al, Heterochromatin Protein 1 alpha: a hallmark of cell
proliferation relevant in clinical oncology, EMBO Mol Med, Vol 1 (issue 3), p 178-191,
2009).

Results
1. Expression of HP1a, but not B or y, is dependent on cell proliferation

First, we analyzed how the three HP1 isoforms are regulated during the cell cycle
and within quiescence. Using both primary cells, which can be arrested in quiescence by
serum starvation, and mammary carcinoma cells, which can be arrested by anti-
estrogens, we show that the protein and mRNA levels of HP1a, but not HP1p or vy, are
downregulated in quiescent cells. In contrast to CAF-1, HP1la expression is induced
before the onset of DNA replication upon release from quiescence. In continuously
proliferating cells, HP1a protein and mRNA levels do not show important variations
among the different phases of the cell cycle. Thus, the expression of HP1a, but not HP1p
or vy, is dependent on cell proliferation status, being specifically downregulated in

quiescent cells.

2. HP1«a is overexpressed in human cancer cell lines
Next, we addressed the expression levels in human cancer. As a first approach,
we used tumoral and a healthy mammary cell lines, which have been derived from the

same patient (Hackett et al, 1977). We studied both the total protein pool and the
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chromatin-bound fraction of the three HP1 isoforms. We show that HPla is
overexpressed and highly chromatin-bound in the tumor cells compared to the healthy
cells, while HP1f or y show little differences. In addition, colocalization studies by
immunofluorescence show an increased concentration of HP1a in foci in the tumor cells.
These foci colocalize at least partially with centromeric regions and are not cell cycle
dependent. Thus, a large fraction of the overexpressed HP1la seems to be recruited to

pericentric heterochromatin.

3. HP1a downregulation results in mitotic defects

To study the specific function of HP1a related to tumor cell proliferation, we
developed a siRNA approach to specifically downregulate each HP1 isoform. Our results
show that downregulation of HP1a, but not HP1f or v, results in mitotic defects in
cancer cells. In primary cells, which have a normal cell cycle and checkpoint activity,
HP1la depletion leads to a slightly delayed chromosome segregation. These observations
suggest a specific function for HP1a in facilitating mitosis, which could be of particular

importance in a cancer context.

4. HP1 o is overexpressed in human cancer samples

To address whether our cell line models reflect the in vivo situation, we analyzed
the expression of the three HP1 isoforms in human cancer samples. Using available
transcriptome data as a first approach, we concluded that HP1a mRNA is overexpressed
in multiple tumor samples compared to healthy tissue, while HP1f and y show little
differences. Next, we studied HP1a protein levels by immunohistochemistry on tumoral
and corresponding healthy frozen tissues. Again, HP1la, but not HP1p or y, was
overexpressed in the tumoral tissues compared to the healthy tissues. Finally, we
addressed whether the expression of HP1a was related to disease outcome. For this, we
analyzed HP1a mRNA levels in an annotated selection of early stage breast cancers for
which a patient follow-up of > 10 years was available. We show that the expression
levels of HP1a are predictive for the overall survival of the patients, the formation of
metastasis and the progression of the disease. Thus, HP1a is a prognostic factor in early
breast cancers. In addition, multivariate analyses, which compare the combined value of

individual prognostic factors, show that HP1a better predicts overall survival in this
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series of patient samples than classical factors like tumor grade and size, age, mitotic
index, etc. Although these conclusions remain to be confirmed in a second, independent
set of patient samples (ongoing), they underline the strength of HP1a as a prognostic
marker. These observations have given rise to the deposition of a patent, entitled

“HP1alpha as a prognostic marker in human cancer” (appendix 2).

We thus conclude that HP1a, but not HP1f or v, is expressed in a proliferation
dependent manner and overexpressed in human cancer. Increased HP1la expression
might confer a growth advantage to tumor cells, probably linked to the chromatin
organization of pericentromeric regions and the passage of mitosis, and is indicative of

bad prognosis.
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Mammalian cells contain three closely related heterochromatin protein 1 (HP1}
isoforms, HP1a, B and v, which, by analogy to their unique counterpart in
Schizosaccharomyces pombe, have been implicated in gene silencing, genome
stability and chromosome segregation. However, the individual importance of
each isoform during normal cell cycle and disease has remained an unresolved
issue. Here, we reveal that HP1x shows a proliferation-dependent regulation,
which neither HP1p nor y display. During transient cell cycle exit, the HP1. mMRNA
and protein levels diminish. Transient depletion of HP1q, but not HP1f or v, in
tumoural and primary human cells leads to defects in chromosome segregation.
Notably, analysis of an annotated collection of samples derived from carcinomas
reveals an overexpression of HP1.a mRNA and protein, which correlates with
clinical data and disease outcome. Our results unveil a specific expression pattern
for the HP1« isoform, suggesting a unique function related to cell division and
tumour growth. The overexpression of HP1a constitutes a new example of a
potential epigenetic contribution to tumourigenesis that is of clinical interest for
cancer prognosis.

INTRODUCTION

Cancer has been considered for a long time as a genetic disease
induced mainly by hereditary or spontanecus mutations in DNA
sequences (Hanahan & Weinberg, 2000; Weinberg, 1996).
However, changes affecting chromatin organization have
recently been implicated as well in tumourigenesis (Jones &
Baylin, 2007), and intense work has been dedicated to
understand how these processes relate to each other. Much
effort has been put into the characterization of alterations in
DNA methylaticn and different histone medifications (Esteller,
2007). Drugs designed to target these modifications have now
been started tc be used with some success in cancer treatment
{Mulero-Navarro & Esteller, 2008). A present challenge is to find
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how, beyond DNA and histones, the higher order nuclear
organization of chromatin (Misteli, 2007), which is often
affected in cancer cells, participates in tumourigenesis. Breast
cancer is a particularly interesting model in this respect. Given
its clinical and genetic heterogeneity, it cannot be explained as a
genetic disease. Thus, to consider if breast cancer cells show
particular chromatin alterations that could promote tumour-
igenesis to proceed is particularly relevant.

In this study, we focus on a key component of constitutive
heterochromatin regions, heterochromatin protein 1 (HP1)
{(Kwon & Workman, 2008; Maison & Almouzni, 2004), highly
conserved from Schizosaccharomyces pombe to humans.

The unique HP1 homeclogue in S. pombe, Swi6, has been
implicated in chromatin compaction and gene silencing
{(Kwon & Workman, 2008), through its interaction with histone
H3 methylated on lysine 9 (H3K9me) (Bannister et al, 2001;
Ekwall et al, 1996). In addition, Swi6 is involved in mitotic
segregation (Ekwall et al, 1995), by promoting sister chromatid
cohesion (Bernard et al, 2001) and through the establishment of
the centromeric histone H3 variant CENP-A“"®! (Folco et al,
2008).
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A large fraction of HP1w in breast cancer cells is chromatin-
bound and localizes to centromeric regions.

HP1le downregulation results in mitotic defects

The proliferation-dependent expression of HP1a, which is not
observed for HP1R or v, points to a unique function of this
isoform and suggests that high amounts of this protein could
confer an advantage for cell growth. Interestingly, down-
regulation of CAT-1 p150 results in a pronounced S-phase arrest
in a manner that depends on its interaction with HP1 proteins
(Quivy et al, 2008; Quivy et al, 2004}. We thus tested whether
high expression levels of HPlw, B or v are required for human
cancer cell proliferation. By transfecting HeLa cells with siRNA
against HPla, B or v, we obtained a specific downregulation of
each of the IIP1 isoforms (Fig 3A). In contrast to downregulation
of its binding partner CAF-1 pl50 (Quivy et al, 2008),

A Total protein
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downregulation of the HP1 isoforms did not result in any
obvious effect on cell proliferation, as assessed by flow
cytometry (Fig 3B). We obtained similar results for HPla
downregulation in the mammary carcinoma cell line Hs578T
{data not shown). However, in agreement with previous reports
(Auth et al, 2006; Obuse et al, 2004), we did observe an
increased fraction of mitotic profiles displaying lagging chromo-
somes, misalignments and chromescome bridges (Fig 3C) aiter
downregulation of TPla. We quantified these as the fraction of
aberrant mitoses (Fig 3D). Interestingly, under our experimental
conditions, downregulation of IIP1B or v did not give rise to
increased mitotic defects, suggesting that only the IPla isoform
is critical for faithful mitosis. Furthermore, defects in mitosis
were supported by observation of a three-fold increase in
micronuclei formation after downregulation of HP1w, but not
HP1B or y (Fig 3K, F).

Figure 3. Downregulation of HP1a, but not HP1[3
or v, leads to mitotic defects in HelLa cells.
A. Western blot analysis of total cell extracts from

u siGFP < ety ot
»siHP10.3 Helz cells 72 hours after transfection with sIRNA
msiHP1p sequences targeting HPia (named siHP1a.3),

u siHP1y HP1R, HP1y or control sIRNA (5IGFP). Increasing
amounts {x) of total cell extracts are leaded and
B-actin is used as a loading control.

. Flow cytometry analysis of the cell cycle
distribution of cells shown in A.

. Typical mitotic figures ofter transfection with

sIRNA sequences targeting HP1x, HP1B, HP1y or

mock siRNA (siGFP).

Percentage of aberrant mitotic figures (lagging

chromosomes, misalignments, chromesome

hridges) in asynchrenous Hela cells 72 h after
transfection with siRNA sequences targeting

HP1a, HP1[3, HP1y or mock siRNA (siGFP).

The error bars represent data from three

independent, blind counted, experiments.

30

E. DAPI staining reveals micronuclei formation 72h
after transfection with an siRNA sequence

25

targeting HP1uo.

E wmicronuclei formation

20

% of mitotic cells

0 - <
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F. Quantification of the percentage of micronu
cleated cells 727 after transfection with siRNA
sequences targeting HPix, HP2B, HP1vy or contro
siRNA (siGFP). Crror bars represent data from
three independent experiments of which two
were blind counted.

F Micronuclei quantification

% Micronucleated cells
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with clinico-pathological data and disease outcome. In our
series of 86 small breast tumours, high HPla expression
remained the only independent prognostic factor for overall
survival after adjustment for classical prognostic markers, such
as the mitotic index, tumour grade, tumcur size, hcrmone
receptor status or Ki67. We are currently extending our analysis
to a second, independent data set to test our cut-off value of 10
and confirm the highly prognostic value of HPla compared te
other markers. Taken together, our data demonstrate that HP1a
censtitutes a new chromatin-related marker of cell proliferaticn
and tumourigenesis of clinical relevance for prognosis of breast
cancer and potentially other types of cancer.

DISCUSSION

A unique regulation of the HP1« isoform

The HP1 family of proteins were identified more than 20 years
ago (James & Elgin, 1986), but the common or divergent
functions of the three isoforms remain largely unknown. Here,
we show that in human cells, the HPla isoform has unique
properties, not shared by HP1B and . The protein is expressed

© 2009 EMBO Molecular Medicine

B HP1 isoforms in uterus tissue

Figure 4. HP1« protein is overexpressed in

multiple types of human cancer.

A. Frozen human tissue arrays containing sections
from tumoural and healthy origin are stained
for HP1a by immunohistochemistry and
counterstained with hematoxylin.

B. Frozen uterus tissue sections were stained for
HP1a, B and «y by immunohistochemistry and
counterstained with hematoxylin. Tissue arrays
were processed identically for the three
antibodies.

Healthy

C. Two adjacent sections from a frozen medullary
breast carcinoma were stained for HP1x and
epithelial pan-cytokeratin marker KL-1, by IF.
DNA is revealed with DAPI. Areas of HP1a
overexpression correspond to regions of
epithelial tumour cells. Scale bars: 100 pm.

KL1

in a proliferation-dependent manner, being downregulated
during transient cell cycle exit. In line with these findings,
cultured cancer cells overexpress HPla compared tc non-
tumoural cells. Importantly, this is validated in patient samples.
Our data thus demonstrate a unique regulation of HP1e, which
is not paralleled by HP1B or vy. The region in which the HP1la
gene is located is not often affected by genomic aberrations in
breast cancer (Progenetix CGH database (Baudis & Cleary,
2001)). Genomic alterations are thus unlikely to cause HPla
overexpression, which might rather reflect an increased
activation by E2F (Oberley et al, 2003; Weinmann et al,
2002) and/or myc transcription factors (Kim et al, 2008; Li et al,
2003).

An interesting question now is whether HP1a overexpression
in tumour cells is accompanied by and related to alterations in
other hetercchromatic marks. We did not observe a difference
in nuclear distribution or in staining intensity of H3K9me3 in
breast cancer cells and in tumoural tissue samples. However,
other factors can promote HP1 recruitment and maintenance in
{pericentric) heterochromatin regions, among which is the
H3K9-methyltransferase Suv39hl (Stewart et al, 2005), an RNA
compornent (Maison et al, 2002) and the largest subunit of CAF-1

EMBO Mol Med 1, 178-191 www.embomolmed.org
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Figure 5. HP1la expression levels have a
prognostic value in breast cancer patients.
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(p150) (Quivy et al, 2004, 2008). Post-translational modifica-
tions of HPla itself (Lomberk et al, 2006) might alsc affect its
stabilization and recruitment, as has been shown recently for
HP1B in the context of DNA damage (Aycub et al, 2008).
Furthermore, it remains unclear how the increased levels of
HP1lw relate to loss of the hetercchromatin mark H4K20me3 in
cancer cells (Fraga et al, 2005) or the reported changes in DNA
methylation (reviewed in (Esteller, 2007)). Future work should
also explore the distinct or common repressive roles of HPla
and the polycomb group proteins. Indeed, HPla interacts
with the Suz12 subunit of the polycomb repressive complex 2
(PRC2) (Cac & Zhang, 2004; Yamamoto et al, 2004}, in which all
three subunits (Suz12, EZH2 and EED) are downregulated in
quiescence (Bracken et al, 2003; Muller et al, 2001) and over-
expressed in human cancer (reviewed in (Simon & Lange,
2008)). Considering how these different repressive marks func-
tion in cooperation will be necessary te cbtain a moere complete
picture of the aberrant transcriptional repression mechanisms in
cancer cells.

Potential functions of tumoural HP1« overexpression
The unique proliferation-dependent regulation of HP1a suggests
the existence of a specific function that would distinguish it from

www.emboemalmed.org EMBO Mol Med 1, 178-191

HP1B and HP1ly. Interestingly, the three isoforms distribute
differentially within the nucleus: HPla is most specific for
pericentric heterochromatin, whereas HP1B and especially
HP1y show a more diffuse distribution (Gilbert et al, 2003;
Minc et al, 1999; Nielsen et al, 2001a). Hence, high HP1« levels
in cancer cells might reflect an altered organization of certain
heterochromatic regions, which could become more compact
and/or more abundant. The increased amount of chromatin-
bound HPle and its different nuclear distributicns (Fig 2 and
Fig S84 in Supporting Information) in breast cancer cells
compared tc non-tumcural cells is in agreement with this
hypothesis. It is noteworthy that the distinct nuclear distribution
of HP 1« in breast cancer cells (discrete spots) and non-tumoural
cells (granular and diffuse) mimics the localization that has been
observed in activated versus resting lymphocytes (Baxter et al,
2004; Grigoryev et al, 2004; Ritou et al, 2007). Yet, this is not
solely a consequence of cell cycle status, since we did not
observe a different HPla localization between quiescent and
proliferating primary fibroblasts (data not shown).

Besides a structural role in pericentric heterochromatin, the
overexpression of HP1« in tumours could also relate to a func-
ticn in regulating the euchromatic gene expression. Indeed, in
Drosophila, HP1 is involved in the regulation of cell cycle genes

© 2009 EMBO Molecular Medicine
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SUPPLEMENTARY DATA
Heterochromatin Protein 1 alpha: a hallmark of cell proliferation relevant in clinical oncology
DE KONING Leanne, SAVIGNONI Alexia, BOUMENDIL Charléne, REHMAN Haniya,
ASSELAIN Bernard, SASTRE-GARAU Xavier, ALMOUZNI Geneviéve

Supplementary figure legends:

Supplementary figure S1: HP1a levels progressively increase after exit from quiescence.
A. BJ primary fibroblasts are arrested in quiescence (GO) by serum starvation and released by
adding back serum for the indicated time period. Total protein levels are analyzed by Western
blot. CAF-1 p60 (Polo et al, 2004) and Cyclin A are used as markers for cell proliferation. p-
actin is used as a loading control. B. Flow cytometry analysis of the cell cycle distribution of

the cells shown in A.

Supplementary figure S2: HPla expression does not visibly vary during the cell cycle.
A. Hel.a cervical carcinoma cells are synchronized in the cell cycle by release from double
thymidine block (G1, G1/S, S, G2) and by nocodazole (M). Total protein extracts are
analyzed for HPla expression levels using Western Blot. B-actin is used as a loading control
and Cyclin A as a marker for G2/S phases. CAF-1 p60 is shown for comparison. B. Flow
cytometry cell cycle analysis of the synchronized cells used in A. C. BJ foreskin primary
fibroblasts are synchronized in the cell cycle by release from double thymidine block (G1,
G1/S, S, G2) and by nocodazole (M). HPla protein levels are analyzed in total cell extracts
by Western Blot. f3-actin is used as a loading control and Cyclin A as a marker for G2/S
phases. CAF-1 p60 is shown for comparison. D. Flow cytometry analysis of the cell cycle
distribution of the synchronized cells shown in C. E. HP1lao mRNA levels in synchronized BJ
cells, as determined by quantitative RT-PCR. Levels are normalized to the reference gene
ribosomal protein PO-like protein (RPLPO) (de Cremoux et al, 2004) and levels in
asynchronously proliferating cells are set to 100%. CAF-1 p60 and CAF-1 p150 levels are
shown for comparison (Polo et al, 2004). Error bars represent data from two independent

experiments.

98



Supplementary figure S3: Levels of HP1 proteins in soluble and chromatin-bound
nuclear fractions. A. Scheme depicting the extraction procedure to obtain soluble and
chromatin-bound nuclear fractions of the breast cancer cell line Hs578T (T) and the healthy
mammary cell line Hs578Bst (Bst), which are derived from the same patient (Hackett et al,
1977). B. HPla, B and y protein levels are analyzed by Western Blot in soluble and
chromatin-bound nuclear extracts from the cancer cells Hs578T (T) and the healthy cells
Hs578Bst (Bst). Loading was corrected in a manner to deposit an identical amount of cells
(2x10° and 4x1Q’ cells for each extract). We revealed several classical loading controls. While
the fractionation of a-tubulin and the presence of p-actin differ slightly between tumoral and
healthy cells, GAPDH reflects best the identical loading under these experimental conditions.
Cyclin A and CAF-1 p60 are shown for comparison.

Supplementary figure S4: Nuclear distribution of HP1a, but not H3K9me3, is altered in
breast cancer cells compared to healthy mammary cells. A. Inmunofluorescence staining
of HP1a in the breast cancer cell line Hs578T (T) and in the non-tumoral mammary cell line
Hs578Bst (Bst). Costaining for centromeres, using CREST patient serum, reveals a partial
although incomplete colocalization with the HP1a spots in Hs578T breast cancer cells. DNA
is stained with DAPIL Indicated below the microscopy images are the mean percentages of
cells showing clearly distinguishable HP1a spots in the breast cancer cell line Hs578T (T)
and in the healthy mammary cell line Hs578Bst (Bst). Standard error, based on two
independent experiments, is indicated. B. Nuclear distribution of the H3K9me3 histone
modification, compared to HPla in the tumoral (T) and non-tumoral (Bst) mammary cells.
DNA is revealed with DAPI. C. Costaining of HPla with Cdtl (indicative for G1 phase),
Cyclin A (indicative for S and G2 phase), or histone H3 phosphorylated on S10 (H3S10P;
indicative for G2 and M phase), does not reveal a correlation between cell cycle status and

spotted HP1a patterns. Scale bars: 10 pm.

Supplementary figure S5: Downregulation of HPla in primary cells affects
(pro)metaphase. A. BJ primary fibroblasts are transfected by nucleofection with control
siRNA (siGFP) or two different siRNA sequences targeting HP1a (a.1 or «.3). Total protein
levels are analyzed by Western blot. HP1p and HP1y are revealed to show the specificity of
the siRNA for the HP1a isoform. B. Flow cytometry analysis of the cell cycle distribution of

cells shown in A, 72 hours after transfection with control siRNA (siGFP) or two different
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siRNA sequences targeting HPla (siHPla.1/3). C. Profiles of mitotic cells are analyzed by
immunofluorescence 72h after transfection. Enrichment in mitotic cells is achieved by a 6
hours release from a 12h thymidine block. Depicted are typical mitotic profiles (upper panel)
and the presence of each mitotic phase as a percentage of the total number of mitotic cells
(graph). Error bars represent standard errors, based on three independent experiments (n>100
for each) of which two were blind counted. D. Time of mitosis after two subsequent
transfections with control siRNA (siGFP) or HP1a siRNA (siHP1a.3), as determined by live
cell imaging. DNA is visualized by expression of H2B-Cherry (red). Images were acquired
every 20 minutes for a period of 24h, starting 48h after the second transfection. The time of
mitosis (upper graph) was defined as the time between the condensation of DNA and the
establishment of two distinct cells. The average number of images depicting mitotic cells in
(pro-)metaphase, before the onset if chromosome segregation, was also determined (lower
graph). Means of three independent experiments are depicted, representing a total number of
130 and 87 mitotic cells for siGFP and siHP1q, respectively. P-values were determined with a
test of Mann-Whitney Wilcoxon. Mean H2B-cherry transfection efficiencies were 37% and

39% for siGFP and siHP1a, respectively.

Supplementary figure S6: HP1la mRNA is overexpressed in multiple types of cancer and
correlates with clinical and molecular data. A. Boxplot representation of microarray
expression profiles of HPla in different types of cancer (red/green) compared to normal
tissue (blue). Boxes represent the 25th-75th percentile; brackets: range; black line: median;
black dots: outliers; n: sample number. p-values are based on Student’s T-test. Results are
analyzed and plotted using ONCOMINE (Rhodes et al, 2004), and exploit data from
transcriptome studies on different tumor types (Andersson et al, 2007; Pyeon et al, 2007,
Quade et al, 2004; Ramaswamy et al, 2003; Richardson et al, 2006; Yu et al, 2004). B. Left
panel: Correlation of HPla expression levels with the time to relapse in childhood acute
lymphoblastic leukemia (Kirschner-Schwabe et al, 2006). Relapse occurs very early (within
18 months after initial diagnosis), early (>18 months after initial diagnosis but <6 months
after cessation of frontline treatment) or late (>6 months after cessation of frontline
treatment). Boxplot representation as in A. Right panels: Scatter plot representation of the
positive correlation of HP1a expression levels with CAF-1 p150 and the proliferation marker

Ki67 expression levels in childhood acute lymphoblastic leukemia (Kirschner-Schwabe et al,
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2006). Red line: line of best fit; R: Pearson’s correlation coefficient. Results are analyzed and

plotted using ONCOMINE (Rhodes et al, 2004).

Supplementary figure S7: Overexpression of HP1la in human tumor samples is detected
with a polyclonal antibody and is not accompanied by altered H3K9me3 staining. A.
Immunohistochemistry staining, using a polyclonal HPla antibody, of a tissue array
containing frozen human tissue sections from tumoral and healthy origin. Tissues were
counterstained with hematoxylin. B. A frozen human tissue array (same batch as in A.) is
stained for H3K9me3 by immunohistochemistry and counterstained with hematoxylin. Scale

bars: 50 um.
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A. Extraction procedure
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A. Tumoral vs. normal HP10. localization B. H3k9me3 profiles
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A. Tumoral vs. normal microarray expression data

Multiple tissues Leukemia Cervix
. HP1a p=2E-6 HP1o p=5.8E-6 ., HP1o p=1.4E-5
@ o . ’ P 2 :
€ =3 =
3 oo S =353
5 . s s
K @ 05 @
a o a
3 . 3 oo 3
e 0.5
£ g g
E 1 E : - g = ’
2 . 2 2
. . 1.0
i Normal Primary Normal bone T-cell acute Normal Cervical
(n=90) tumor marrow lymphoblastic cervix cancer
(n=190) (n=90) leukemia (n=90) (n=8) (n=8)
Prostate Uterus Breast
” HP1o p=1.4E-4 . HP1o p=0.004 - HP1 p=0.014
[2] . .
z » 2 2
3 . E E
c b= 3
] g £ 10
e e e
5 K E % &05 .
% o )
% 2 2 -1.0 E
4 <) <]
0.5 4 4
Normal Prostate Metastatic
(n=23) carcinoma prostate Normal Uterine leio- Normal Breast
(n=64) carcinoma myometrium myosarcoma breast carcinoma
(n=25) (n=4) (n=9) (n=7) (n=40)
B. Leukemia microarray expression data
Time to relapse CAF-1 p150 - HP1o. Ki67 - HP1o.
e HP1o p=9.8E-5 E
R = 0.512 R = 0.468
a
‘c « *
3 7Y .
S o0 : o [
3 i . m
Q b
S o ~
3 » o
w X
T os I i <
] . O
©
£
<] b . T
z 2 .
< Very early  Early Late ) *
(n=19) (n=11) (n=30) HP1o. HP1o.

Supplementary figure S6

107



A. Polyclonal HP1o

Pancreas

Hea

Ithy

s

B. H3K9me3

Uterus

Pancreas

Supplementary figure S7

108



Table I: Description of the patient samples

Age median: 53 (range: 26-70)
Menopaused yes 54%
no 46%
Histological type ductal 88%
lobular 9%
papillary 1%
tubular 1%
Size classification TO/T1 62%
T2 38%
Tumor size (mm) median: 18 (range: 6-50)
Grade EE I 33%
II 42%
III 25%
Estrogen receptor positive 86%
negative 14%
Progesteron receptor positive 69%
negative 31%

Mitotic index

median: 8 (range: 0-105)

Ki67 <=15 52%
15 - 40 24%
> 40 24%

Adjuvant chemotherapy no 93%
yes 7%
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Manuscript #2 (in preparation):

Distinct functions for the two Asf1 isoforms in relation to

proliferation

CORPET Armelle, DE KONING Leanne, TOEDLING Joern, SERVANT Nicolas, SAVIGNONI
Alexia, BOUMENDIL Charléene, BARILLOT Emmanuel, ASSELAIN Bernard, SASTRE-
GARAU Xavier and ALMOUZNI Genevieve.

The importance of HP1a in breast cancer prognosis (publication #1) has led us to
study other factors involved in chromatin organization that are related to cell
proliferation and/or the proliferation marker CAF-1 p60 (Polo et al, 2004). In this
manuscript, our main focus concerns the histone chaperone Anti-silencing function 1
(Asfl). As discussed in the introduction, Asfl can serve as a histone donor for the
histone chaperones CAF-1 and HIRA. Together with CAF-1, Asfl can promote chromatin
assembly coupled to DNA synthesis in vitro (Mello et al, 2002). In line with a role in DNA
replication, depletion of Asfl leads to S-Phase defects in various organisms (Mousson et
al, 2007).

Human cells contain two Asf1 isoforms, Asfla and Asflb. They both interact with
the Minichromosome Maintenance (MCM) proteins 2-7, which constitute the putative
helicase involved in DNA unwinding ahead of the replication fork (Groth et al, 2007a).
Together, the two isoforms are thought to promote replication fork progression by
assisting histone eviction and deposition (Groth et al, 2007a). In addition, upon
replication stress, the two isoforms could buffer the transient accumulation of histones
(Groth et al, 2005). However, these data have addressed the functions of the two
isoforms together and, to date, the specific function of each isoform in relation to cell
proliferation has not been studied.

Interestingly, while both Asfla and b interact with CAF-1 (Mello et al, 2002), only
Asfla interacts with HIRA (Daganzo et al, 2003; Tagami et al, 2004; Zhang et al, 2005).
Thus, Asflb could specifically be involved in CAF-1 dependent chromatin assembly

coupled to DNA synthesis. In addition, Asflb protein levels are highest in human testis
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and other human proliferative tissues such as thymus, small intestine or colon (Umehara
& Horikoshi, 2003), while Asfla shows a more ubiquitous expression profile. These data
suggest that the two Asfl isoforms might not be regulated similarly. Therefore, we have
addressed how the two Asfl isoforms relate to cell proliferation and tumorigenesis. For
this, we have used a combination of cell line models and human patients samples.
Armelle Corpet, with help from Joern Toedling, Nicolas Servant and Emmanuel Barillot,
performed genome-wide transcriptome data analyses. I provided Armelle Corpet with
expertise and material from different primary and tumoral cell line models. In addition,
with technical help from Charlene Boumendil, I set up and performed all experiments on
the breast cancer patient samples, provided by Xavier Sastre-Garau, and I initiated the
interaction with Alexia Savignoni and Bernard Asselain for the statistical analysis.
Therefore, [ will here particularly focus on the results obtained in these cell line models

and in the breast cancer patient samples.

Results
Asf1b is more related to cell proliferation than Asfla

Using a siRNA approach specific for either Asfla or Asflb, followed by genome-
wide transcriptome analysis, Armelle Corpet and Joern Toedling were able to
demonstrate that depletion of Asflb, but not Asfla, mainly affects the expression of
genes involved in cell proliferation. In line with this observation, we showed that human
tumoral or primary cells that are arrested in quiescence show an important
downregulation in the levels of Asf1b mRNA and protein compared to proliferative cells,
while the levels of Asfla show little difference. Finally, the depletion of Asflb, but not
Asfla, gave rise to aberrant nuclear shapes and micronuclei formation. Thus, these
observations indicate that the expression of Asflb is highly associated with cell

proliferation, which is not the case for Asf1a.

Asf1b is a proliferation marker for breast cancer prognosis

Given the differential expression of Asfla and b in relation to cell proliferation,
we considered their expression levels in the context of cancer cells. For this, we analyzed
the mRNA levels of Asfla and Asflb in cryopreserved human breast cancer samples by
quantitative RT-PCR. We used the annotated selection of early stage node negative and

metastasis-free invasive breast carcinomas, in which we previously determined HP1a
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expression (see publication #1). These patients, for whom the disease progression is
hard to predict, would benefit from new prognostic markers for the indication of
adjuvant chemotherapy. In addition to Asfla and b, we analyzed the expression of CAF-1
p60 and p150. Indeed, we aimed to determine if CAF-1 p150 and p60 behave similarly
and we wished to compare the prognostic value of the different factors. Since the
patients have been followed for > 10 years, the prognostic value can be reliably
assessed.

As shown in Figure 1A, we found that the expression levels of CAF-1 p60 and
p150 are highly related, which is consistent with their similar expression profiles in cell
line models (Polo et al, 2004). They predict disease outcome in a similar manner and, at
least in this series of patient samples, p150 does not seem to have an additional
prognostic value compared to p60 (not shown). Therefore, we here focus on p60. High
CAF-1 p60 levels are indicative for reduced global patient survival (p-value=0.035) and
a reduced metastasis-free interval (p-value=0.03). This is the first report showing that
CAF-1 is significantly associated with disease outcome in breast cancer. Therefore, CAF-
1 is a marker not only for the diagnosis (Polo et al, 2004), but also for the prognosis of
breast cancer. However, it must be kept in mind that CAF-1, and other proliferation
markers, are not necessarily prognostic factors in all types of breast cancers, as
exemplified by the highly specific subgroup of young breast cancer patients in which we
measured CAF-1 expression (see appendix #3: Marc A Bollet, Alexia Savignoni, Leanne
De Koning, Carine Tran Perennou, Catherine Barbaroux, Armelle Degeorges, Brigitte
Sigal-Zafrani, Genevieve Almouzni, Paul Cottu, REmy Salmon, Alain Fourquet, Patricia de
Cremoux, Is tumour aromatase expression prognostic for local control in young breast

cancer patients after breast-conserving treatment?, Breast Cancer Research).

Concerning the expression of the two Asfl isoforms, Asflb expression is highly
correlated to the expression of CAF-1 p60 (p-value=2.4 x 10-19), while Asfla correlates
less well with p60 (p-value=2.5 x 10-3) (Figure 1A). Interestingly, the two Asfl isoforms
show very limited correlation in their expression (p-value=0.017). These data again
show that Asflb seems more related to cell proliferation than Asfla. In addition, Asflb,
CAF-1 and the proliferation marker Ki67 all significantly correlate with large tumor size,
increased mitotic index and high tumor grade, while Asfla does not (Figure 1B). In

conclusion, the expression of Asflb, but not Asfla, is proliferation-dependent and
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correlates with clinico-pathological data. Therefore, we assessed the prognostic value of
Asf1lb. As shown in figure 2, high Asflb expression levels are predictive for decreased
global survival (p-value=0.03).

The statistical analyses to compare the expression of these factors with the
expression levels of HP1la are currently ongoing. In addition, we aim to compare the
prognostic value of all factors, using multivariate statistical analysis, in order to assess
which factor(s) can independently predict disease progression and global survival in the
most accurate manner. For this, we will determine cut-off values for each of the genes, as
has been done for HP1q, in order to compare the most prognostic threshold values in
each case. The obtained results, and the applied cut-off values will be validated in a
second series of patient samples (ongoing), which have been extracted in 1996 and are

in all clinico-pathological aspects comparable to the samples from 1995 used here.
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Figure 1: Expression of Asf1 and CAF-1 in early stage breast cancer samples. A. Correlations
among the different factors analyzed, using Pearsons correlation coefficient. B. Boxplots representing
the logarithmic expression of Asf1, CAF-1 and Ki67 according to tumor size, the mitotic index and the
tumor grade. Boxes represent the 25—-75th percentile; brackets: range; black line: median; black dots:
outliers. Asterisks are indicative of significant correlations.
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Figure 2: Univariate Kaplan—Meier survival curves in patients expressing high (>0.5) or low

(<0.5) levels of Asflb. The median expression level was used as the cut-off value. The number of
patients at risk at each time point is indicated below the graphs.
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Manuscript #3 (in preparation):

Quiescent human cells show distinct chromatin restoration kinetics

upon UV damage

Leanne DE KONING, Sophie E. POLO, Dani¢le ROCHE and Genevieéve ALMOUZNI

In this study, based on earlier investigations in the laboratory, we address how
quiescent cells can deal with chromatin dynamics coupled to DNA repair. Indeed,
quiescent cells constitute the major fraction of an adult organism and need to preserve
DNA integrity during life span. Yet, the integrity of DNA is continuously challenged by
endogenous and exogenous sources. In the context of cancer treatments, genotoxic
radiations or drugs are administered, which do not only affect proliferative tumor cells
but also healthy quiescent cells. A differential repair capacity between proliferating and
quiescent cells can thus affect cancer treatment efficiency and toxicity.

To study chromatin dynamics coupled to DNA repair, we used UV lesions as a
model system. As discussed in the introduction, UV irradiation induces two types of
lesions: 6,4-PP lesions, which mainly occur in linker DNA, and CPD lesions, which can
occur both in nucleosomal and linker DNA (Mitchell et al, 1990; Niggli & Cerutti, 1982;
Suquet et al, 1995; Williams & Friedberg, 1979). The repair of UV lesions involves a step
of chromatin restoration in which CAF-1 plays a major role (Gaillard et al, 1996; Moggs et
al, 2000; Polo et al, 2006). However, CAF-1 is downregulated in quiescent cells (Polo et al,
2004), raising the intriguing question of how quiescent cells deal UV repair. More
specifically, we focused on how the late steps of CPD and 6,4-PP repair, including
chromatin restoration, can occur in UV-irradiated quiescent human cells. We will here
summarize the main results. More detailed information can be found in the

corresponding manuscript.

Results

1. UV irradiation does not induce CAF-1 expression in quiescent cells
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Using different types of primary and tumoral cell lines, we confirm that CAF-1
p60 and pl50 levels are indeed downregulated in quiescence. Importantly, UV
irradiation does not result in an upregulation of CAF-1 levels.

2. Low CAF-1 levels are sufficient for a local recruitment in quiescence

To test if CAF-1 fulfills a function in UV repair in quiescent cells, like in
proliferating cells, we analyzed its kinetics after UV irradiation. We demonstrate that the
low amounts of CAF-1 p60 and p150 are sufficient for its local recruitment at UV damage
sites, suggesting a role for CAF-1 in repair-coupled chromatin dynamics in quiescent
cells. The recruitment of CAF-1 occurs with similar kinetics as in proliferating cells.
However, its dissociation from chromatin is delayed, suggesting that the requirement for

chromatin assembly activity is delayed or prolonged.

3. Late steps of CPD, but not 6,4-PP, repair is delayed in GO cells

To understand why CAF-1 dissociation is delayed in quiescent cells, we studied
the DNA repair kinetics in quiescent cells. While the repair of 6,4-PP lesions occurs with
similar kinetics in proliferating and quiescent cells, the repair of CPD lesions,
specifically, is delayed in quiescence. In addition, cells synchronized in G1 repair CPD
lesions like asynchronous cells (Fig 4C), suggesting that the delayed CPD repair is
specific for the quiescent state. Using markers for different steps of NER, we show that
the repair of CPD lesions is specifically impaired in late steps of the NER pathway, which

comprises concomitant DNA synthesis and chromatin reassembly.

Our findings evidence that the repair of CPD lesions, specifically, is impaired in
quiescent cells. This impairment seems to occur in the late steps of the NER pathway,
coinciding with DNA synthesis and chromatin reassembly. While a defect in DNA
synthesis would equally affect the repair of both 6,4-PP and CPD lesions, the chromatin
assembly requirement might be different for the two types of lesions. Indeed, while 6,4-
PP lesions are mostly found in linker DNA, CPD lesions can occur both in linker and in
nucleosomal DNA (Gale & Smerdon, 1990; Mitchell et al, 1990; Niggli & Cerutti, 1982;
Suquet et al, 1995). One can readily imagine that that the repair in linker DNA might
require less extensive chromatin dynamics than the repair in nucleosomal DNA. Thus,
we hypothesize that quiescent cells show impaired repair of nucleosomal CPD lesions,

specifically, for which the nucleosome assembly activity could be of particular
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importance. We currently aim to test this hypothesis using in vitro repair and chromatin

assembly assays.
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ABSTRACT

To preserve both genome integrity and chromatin organization is a major issue in
quiescent cells. Indeed, these cells need to maintain cell function and identity over a long
period. In proliferating cells, the complex Chromatin Assembly Factor 1 (CAF-1) is involved
in the reassembly of chromatin coupled to the repair of DNA lesions. However, CAF-1 levels
are massively downregulated in quiescence, raising the intriguing question of how quiescent
cells deal with chromatin restoration coupled to DNA repair. Here, we use UV irradiation as a
means to study this issue. UV irradiation induces mainly cyclobutane pyrimidine dimers
(CPD), which can occur both in nucleosomal and linker DNA, and 6-4-photoproducts (6,4-
PP), which are largely restricted to linker DNA. We show that, in quiescent cells, the limited
amounts of CAF-1 are sufficient to induce a detectable recruitment to local UV damage sites,
as observed in proliferating cells. Yet, CAF-1 dissociation is delayed in quiescent cells, in
parallel with a delayed repair of cyclobutane pyrimidine dimers (CPD) lesions, specifically.
Indeed, 6,4-PP lesions are repaired normally. Only late steps of CPD repair, including DNA
synthesis and chromatin reassembly, are affected. Since impaired DNA synthesis is expected
to affect both 6,4-PP and CPD repair, we put forward that the localization of CPD lesions
within nucleosomes constitutes a major challenge in quiescent cells, both in terms of repair

and chromatin restoration.
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INTRODUCTION

Cellular quiescence, defined as reversible or irreversible cell cycle exit, is a distinct
cell status (Coller, 2007), characterized by unique gene expression profiles (Coller et al, 2006;
Coppock et al, 1993; Iyer et al, 1999; Schneider et al, 1988; Venezia et al, 2004; Williams &
Penman, 1975) and a distinct chromatin organization (Ait-Si-Ali et al, 2004; Baxter et al,
2004; Grigoryev et al, 2004; Meshorer et al, 2006; Talasz et al, 2005; Zinner et al, 2006). It is
the most prominent cell status encountered in tissues of adult organisms. Quiescent cells need
to preserve DNA integrity and chromatin organization to ensure cell identity over a long
period, in the absence of any known checkpoint to survey genome and chromatin integrity.

Genome integrity and chromatin organization are challenged when cells are exposed
to DNA damaging agents. Ultra-Violet (UV) irradiation mainly induces covalent bonds
between two adjacent pyrimidines, thus creating pyrimidine dimers. Structurally, two types of
pyrimidine dimers can be distinguished: cyclobutane pyrimidine dimers (CPD) and 6.4-
photoproducts (6,4-PP). Micrococcal nuclease digestion, followed by high pressure liquid
chromatography (HPLC) or detection with specific antibodies, showed that CPDs are
randomly distributed between nucleosomal core DNA and linker DNA in UV-irradiated
confluent human skin fibroblasts (Mitchell et al, 1990; Niggli & Cerutti, 1982; Suquet et al,
1995; Williams & Friedberg, 1979). In contrast, identical methods showed that 6 .4-PP lesions
are approximately six fold more abundant in nuclease-sensitive linker DNA (Mitchell et al,
1990; Suquet et al, 1995). Thus, these two lesions could challenge chromatin organization in
distinct manners.

Mammalian cells can repair UV lesions by a dedicated repair pathway, nucleotide
excision repair (NER), which involves DNA unwinding and excision of a stretch of
nucleotides comprising the dimer, followed by DNA resynthesis. How NER operates within a
chromatin context and how chromatin organization is preserved is still a matter of debate. The
“access-repair-restore” model proposes that a local disruption of chromatin organization
occurs to make the lesion accessible for the repair machinery (Green & Almouzni, 2002;
Groth et al, 2007b; Smerdon, 1991). Next, DNA repair and chromatin restoration occur,
preferentially in a coordinated manner. While several factors are thought to provide access to
the DNA lesion (Gong et al, 2005), only one factor has been convincingly implied in the
repair-coupled chromatin restoration: the protein complex Chromatin Assembly Factor 1

(CAF-1).
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CAF-1 is a highly conserved protein complex composed of three subunits: p150, p60
(Kaufman et al, 1995a) and p48 (Verreault et al, 1996) in human cells. The complex is
involved in chromatin assembly coupled to DNA synthesis, through the direct interaction of
p150 with the polymerase accessory factor PCNA (Shibahara & Stillman, 1999). Thus, CAF-
1 operates not only at sites of DNA replication (Shibahara & Stillman, 1999; Stillman, 1986)
but also in the context of DNA repair (Gaillard et al, 1996; Moggs et al, 2000; Polo et al,
2006). Indeed, in proliferating cells, CAF-1 is recruited to local UV damage sites in vivo
(Green & Almouzni, 2003b; Martini et al, 1998). The complex specifically associates with the
replicative histone variant H3.1 (Tagami et al, 2004) and mediates deposition of this histone
variant at sites of DNA damage (Polo et al, 2006). Since CAF-1 is dispensable for a
functional DNA repair pathway in both yeast and human cells (Game & Kaufman, 1999; Kim
& Haber, 2009; Polo et al, 2006), the complex is thought to play a role in the restoration of
chromatin structure after DNA repair (Green & Almouzni, 2002; Smerdon, 1991). Chromatin
restoration by CAF-1 is believed to occur not only after NER, but also in the context of other
repair pathways that involve DNA synthesis (Lewis et al, 2005; Moggs et al, 2000; Nabatiyan
et al, 2006; Okano et al, 2003). Furthermore, the increased UV sensitivity of proliferating
yeast strains lacking CAF-1 (Game & Kaufman, 1999; Kaufman et al, 1997) points to the
importance of CAF-1 in the recovery from UV damage.

Till now, the role of CAF-1 in chromatin assembly upon DNA damage has been
studied exclusively in proliferating cells. However, quiescent and proliferating cells can
encounter similar genotoxic stresses and should repair and restore chromatin organization in a
similar manner in order to ensure genome integrity. Yet, CAF-1 p150 and p60 are massively
downregulated in quiescent cells (Polo et al, 2004), raising the intriguing question of how
quiescent cells can deal with chromatin assembly coupled to DNA repair.

We here focus on how the late steps of CPD and 6,4-PP repair, including chromatin
restoration, can occur in UV-irradiated quiescent human cells. We show that CAF-1
expression is not induced upon UV damage in quiescent cells and that the limited pool of
CAF-1 is sufficient for a local recruitment at UV damage sites. However, we observe a
delayed dissociation from chromatin of both CAF-1 and PCNA in quiescent cells. This is
associated with a delayed repair of CPD lesions, but not of 6,4-PP lesions. Our results indicate
that early NER factors dissociate normally and that only late CPD repair steps, coinciding
with DNA synthesis and chromatin restoration, are delayed in quiescence. We hypothesize

that the delayed CPD repair could reflect a difficulty in repairing nucleosomal lesions, of
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which the additional chromatin restoration step might represent a limiting factor in

quiescence.
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RESULTS

UV irradiation does not induce CAF-1 expression in quiescent cells

We previously put forward a function of CAF-1 in re-establishment of chromatin
structure coupled to repair of UV lesions in cycling cells (Polo et al, 2006). Whether a similar
mechanism would occur in quiescent (GO) cells, which express low amounts of CAF-1 p150
and p60 (Polo et al, 2004), was an open question. To investigate this issue, we used MCF7
cells, which can be arrested in quiescence by anti-estrogen treatment (Carroll et al, 2000). We
first confirmed that the two largest subunits of CAF-1 were indeed downregulated in
quiescence while PCNA levels and several NER proteins are expressed at similar levels in
asynchronous and quiescent cells (Fig S1A). Next, we investigated whether CAF-1
expression could be induced by UV irradiation. We followed the expression level of CAF-1
pl50 and p60 upon global UV irradiation. We extended the analysis up to 24 h post
irradiation, a time lapse that is sufficient to allow protein neosynthesis and completion of the
major part of NER. Despite a visible induction of UV lesions in all cells (Fig. S1D), we could
not detect any increase in CAF-1 protein levels upon UV irradiation, neither in quiescent nor
in asynchronous cells (Fig. SIB, C). Similarly, WI38 normal diploid fibroblasts, which were
arrested in GO by serum starvation, do not display any upregulation of CAF-1 p150 and p60
upon global UV irradiation (Fig. S1E, F). Thus, quiescent cells dispose of very low levels of
CAF-1, both in the absence and in the presence of UV damage.

Low levels of CAF-1 are sufficient for its local recruitment at UV damage sites
Considering that UV response in quiescent cells occurs in the presence of a limited
pool of CAF-1, we hypothesized that CAF-1 might not be needed in response to UV insults.
Alternatively, a low amount of CAF-1 could be sufficient to take part in UV response. In
order to test this hypothesis, we examined CAF-1 recruitment to UV damaged chromatin in
quiescent MCF7 cells. For this, we focused on the chromatin-bound fraction of CAF-1
subunits, which correspond to the fraction that is detergent-resistant (Martini et al, 1998).
Using local UV irradiation, we observed that the chromatin-bound fraction of CAF-1 p60 and
p150 localized to the sites of UV lesions (as detected by CPD) both in asynchronous and
quiescent MCF7 cells (Fig 1). The local recruitment of CAF-1 is accompanied by PCNA
recruitment. Since CAF-1 expression was not induced upon UV irradiation in quiescence, its

local detection was not attributable to protein neosynthesis, as further confirmed by
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cycloheximide treatment (Fig. 1). CAF-1 and PCNA recruitment to UV lesions was also
detected in quiescent primary fibroblasts (Fig S2), in which quiescence is induced by serum
starvation. These results show that the limited pool of CAF-1 in quiescent cells is sufficient to
be mobilized upon DNA damage and can locally reach a threshold level that is necessary for
immunofluorescence detection.

We hypothesized that the reduced availability of CAF-1 in quiescent cells might result
in a delayed recruitment of a detectable amount of CAF-1 at UV damage sites. We therefore
visualized and quantified the kinetics of CAF-1 and PCNA recruitment after local UV
irradiation. Surprisingly, CAF-1 recruitment became visible both in asynchronous and in GO
cells at 5 minutes after irradiation (Fig 2A), suggesting that the low levels of CAF-1 in GO
cells are highly mobile and can accumulate to form a distinct signal as fast as in proliferating
cells. The recruitment of CAF-1 and PCNA was maximal at 30 minutes post-irradiation, both
in asynchronous and GO cells, and then rapidly declined in asynchronous cells. Intriguingly,
in GO cells, CAF-1 and PCNA recruitment remains visible for as long as 24 hours, although
the intensity of the signal diminishes over time (Fig 2B, C). Thus, CAF-1 p150 and p60 are
recruited to local UV damage sites in quiescent cells with similar kinetics as in proliferating
cells. However, the dissociation of CAF-1 and PCNA from the damage sites is delayed in
quiescence, suggesting that the requirement for chromatin assembly activity is delayed or

prolonged in these cells.

Repair of CPD, but not 6,4-PP lesions, is delayed in GO cells

To investigate why the dissociation of CAF-1 and PCNA is delayed in quiescent cells,
we analyzed the capacity of these cells to repair the two main DNA lesions induced by UV,
CPDs and 6.,4-PPs. While repair of 6,4-PP lesions takes place in a short time window after
irradiation, the repair of CPD lesions is known to take longer (Costa et al, 2003). Indeed, 6 4-
PP lesions were removed within two hours following local UV irradiation and the percentage
of cells displaying 6 ,4-PP lesions was highly similar in asynchronous and GO arrested MCF7
cells at all studied time points (Fig 3A). In contrast, CPD removal showed distinct kinetics in
asynchronous and GO cells (Fig 3B). Quantification indicated that >70% of the asynchronous
cells were free of detectable CPD signal 24 hours after local UV, while >80% of quiescent
cells still displayed CPD lesions at this time. Similarly, in primary BJ fibroblasts, 6,4-PP
lesions were removed with identical kinetics in asynchronous and serum-starved GO cells,

while the removal of CPD lesions, and the dissociation of PCNA, is delayed in GO (Fig S3).
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The delayed repair is not a side effect of serum-starvation, since confluent BJ primary cells,
grown in the presence of serum, also show delayed CPD repair (Fig S4).

Next, we investigated if quiescent cells show delayed CPD repair due to the absence
of DNA replication, which could enhance its detection or lead to translesions synthesis. We
synchronized MCF7 cells in G1 by a release from a nocodazole block (Fig 4A, B). G1 cells
displayed CPD repair kinetics that were identical to asynchronous cells (Fig 4C), suggesting
that the delayed CPD repair is specific for the quiescent state. In conclusion, the repair of
CPD lesions, but not 6,4-PP lesions, is specifically impaired in quiescence and this is not due

uniquely to the absence of cells undergoing replication.

Late steps of CPD repair are impaired in quiescence

To determine which step of the CPD repair pathway is inhibited in quiescent cells, we
studied the dissociation kinetics of several factors involved in NER. First, we focused on an
early NER factor, XPA, which is an essential component of the pre-incision complex. In
contrast to PCNA, XPA dissociation was similar in asynchronous and GO BJ primary
fibroblasts (Fig 5A). This suggests that early CPD repair steps are able to occur normally in
quiescent cells, while only later steps, possibly after incision of the damaged strand, are
affected. Therefore, we analyzed the recruitment of the single strand DNA binding protein
RPA, which is, like XPA, recruited before incision takes place but remains bound until gap
filling is completed. Although the signal-to-background ration does not permit the detection
of RPA at very late time points, the recruitment can be detected longer in GO than in
asynchronous cells (Fig 5B). These observations suggest that early steps of CPD repair occur
normally and that only later steps are affected in quiescent cells.

To confirm that gap-filling is indeed delayed in quiescent cells, as the above
mentioned observations suggest, we analyzed the ability of these cells to incorporate labeled
nucleotides in NER patches, using a semi-in vivo DNA synthesis assay. For this, we extracted
cells at different time points after UV irradiation and, providing all soluble factors critical for
DNA synthesis, assessed the incorporation of labeled nucleotides by immunodetection (Fig
6A). Although the signal-to-background ration does not permit visualization at very late time
points, we noted that the gap-filling capacity could indeed be observed later after local UV
irradiation in GO cells compared to asynchronous cells (Fig 6B). Since we only provide
soluble factors for DNA synthesis, this observation not only indicates that quiescent cells
retain open gaps longer after UV irradiation, but also that all chromatin-bound factors

necessary for DNA synthesis are recruited and operational. Still, the actual DNA synthesis,
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involving concurrent chromatin reassembly, is delayed in quiescent cells for CPD repair
specifically. Since many factors involved in DNA synthesis and chromatin reassembly are
downregulated in quiescence, such as ligase I (Vitolo et al, 2005), polymerase 0 (Yang et al,
1992) and € (Tuusa et al, 1995) and CAF-1 p150 and p60 (Polo et al, 2004), we hypothesized
that high local doses of UV might saturate the DNA synthesis machinery. However, even at
lower doses of local UV irradiation, the differential repair capacity between proliferating and
quiescent cells remained visible (Fig S5), although CPD removal was faster at lower doses
both in proliferating and quiescent cells. In addition, a further depletion of CAF-1 p60 by
siRNA transfection in primary cells did not cause any additional delay of CPD repair in
quiescent cells (Fig S6). In conclusion, quiescent cells show impaired removal of CPD, but
not 6,4-PP. The defect occurs in late steps of CPD repair, including DNA synthesis and
chromatin reassembly, in a manner that seems independent from UV dose or CAF-1 p60

levels.
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DISCUSSION

A function for CAF-1 at UV damage sites in quiescence

In this manuscript, we addressed the issue of how low CAF-1 levels can contribute to
chromatin restoration after repair of UV damage in quiescent cells. Surprisingly, we found
that, like in proliferating cells, CAF-1 is recruited to UV damage in quiescent cells, while
there is no detectable upregulation of CAF-1. Our observations suggest that low CAF-1 levels
in quiescent cells are sufficient for its recruitment and its functional implication in chromatin
restoration after UV repair. It is interesting to note that, while CPD signal intensity was
similar in asynchronous and quiescent cells, we systematically observed brighter PCNA
signal at local UV damage in quiescent cells than in proliferating cells. This may reflect a
better accessibility for the PCNA antibody, specifically, or the accumulation of more PCNA
proteins in quiescence, which could contribute to an improved local recruitment of the few
available CAF-1 complexes.

An important question in the context of chromatin restoration is whether the histone
variant H3.1, which is specifically deposited by CAF-1 in DNA synthesis-coupled chromatin
assembly (Polo et al, 2006; Tagami et al, 2004), is sufficiently present in quiescence for a
local incorporation at sites of UV damage. Indeed, histone H3.1 expression is restricted to
proliferating cells (reviewed in Polo & Almouzni, 2006), but remaining levels may suffice for
gap filling. In the absence of a specific antibody for the H3.1 variant, we can only assess the
incorporation of exogenous, tagged H3.1 (Polo et al, 2006). Although overexpression of H3.1
in quiescent cells induced escape from quiescence in 15% (s.d. 4%) of the cells, we observed
local incorporation of e-H3.1 at NER sites in 63% (s.d. 10%) of transfected cells (data not
shown). This observation suggests that CAF-1, recruited at UV damage in quiescent cells, is
able to deposit exogenous histone H3.1. A future challenge will be to detect if endogenous

H3.1 is incorporated at UV damage sites by CAF-1.

Impaired CPD repair in quiescence: from detection to DNA synthesis

Intriguingly, CAF-1 and PCNA dissociation from local UV damage was delayed in
quiescent cells, most likely due to the delay that we observe in the repair of CPD, but not 6 4-
PP, lesions. We focused our efforts on specifying the steps of CPD repair that are delayed in

quiescence.
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CPD repair relies more on transcription-coupled detection and repair than 64-PP
repair, of which the important DNA distorting nature makes it more amenable to global
genome repair (reviewed in Costa et al, 2003). Our quiescent cells show a two-fold reduction
in global transcription levels (based on an FluoroUridine incorporation assay; data not
shown), which could impact on CPD detection. Yet, we observe recruitment of CAF-1 and
PCNA in quiescence, two factors that can only be recruited if the endonucleases XPF and
XPG are present at both sides of the lesion (Miura et al, 1996; Green & Almouzni, 2003b;
Staresincic et al, 2009). Thus, CAF-1 and PCNA recruitment indicates that damage
recognition and incision have taken place normally. In addition, when we used cells mutated
for XPC (XP21RO), which are deficient for global genome repair and need to repair both 64-
PP and CPD lesions by transcription-coupled repair, we did not observe a delayed repair of
6.,4-PP lesions in quiescent cells (data not shown). We thus tend to conclude that delayed
CPD repair in quiescence is not due to different mechanisms of detection between the two
types of lesions. Finally, the early NER factor XPA dissociates with similar kinetics in
asynchronous and quiescent cells. Only factors that remain bound during late steps, such as
RPA and PCNA, show delayed dissociation. Taken together, our results suggest that the
defect occurs in late NER steps, coinciding with DNA synthesis and chromatin restoration,
and that the detection of CPD lesions takes place normally in quiescence.

It has been proposed that gap filling capacity is perturbed in quiescent cells due to low
levels of factors involved in DNA synthesis (Matsumoto et al, 2007). However, our semi-in
vivo BiodU incorporation assay, where we only provide critical soluble factors that are
removed by the extraction procedure, demonstrates that quiescent cells are proficient for
DNA synthesis and that all required chromatin-bound factors are recruited and functionally
active. Thus, only low levels of one of the soluble factors that we provide in excess in our
assay could be at the origin of a reduced DNA synthesis capacity in vivo. Low levels of
dNTPs, which are present in lower quantities in quiescent cells and not upregulated upon
DNA damage (Hakansson et al, 2006), would be a candidate. However, if DNA synthesis was
impaired in quiescent cells, we would expect this to affect the repair of both CPD and 6,4-PP
lesions, since gap filling is required in both cases. Yet, we do not observe any delay in 6,4-PP
repair, either in MCF7 breast cancer cells or in BJ primary cells, suggesting that delayed CPD

repair in quiescence cannot be due solely to inefficient DNA synthesis.
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Impaired CPD repair in quiescence: a role for chromatin restoration?

Next, we sought to determine what could differ in late repair steps between CPD and
6.4-PP repair. It is striking that, while 6,4-PP lesions are mostly found in linker DNA between
adjacent nucleosomes, CPD lesions can occur both in linker and in nucleosomal DNA (Gale
& Smerdon, 1990; Mitchell et al, 1990; Niggli & Cerutti, 1982; Suquet et al, 1995). Although
chromatin organization can be destabilized over a large region surrounding a lesion (Althaus,
1992), the DNA synthesis patches only cover about 30 nucleotides. When localized within
nucleosomal core DNA, and more particularly within the 50 bases that are relatively
refractory to repair and require nucleosomal sliding or removal (Arnold et al, 1987; Jensen &
Smerdon, 1990), the nucleosome assembly activity could be of particular importance during
repair. In contrast to surrounding chromatin, which can be restored by DNA synthesis-
independent mechanisms, this short patch of newly synthesized DNA could rely uniquely on
CAF-1 dependent H3.1 incorporation. The reduced levels of CAF-1 in quiescent cells (Fig
S1) could therefore specifically affect repair within nucleosomal core DNA. Our hypothesis
would imply a biphasic CPD repair kinetics: repair of CPD lesions localized in linker DNA
would be similar in asynchronous and quiescent cells, while only nucleosomal CPD lesions
would show delayed repair in quiescence. Although our quantifications rather display
exponential repair curves, biphasic repair has been described for CPD repair (D'Errico et al,
2003) and for lesions induced by the UV-mimetic agent NA-AAF (Tang et al, 1989; van
Oosterwijk et al, 1996). Further studies, including in vitro assays to evaluate the capacity of
extracts from asynchronous and quiescent cells to repair CPD lesions in either naked DNA or
chromatin templates, will permit to address these issues and test our hypothesis that quiescent
cells show delayed repair of nucleosomal CPD lesions specifically.

Our findings could be of particular importance in the context of cancer treatment by
genotoxic approaches such as radiation or certain drugs. Indeed, if the repair of other types of
DNA damage is also delayed in quiescent cells, this implies that genotoxic treatments will
differentially affect healthy (quiescent) and tumoral (proliferating) cells, which could impact
on treatment efficiency and patient outcome. It will therefore be of particular interest to
analyze the DNA and chromatin restoring capacity of quiescent vs. asynchronous cells in the

context of other types of DNA damage that can occur in nucleosomal DNA.
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MATERIALS AND METHODS

Cell culture, siRNA Transfection, Drugs

MCF7 breast carcinoma cells (gift from O. Delattre, Paris, France), WI38 diploid
fibroblasts (LGC Promochem, Molsheim, France), and BJ primary fibroblasts (ATCC) and
EJ30 bladder carcinoma cells (gift from T. Krude, Cambridge, U.K.) were grown in Petri
dishes (Falcon Plastics, Cockeysville, MD) in the appropriate medium (GIBCO)
complemented with 10% fetal calf serum (Eurobio) and 100 U/ml penicillin and 100
mg/ml streptomycin (GIBCO). MCF7 and EJ30 cells were grown in DMEM and WI38 and
B] cells were grown in MEM alpha medium. To arrest cells in GO, we used serum
starvation for at least 72h in WI38 and B]J cells and a 48h treatment with 10 nM ICI
182780, an estrogen receptor antagonist (Fischer Bioblock Scientific) in MCF7 cells
(Carroll et al, 2000; Polo et al, 2004). For protein synthesis inhibition, we treated for 30
min with 10 mM cycloheximide (Sigma Chemical). We induced mitotic arrest in MCF7
cells by a 19h treatment with 10ng/ml nocodazole (Sigma). To transfect BJ cells, we
used Amaxa Cell Line Nucleofector Kit R (Lonza) according to manufacturer’s
instructions. siRNA target sequences: siGFP: AAGCUGGAGUACAACUACAAC; sip60:
AAGCGUGUGGCUUUCAAUGUU.

UV irradiation

We used UV-C irradiation (254 nm) using a low-pressure mercury lamp at
various fluences and set conditions using a VLX-3W dosimeter (Vilbert-Lourmat). We
applied either global UV irradiation (10 J/m?) or local irradiation (150 J/m?, unless
indicated differently) through a 3mm pore filter (Millipore) as described (Gerard et al,
2006b; Gérard et al, 2006; Green & Almouzni, 2003a; Mone et al, 2001).

Antibodies

We used primary antibodies for CAF-1 subunits: monoclonal anti-p150 (ab7655
Abcam); polyclonal anti-p150 characterized in our laboratory (Quivy et al, 2004);
monoclonal anti-p60 that recognizes only phosphorylated p60 (ab8133 Abcam);
polyclonal anti-p60 characterized in our laboratory (Green & Almouzni, 2003b) and
polyclonal anti-p60 (gift from T. Krude, Cambridge, UK) that both recognize
phosphorylated and unphosphorylated p60; anti-p48 (ab1766 Abcam). Other primary
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antibodies were anti-HIRA (gift from P. Adams, Fox Chase center, PA), anti-Asfla/b
characterized in our laboratory (Mello et al, 2002), anti-PCNA (PC10 from Dako and FL-
261 from Santa-Cruz), anti-XPC (gift from F. Hanaoka, Osaka, Japan), anti-XPA (12F5
Clinisciences), anti-CPD (KTM53 Kamiya Biomedicals), anti-6,4-photoproducts (gift
from T. Matsunaga, Kanazawa, Japan), anti-H3 (ab7834, Abcam), anti-HA (3F10 Roche),
anti-B-actin (AC15 Sigma Chemical), anti-y-H2AX (JBW301 Upstate), anti-RPA p32 (9H8
Labvision). Secondary antibodies coupled to Fluorescein IsoThioCyanate, Texas red,
Cyanin3 or horseradish peroxidase are from Jackson ImmunoResearch Laboratories,
FITC-labeled streptavidin from ENZO Life Sciences and biotin-labeled anti-streptavidin
from AbCys.

Immunofluorescence

We performed immunofluorescence on paraformaldehyde fixed cells, image
capture and processing as described (Green & Almouzni, 2003b). We scored for
percentages of positively stained cells by scoring at least 200 cells in each case. We
excluded S-phase cells when scoring cells positive for local CAF-1, PCNA and RPA

recruitment.

Cell extracts, Western Blot
We made cytosolic, nuclear, total and Triton treated cell extracts for Western

Blotting as in (Martini et al, 1998).

Flow cytometry

Cells were fixed in ice-cold 70% ethanol before DNA staining with 50 mg/ml
propidium iodide (Sigma Aldrich) in Phosphate Buffer Saline containing 0.5 mg/ml
RNAse A (Amersham) and analyzed by flow cytometry using a FACSCalibur flow

cytometer and CellQuest Pro software (Becton Dickinson).

DNA synthesis assay

We permeabilized cells as for immunofluorescence (Green & Almouzni, 2003b) at
several time points after local UV irradiation and incubated for 45min at 37°C in run-on
buffer (40mM Hepes pH 7.8; 7mM MgCl2; 3mM ATP; 0.5mM DTT; 20mM creatin
phosphate ; 25 ug/ml creatin kinase; 0.1mM of dATP, dCTP, dGTP; 40 uM of Bio-16-
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dUTP; 300mM sucrose) and stopped the reaction by 3 washes with cold stop buffer
(40mM Hepes pH 7.8; 7mM MgCl2; 3mM CaCl2; 0.5mM DTT). After, we revealed by
immunofluoresence as in (Green & Almouzni, 2003b), using signal amplification for Bio-
16-dUTP detection with FITC-labeled streptavidin, biotin-labeled anti-streptavidin and

again FITC-labeled streptavidin.
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FIGURE LEGENDS

Figure 1: The limited pool of CAF-1 in quiescent cells is sufficient for a local
recruitment to UV damage sites

Recruitment of CAF-1 p150 and p60 subunits and PCNA to UV damage sites analyzed by
immunofluorescence in asynchronous and GO arrested MCF7 cells at the indicated times
after local UV irradiation. S-phase cells, displaying replication-dependent recruitment of
CAF-1 p150, are excluded from the analysis in the asynchronous population and shown
cells are therefore in G1 or G2. We permeabilized the cells with Triton prior to fixation
to remove soluble nuclear components. NER sites are visualized by staining for CPD
lesions. Cycloheximide (CHX) was added to inhibit protein neosynthesis in quiescent

cells.

Figure 2: Kinetics of CAF-1 recruitment is similar but dissociation is delayed in
quiescent vs. asynchronous cells

A. CAF-1 p150 recruitment, together with PCNA, to UV damage sites in asynchronous
and GO arrested MCF7 cells by immunofluorescence at the indicated times after local UV
irradiation. S-phase cells, displaying replication-dependent recruitment of CAF-1 p150,
are excluded from the analysis in the asynchronous population and shown cells are
therefore in G1 or G2. We permeabilized the cells with Triton prior to fixation. B.
Quantification of the percentage of cells with detectable CAF-1 p150 recruitment in
G1/G2 cells and in GO arrested MCF7 cells, at the indicated times after local UV
irradiation. C. Quantification of the percentage of cells with detectable PCNA recruitment
in G1/G2 cells and in GO arrested MCF7 cells, at the indicated times after local UV

irradiation. Error bars represent standard error from two independent experiments.

Figure 3: Quiescent cells efficiently repair 6,4-PP lesions but show delayed CPD
repair

A. Kinetics of 6,4 photoproducts (6,4-PP) removal in asynchronous (As., upper panel)
and GO arrested (lower panel) MCF7 cells, visualized by immunofluorescence at different
time points after local UV irradiation. Scale bar: 10um. Graph: Quantification of the
percentage of cells displaying detectable 6,4-PP signal in asynchronous (As.) and GO

arrested MCF7 cells at indicated times after local UV irradiation. B. Kinetics of

140



cyclobutane pyrimidine dimer (CPD) removal in asynchronous (As., upper panel) and GO
arrested (lower panel) MCF7 cells, visualized by immunofluorescence at different time
points after local UV irradiation. Scale bar: 10um. Graph: Quantification of the
percentage of cells displaying detectable CPD signal in asynchronous (As.) and GO
arrested MCF7 cells at indicated times after local UV irradiation. Error bars represent

standard error from three independent experiments.

Figure 4: Delayed CPD repair is specific for the quiescent state. A. Experimental
scheme for analysis of the kinetics of CPD repair in G1 cells. Two hours after release
from a nocodazole block, we exposed cells to local UV irradiation. Cell cycle progression
is followed by flow cytometry. CPD repair of G1 cells is compared to asynchronous and
GO cells. B. Flow cytometry analysis of B] primary cells that are asynchronously growing
(As.), synchronized in G1 or arrested in GO. C. Quantification of the percentage of cells
displaying detectable CPD signal in B] primary cells that are asynchronously growing
(As.), synchronized in G1 or arrested in GO, at different time points after local UV

irradiation.

Figure 5: Only proteins involved in late NER steps show delayed dissociation in
quiescent cells.

A. Visualization of XPA and PCNA recruitment to UV damage sites in asynchronous (As.)
and GO arrested MCF7 cells by immunofluorescence at the indicated times after local UV
irradiation. We permeabilized the cells with Triton prior to fixation. Scale bar: 10um.
Quantification of the percentage of cells showing XPA (top graph) or PCNA (bottom
graph) recruitment in asynchronous (As.) and GO arrested MCF7 cells is shown at the
right. S-phase cells, displaying replication-dependent recruitment of PCNA, are excluded
for PCNA quantification. B. Recruitment of the 32kDa subunit of RPA, together with
PCNA, to UV damage sites in asynchronous (As.) and GO arrested MCF7 cells by
immunofluorescence at the indicated times after local UV irradiation. Cells are
permeabilized with Triton prior to fixation. Scale bar: 10um. Quantification of the
percentage of cells showing RPA recruitment in asynchronous (As.) and GO arrested
MCF7 cells is shown at the right. S-phase cells, displaying replication-dependent

recruitment of RPA, are excluded.
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Figure 6: DNA synthesis capacity at NER patches is delayed in quiescent cells

A. Experimental scheme of the BiodU incorporation procedure. Cells are exposed to local
UV irradiation, permitted to recover for different time periods and extracted with
Triton. Biotin-dUTP (BiodU), together with crucial soluble factors for DNA synthesis, are
provided for 45min. BiodU incorporation at NER patches is detected by
immunofluorescence. B. Visualization of BiodU incorporation at UV damage sites in
asynchronous (As.) and GO arrested MCF7 cells by immunofluorescence at the indicated

times after local UV irradiation. Scale bar: 10um.
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A. CAF-1 kinetics: immunofluorescence
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A. 6,4-PP repair kinetics
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A. cpD repair in G1 MCF7 cells
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A. XPA and PCNA kinetics
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A. Biodu incorporation: experimental scheme
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SUPPLEMENTARY FIGURES

Figure S1: CAF-1 expression is not induced upon UV irradiation in quiescent cells

A. Expression of CAF-1 subunits, PCNA and NER factors analyzed by Western Blot in
total protein extracts from asynchronous (As) and GO arrested MCF7 cells. We used
p-actin as a loading control. B. Expression of CAF-1 p150 and p60 analyzed by
immunofluorescence in asynchronous and GO arrested MCF7 cells at the indicated times
after global UV irradiation compared to unirradiated cells (-). The percentages of cells
expressing CAF-1 are indicated below. Note that up to 8% of the cells escape GO arrest.
C. Expression of CAF-1 p150 and p60 analyzed by Western Blot on total extracts from
asynchronous (As.) and GO arrested MCF7 cells at the indicated times after global UV
irradiation compared to unirradiated cells (-). We used Pactin as a loading control. D.
Control of UV irradiation by immunodetection of UV lesions (CPD) in UV irradiated cells
(+: 2h post UV irradiation) compared to unirradiated cells (-). E. Expression of CAF-1
p150 and p60 analyzed by immunofluorescence on asynchronous (As.) and GO arrested
WI38 primary cells at the indicated times after global UV irradiation compared to
unirradiated cells (-). The percentages of cells expressing CAF-1 are indicated below. F.
Expression of CAF-1 p150 and p60 analyzed by Western Blot on total extracts from
asynchronous (As.) and GO arrested Wi38 primary cells at the indicated times after

global UV irradiation compared to unirradiated cells (-). Scale bars: 20um.

Figure S2: The limited pool of CAF-1 in quiescent cells is sufficient for a local
recruitment to UV damage sites in primary B] and WI38 cells.

A. Recruitment of CAF-1 p60 to UV damage sites analyzed by immunofluorescence in
asynchronous (As.) and GO BJ] primary cells, 1h after local UV irradiation. We
permeabilized the cells with Triton prior to fixation to remove soluble nuclear
components. NER sites are revealed by staining for CPD lesions. B. Recruitment of CAF-1
p150 to UV damage sites in asynchronous (As.) and GO BJ primary cells, 1h after local UV
irradiation. Cells were permeabilized with Triton prior to fixation. NER sites were
visualized by staining for CPD lesions. C. Recruitment of CAF-1 p150, together with
PCNA, to UV damage sites in asynchronous (As.) and GO BJ primary cells, 1 hour after
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local UV irradiation. We permeabilized the cells with Triton prior to fixation. D. Flow
cytometry analysis of asynchronous (As.) and GO B] primary cells.

E. Recruitment of CAF-1 p60 subunit to UV damage sites in asynchronous (As.) and GO
Wi38 primary cells at the indicated times after local UV irradiation. We permeabilized
the cells with Triton. NER sites are revealed by staining for CPD lesions. F. Recruitment
of CAF-1 p150, together with PCNA, to UV damage sites in asynchronous (As.) and GO
arrested Wi38 primary cells at the indicated times after local UV irradiation. We

permeabilized cells with Triton prior to fixation. Scale bars, 10 um.

Figure S3: Quiescent B] primary cells efficiently repair 6,4-PP lesions but show
delayed CPD repair

A. Kinetics of 6,4 photoproducts (6,4-PP) removal in asynchronous (As., upper panel)
and GO (lower panel) B] primary cells, visualized by immunofluorescence at different
time points after local UV irradiation. Right panel: quantification of the percentage of
cells displaying detectable 6,4-PP signal in asynchronous and GO cells. B. Kinetics of
cyclobutane pyrimidine dimer (CPD) removal in asynchronous (As., upper panel) and GO
(lower panel) B] primary cells, visualized by immunofluorescence at different time
points after local UV irradiation. Scale bar: 10um. Right panel: quantification of the
percentage of cells displaying detectable CPD or PCNA signal in asynchronous and GO

cells.

Figure S4: Delayed CPD repair in confluent, non-serum starved primary cells

A. Kinetics of cyclobutane pyrimidine dimer (CPD) removal in asynchronous (As., upper
panel) and confluent (lower panel) B] primary cells, visualized by immunofluorescence
at different time points after local UV irradiation. Right panel: quantification of the
percentage of cells displaying detectable CPD signal in asynchronous and confluent BJ
cells. Note that the filter used for local irradiation locally rips off confluent cells, inducing
sub-confluency and thus cell cycle entry of + 20% of the cells, resulting in more rapid

CPD repair than in serum-starved cells (compare with Fig S6B).
Figure S5: Delayed CPD repair is not dependent on UV dose

A. Kinetics of cyclobutane pyrimidine dimer (CPD) removal in asynchronous (As., upper

panel) and GO (lower panel) B] primary cells, visualized by immunofluorescence at
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different time points after local UV irradiation with 40]/m?. B. Kinetics of CPD removal
in asynchronous (As., upper panel) and GO (lower panel) B] primary cells, visualized by
immunofluorescence at different time points after local UV irradiation with 80J/m?. C.
Kinetics of CPD removal in asynchronous (As., upper panel) and GO (lower panel) BJ
primary cells, visualized by immunofluorescence at different time points after local UV

irradiation with 120]/m?.

Figure S6: CPD repair Kinetics are not affected by downregulation of CAF-1 p60

A. Experimental scheme. BJ primary cells are transfected by nucleofection with control
siRNA (siGFP) or siCAF-1 p60 and arrested in quiescence. We exposed the cells to local
UV irradiation 48 hours after transfection and harvested at different times after
irradiation. B. Expression of CAF-1 p60 is analyzed by Western Blot in asynchronous
(As.) and GO BJ cells, transfected with control siRNA (siGFP) or sip60, both at the
moment of UV irradiation and 32h after irradiation. We used Pactin as a loading control.
C. Kinetics of cyclobutane pyrimidine dimer (CPD) removal and PCNA dissociation in
asynchronous (As., upper panel) and GO (lower panel) B] primary cells, transfected with
control siRNA (siGFP) or sip60 and visualized by immunofluorescence at different time
points after local UV irradiation. D. Quantification of the percentage of cells displaying
detectable CPD signal in asynchronous (As.) and GO arrested BJ cells, transfected with

control siRNA (siGFP) or sip60, at indicated times after local UV irradiation.
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A. CPD repair in confluent BJ cells B. cPD quantification
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A. Experimental scheme B. Total cell extract
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Additional results:

CAF-1 p60 is essential for cell cycle entry upon release from

quiescence in human primary cells

DE KONING Leanne, ROCHE Daniele, ALMOUZNI Geneviéve

CAF-1 is a highly conserved protein complex composed of p150, p60 (Kaufman et al,
1995a) and p48 (Verreault et al, 1996) in human cells. The complex is, as its name indicates,
involved in the process of chromatin assembly. CAF-1 specifically associates with the
replicative histone variant H3.1 (Tagami et al, 2004) and mediates deposition of this histone
variant onto newly synthesized DNA. CAF-1 is recruited to sites of DNA synthesis through
the direct interaction of p150 with the polymerase accessory factor PCNA (Shibahara &
Stillman, 1999). Thus, CAF-1 is involved in chromatin assembly coupled to DNA replication
(Shibahara & Stillman, 1999; Stillman, 1986). Depletion of CAF-1 p150 in human or murine
cells results in a cell cycle arrest in mid to late S-phase (Hoek & Stillman, 2003; Quivy et al,
2004; Ye et al, 2003). This arrest coincides with the replication of pericentric heterochromatin
and depends on the interaction of p150 with HP1 (Heterochromatin protein 1) (Quivy et al,
2008; Quivy et al, 2004). These data suggest that the chromatin assembly activity of CAF-1 is
not essential for DNA replication per se. Indeed, depletion of CAF-1 p60 in proliferating
human and murine cells does not affect cell cycle progression (Polo et al, 2006; Quivy et al,
2008). In line with a major involvement in DNA replication, CAF-1 levels dramatically drop
in upon cell cycle exit (Polo et al, 2004). Inversely, exit from the quiescent state coincides
with the synthesis of large amounts of CAF-1 p60 (Polo et al, 2004). This raises the
intriguing question if this massive upregulation of CAF-1 is crucial for cell cycle entry,
proliferation and viability.

To study the role of CAF-1 p60 in the exit from quiescence, we set up siRNA
transfection in cells that can be arrested in quiescence. For this, we chose B] primary
foreskin fibroblasts, which can be transfected using nucleofection and arrested in
quiescence by serum starvation. First, we confirmed that CAF-1 p60 is not essential for

normal cell proliferation in these cells. Indeed, as reported previously (Polo et al, 2006;
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Quivy et al, 2008), depletion of CAF-1 p60 did not alter cell cycle profiles as assessed by
flow cytometry (Fig 1).

1. CAF-1 p60 depletion in proliferating cells

siGFP sip60 72h 96h
1 \\ N2n4n n2n4n n2n4n n2n4n
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|
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Figure 1: Depletion of CAF-1 p60 (sip60) does not alter cell cycle profiles at 72 or 96 hours after
transfection compared to control cells (siGFP). Left panel: flow cytometry analysis. Right panel:
Western Blot analysis of total cell extracts. Different amounts (n) were loaded and p-actin serves as
loading control.

Next, we addressed whether depletion of CAF-1 p60 would interfere with exit
from the quiescent state. We depleted p60 in primary BJ cells and released cells from
quiescence 72h after transfection, when CAF-1 p60 levels were minimal. We followed
cell cycle entry by flow cytometry and demonstrated that p60 depletion leads to a delay
in cell cycle entry (Fig 2). This delay is particularly visible at 24h post-transfection, when
a large fraction of control (siGFP) cells have already completed S-phase, while cells
depleted for CAF-1 p60 just initiate replication. At 44h post-transfection, sip60 cells are
again indistinguishable from control cells, either because they overcome the initial delay
or because p60 starts to be reexpressed at this time-point.

To determine if the degree of cell cycle delay is dependent on p60 concentrations,
we used a second siRNA sequence against CAF-1 p60, which leads to a less efficient
depletion. This siRNA gives rise to a less pronounced cell cycle delay upon exit from GO,

showing a concentration-dependent phenotype (Fig 3).
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2.CAF-1 p60 depletion upon exit from GO
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Figure 2: CAF-1 p60 depletion (sip60) impairs cell cycle entry from quiescence compared to
control cells (siGFP). Upper panel: flow cytometry analysis of quiescent (GO0) cells and cells released
from quiescence during the indicated time periods. Lower panel: Western Blot analysis of total cell
extracts. Different amounts (n) were loaded and f-actin serves as loading control.

3.CAF-1 p60 depletion with 2 siRNA sequences
siGFP sip60#2 sip60#1
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Figure 3: The delayed cell cycle entry upon p60 depletion (sip60) compared to control cells
(siGFP) is reproduced with a second siRNA sequence and is dose dependent. Left panel: flow
cytometry analysis. Right panel: Western Blot analysis of total cell extracts. Different amounts (n) were

loaded and B-actin serves as loading control.
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Since depletion of CAF-1 p150 is known to arrest cells in mid to late S-phase, we
wished to determine whether p60 depletion induces a similar cell cycle delay within S-
phase after release from quiescence. Using BrdU incorporation to quantify the
percentage of cells actively replicating, we show that, in the time period where control
cells initiate replication, p60 depleted cells do not show any BrdU incorporation (Fig 4).
This observation suggests that, in contrast to p150 depletion, p60 depletion delays cells
before or at the very moment of replication initiation.

The delayed cell cycle entry has a clear effect on cell survival and proliferation,
since depletion of CAF-1 p60 inhibits the formation of colonies upon release from
quiescence while colony formation is efficient in asynchronously proliferating cells or in
cells released ten days after transfection, when the siRNA is no longer efficient (Fig 5). In
conclusion, CAF-1 p60 is essential specifically in the context of cell cycle entry from

quiescence, before or at the time of replication initiation.

Figure 4: Depletion of p60 (sip60) delays S-phase initiation compared to control cells (siGFP),
as determined by the percentage of cells showing BrdU incorporation in immunofluorescence staining.
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5. Colony formation assay
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Figure 5: Depletion of CAF-1 p60 (sip60) inhibits cell survival and proliferation upon exit from
quiescence compared to control cells (siGFP), as assessed by the colony formation capacity of the
cells. Left panel: colonies obtained from asynchronous or GO-released cells. Right panel:
quantification of colonies obtained after exit from GO, either at day 3 or at day 10 after transfection.
Note that the siRNA was no longer efficient at day 10 (not shown). The number of colonies in siGFP
cells released at day 3 was set to 100.

Discussion

We showed that CAF-1 p60 is required for the exit from the quiescent state in
primary fibroblasts. Upon depletion of p60, cell cycle entry is delayed before or at the
very moment of replication initiation. Cells in which p60 has been depleted, but that are
released when the siRNA is no longer efficient, can enter the cell cycle normally (Fig 5).
This suggests that the delay is not due to a defect in the quiescent state that
subsequently affects cell cycle entry, but that p60 is crucial specifically during the
process of cell cycle entry. To our knowledge, this is the first observation implying CAF-1
p60 in the initiation of cell proliferation. We have not been able to address if depletion of
CAF-1 p150 leads to a similar delay in cell cycle entry, since no efficient depletion could
be obtained in these primary cells. Thus, we cannot tell so far if the entire CAF-1
complex is required or if it concerns a unique function specific for the p60 subunit.

Interestingly, a similar phenotype has been observed in mouse embryonic
fibroblasts in which both Cyclin E1 and Cyclin E2 were knocked out (Geng et al, 2007;
Geng et al, 2003). In contrast to wild-type cells, the Cyclin E1/2 knock-out cells were
unable to enter S-phase within 24h after release from serum starvation. The delay seems

to occur during G1 phase and affects the loading of factors involved in replication
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initiation. Indeed, while the licensing factor Cell Division Cycle 6 (Cdc6) is loaded
normally onto chromatin, the MCM proteins are not loaded onto chromatin in Cyclin
E1/2 knock-out cells at least within the first 24h after exit from quiescence. Given the
interaction between CAF-1 p60 and Asfl (Mello et al, 2002), which in turn interacts with
the MCM complex (Groth et al, 2007a), it would be interesting to study if the recruitment
of Cdc6 and MCM proteins after GO release is delayed upon p60 depletion. This could
support the view according to which a correct histone deposition network is not only
required for replication progression, as was recently proposed in the context of Asfl
(Groth et al, 2007a), but also for replication initiation, potentially in a manner coupled to
the loading of pre-replication factors in G1.

Our findings are of great interest for the field of clinical oncology. Indeed, CAF-1
p60 is highly overexpressed in many types of cancers and correlates with patient
outcome (Polo et al, 2004 and unpublished data). Our results suggest that very early
steps of tumorigenesis, which require cell cycle entry from a quiescent state, already
require CAF-1 p60 upregulation. This implies that p60 could be of particular use as a
marker to detect very early cancerous lesions. Analysis of CAF-1 p60 expression levels

in murine or cellular models of tumorigenesis would therefore be of great interest.
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lll. Discussion
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During my PhD, I have been interested in how factors involved in chromatin
organization could be of importance in cell proliferation, tumorigenesis and, more
generally, genome stability. For this, [ particularly focused on two factors involved in
chromatin organization, which can interact with each other: HP1 and CAF-1. In addition,
we have studied the histone chaperone Asf1, which can act as a histone donor for CAF-1.
Here, [ will summarize the main results of my studies and discuss how my findings have

given rise to new questions for future investigations.

HP1, CAF-1 and Asf1: partners in chromatin organization and breast cancer?

In my first study, | have investigated how the three human isoforms of HP1 relate
to cell proliferation and tumorigenesis. HP1 interacts with CAF-1 (Murzina et al, 1999),
the p60 subunit of which was previously identified in our laboratory as a proliferation
marker in breast tumors (Polo et al, 2004). Using cell line models and human tissue
samples, we showed that the HPla isoform, but not HP1p or y, is proliferation-
dependent and crucial for faithful mitosis in cancer cells. HP1a is upregulated in cancer
samples and significantly correlates with disease progression and patient survival. Thus,
we put forward HP1a as a new prognostic marker in breast cancer and potentially other
types of cancers. These results gave rise to a publication (De Koning et al,
Heterochromatin Protein 1 alpha: a hallmark of cell proliferation relevant in clinical
oncology, EMBO Molecular Medecine, Vol 1 (issue 3), p 178-191, 2009) and a European
patent (appendix #2: HPlalpha as a prognostic marker in human cancer). Next the
analysis was extended to another binding partner of CAF-1: the two isoforms of Asfl.
Both Asfla and b can serve as a histone donor for CAF-1 (Mello et al, 2002), while only
the Asfla isoform interacts with HIRA (Tagami et al, 2004; Zhang et al, 2005). Thus,
Asf1b could specifically be involved in CAF-1 dependent chromatin assembly coupled to
DNA synthesis. In line with this hypothesis, the expression of Asflb was found to be
more related to the cell proliferation status than the expression of Asfla. In addition, in
early-stage breast cancer patient samples, the expression levels of Asflb, but not Asfla,
correlate with the tumor size, the grade, the mitotic index and global patient survival

(Corpet et al., Distinct functions for the two Asf1 isoforms in relation to proliferation, in

prep.).
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At this stage, a comparison of the expression levels of our three newly identified
markers for breast cancer prognosis (CAF-1, HPla and Asflb) will be important.
Although these studies are still in progress, the correlations between the expression
levels of the different genes are already revealing specific trends (Table VII). Expression
levels of both HP1a and Asflb show a strong correlation with the levels of CAF-1 (p150
and p60). However, HP1a and Asflb only weakly correlate with each other. In addition,
comparison of the expression levels with the percentage of cells that stained positive for
the proliferation marker Ki67 in immunohistochemistry shows that Asflb and p60
significantly correlate with Ki67 levels, while this is less pronounced for p150. In
contrast, HP1a and Ki67 did not show a significant correlation, at least in this series of

patient samples.

Table VII: Correlation between expression levels of genes in early-stage breast cancers
Genes: p-value: Significance

HP1a CAF-1 p60 p=7.9x10™

HP1a CAF-1p150 p<2.2x10™

HP 1o Asf1b p=0.0012 **

HP1a Ki67 p=0.71

CAF-1 p60 CAF-1p150 p<2.2x10™

CAF-1 p60 Asf1b p=2.4x10"

CAF-1 p60 Ki67 p=0.0016 **

CAF-1p150 Asf1b p=3.6x10"

CAF-1 p150 Ki67 p=0.04 *

Asf1b Ki67 p=3.6x10"

In conclusion, based in these expression levels, two groups of genes emerge: (i)
Asflb, Ki67 and CAF-1 (particularly the p60 subunit) are specifically linked to
replication and cell proliferation; (ii) HP1a and CAF-1 (particularly the p150 subunit)
rather form a separate group, less related to Asflb, Ki67 and cell proliferation and with a
stronger link to heterochromatin formation, genome stability and gene regulation. Thus,
although the expression of HPla is clearly proliferation dependent in our cell line
models, the way in which these proteins can be involved in (breast) tumorigenesis may

exploit other aspects of the tumorigenic phenotype. This suggests that the expression
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levels of HP1a may provide information for cancer prognosis that could be distinct from
and rather complementary to standard proliferation markers, such as Ki67 or the
mitotic index. Indeed, in our series of early stage breast cancers, we did not detect a
significant correlation between HP1la and the mitotic index. Yet, HP1la proved highly
predictive for disease progression and global survival. To get a better understanding
concerning the information provided by HP1la, it will be of interest to study its
expression levels in the different classes of breast tumors that have been defined by
microarray transcriptome studies (reviewed in Sotiriou & Piccart, 2007). Indeed, a
preliminary analysis of transcriptome data from 160 breast cancer samples and 19
healthy samples indicates that HP1a overexpression could be particularly significant in
basal-like breast cancers (collaboration with T. Dubois and S. Roman-Roman,
Translational Research Department, Institut Curie). These breast tumors, predominantly
ER, PR and HER2 negative, are clinically aggressive carcinomas for which effective
therapies and prognostic markers are currently lacking (reviewed in Rakha & Ellis,
2009). Although it is necessary to confirm these observations in a larger set of basal-like
tumors, determining the value of HP1la as a prognostic marker in this type of breast
cancer seems clinically relevant. For this, we aim to develop additional investigations at
the protein level, using the high throughput approach of Reverse-Phase Protein Arrays
(RRPA), in collaboration with the Translational Research Department of the Institut
Curie. Indeed, cell lysates from the different types of breast tumors are spotted on arrays
and the levels of the HP1a protein in each tumor can thus be assessed in a highly
quantitative manner. Since the differences in HP1a expression are systematically larger
at the protein levels than at the mRNA level, this approach is expected to provide more
discriminative and significant data than transcriptome or Q-PCR analysis and should
confirm if determining HP1a expression levels is indeed of clinical relevance in basal-
like breast cancers.

Interestingly, the hypothesis has been put forward that basal-like breast cancers
could originate from the most pluripotent mammary stem cells, while other less
aggressive breast cancer types would develop from progenitor cells at more advanced
stages of differentiation (reviewed in Stingl & Caldas, 2007; Yehiely et al, 2006). Indeed,
basal-like tumors are generally poorly differentiated and show gene expression profiles
highly similar to those obtained from pluripotent breast cancer stem cells with self-

renewing capacity. Such breast cancer stem cells, of which the current definition is
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based on (i) the presence of specific cell-surface markers (particularly CD44high/
CD24low), (ii) their capacity to form spherical colonies in suspension and (iii) their
tumorigenic potential in xenograft models, are thought to drive tumor growth and
recurrence due to their intrinsic resistance to most anti-cancer drugs (Charafe-Jauffret
et al, 2009). The identification of drugs that would specifically affect the pluripotency of
breast cancer stem cells and induce epithelial differentiation is currently a major
challenge in the field (Gupta et al, 2009). Importantly, pluripotency and differentiation
are largely orchestrated by epigenetic mechanisms (reviewed in Reik, 2007; Spivakov &
Fisher, 2007) and HPla has been involved in the terminal differentiation of both
neurons (Panteleeva et al, 2007) and muscle cells (Yahi et al, 2008). Given that basal-like
cancers show similarities to cancer stem cells and seem to express particularly high
levels of HP1q, it would be extremely interesting to study in more detail the role of HP1

proteins in the context of mammary stem cells, pluripotency and differentiation.

The role of HP1a overexpression in cancer cells

My observations suggest that the overexpression of the HPla isoform,
specifically, could constitute an advantage for cancer cells. Given all the possible nuclear
functions ascribed to HP1a so far (Figure 29), a key issue from a fundamental aspect is
to determine which of these functions, individually or in combination, actually

contribute to cancer progression, and at which step of the tumorigenesis process.
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Figure 29: Involvement of HP1 in different
nuclear processes. Overlapping spheres
indicates that the processes seem related.
Image from Dialynas et al, 2008.
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My data concerning the localization of HP1la in a mammary cell line model
provided a first indication. Indeed, immunofluorescence staining showed that, in
tumoral cells, HP1a concentrates at centromeric regions, thus underlining a potential
centromere related function. Furthermore, in line with a role in chromosome
segregation, siRNA-mediated depletion of HP1la, but not HP1p or vy, led to discrete
defects in mitosis. While cancer cells underwent aberrant mitosis in the absence of
HP1a, primary human cells did not show aberrant mitotic figures but seemed to spend
more time in (pro-)metaphase before actual chromosome segregation. This difference
between cancer and primary cells suggests that the cellular context will determine the
outcome upon a defect in HP1a function.

With respect to this centromeric function, it is possible that the mitotic defects
upon HP1a depletion reflects decreased cohesion between the sister chromatids, as had
been proposed in S. pombe (Bernard et al, 2001). However, in contrast to the HP1
homologue in S. pombe, there is now increasing evidence that mammalian HP1 does not
interact with or promote the recruitment of cohesins (Koch et al, 2008; Serrano et al,
2009). It should be kept in mind, though, that the detection of endogenous centromeric
cohesins by immunostaining is technically challenging, which explains why most
experiments carried out so far have been using overexpression of tagged cohesin
subunits. However, since tagged proteins not always recapitulate all functions of
endogenous proteins, we cannot formally exclude a role for HP1a in the recruitment of
endogenous cohesins. Two reports showed that HP1 interacts with Shugoshin, a protein
that protects centromeric cohesins from cleavage and thus prevents precocious
chromosome segregation (Serrano et al, 2009; Yamagishi et al, 2008). Yamagishi and
colleagues report that Shugoshin is no longer recruited in the absence of HP1 upon
prolonged metaphase arrest by nocodazole treatment. However, Serrano et al were not
able to confirm this observation using less extreme metaphase arrest conditions. Thus,
the cell context and the conditions applied to induce cell cycle arrest may be of
importance. In conclusion, clarifying the exact involvement of HP1 in mitotic cohesion
under normal cell cycle conditions will necessitate further investigations.

In my experiments, tumoral and healthy cells clearly show different mitotic
phenotypes after HP1a depletion. This could be due to distinct levels of checkpoint
activation. Indeed, cancer cells often display a reduced efficiency of the mitotic

checkpoint (Weaver & Cleveland, 2005), which allows them to pass mitosis in the
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presence of some misaligned chromosomes. Thus, it would be important to explore if
HPla depletion impacts on the activation of the mitotic checkpoint, and whether
overexpression would have the opposite effect. Indeed, altering the organization of
pericentric heterochromatin, which serves as a platform for the recruitment of
kinetochore factors, could affect the stability and the dynamics of microtubule
attachments to the kinetochores. These attachments create the tensions that turn on and
off the spindle checkpoint (May & Hardwick, 2006). An attractive hypothesis that can
therefore be put forward is that the overexpression of HP1la in cancer cells, and its
localization to centromeric regions, could improve the rapid attachment of microtubules
and thus allow cells to pass mitosis in the context of a decreased mitotic checkpoint

activity.

In addition to a role in mitosis as discussed above, we should also consider that
HP1la has been linked to the invasive potential of cancer cells, potentially through the
silencing of pro-invasive genes (Dialynas et al, 2008). Indeed, Kirschmann and
colleagues (Kirschmann et al, 2000) showed that established transformed cell lines with
a high in vitro invasive potential (Hs578T and MB-231) express lower HP1a levels than
those with a lower invasive potential (MCF7 and T-45D). However, without a
comparison with normal (primary) cells, nor a careful consideration of the particular
biological properties of the used breast cancer cell lines, it is difficult to draw clear-cut
conclusions from this study. Indeed, while the MCF7 cell line is still hormone responsive
(Carroll et al, 2000), the Hs578T cell line is considered as a basal-like cell line (Charafe-
Jauffret et al, 2006). Thus, besides the invasive potential, a link between the
differentiation status of the cells and HP1la levels should also be considered in this
context. The authors put forward that the expression levels of HP1o and the invasive
potential of cancer cells are functionally related. Their conclusions are based on (i) data

from cell line models, in which they show that downregulation of HP1a increases the in

vitro invasive potential while HP1a overexpression decreases the invasive potential;

and (ii) data from human tissue sections, in which they show that 9 metastatic tissues

present less intense HP1o immunohistochemistry staining than 6 primary invasive

breast cancers. However, since the proliferation indexes of the used tissues are not

indicated, it is difficult to draw conclusions. Thus, while these data may appear

contradictory to my findings, they can be reconciled if one considers the inverse
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correlation that has been suggested between proliferation and invasion (Berglund &
Landberg, 2006). Indeed, metastasis requires the acquisition of invasive potential and
the adaptation to a new environment, which are often incompatible with high
proliferation rates. A temporal slow-down of tumor proliferation, accompanied by
downregulation of HP1a, might therefore permit the expression of pro-invasive genes

and the occurrence of metastasis. Thus, although I found that high HP1la expression

levels in early-stage breast cancers are predictive for an increased occurrence of

metastasis, this does not exclude that a downregulation of HP1la might be found

specifically in the few cells that are able to escape the primary tumor niche. Indeed, a

single cell can give rise to metastasis, but the expression profile of this single cell will be
undetectable within the entire population of tumor cells and the detection of
disseminated tumor cells currently constitutes a major challenge in tumor biology

(Fehm et al, 2008). Clearly, the link between HP1a expression in vivo and the potential

of cancer cells to proliferate or, on the other hand, metastasize, deserves to be looked

into more carefully.

The role of CAF-1 in DNA repair and early tumorigenesis

In my second main project, I showed that the repair of UV-induced CPD, but not
6,4-PP, lesions is delayed in quiescent cells. Interestingly, this delay seems to affect
specifically the late repair steps, involving DNA synthesis and chromatin restoration.
Since inefficient DNA synthesis in quiescence would delay the repair of both CPDs and
6,4-PPs, these results favor the hypothesis of impaired chromatin dynamics in quiescent
cells. Indeed, CPD lesions can occur within nucleosomes, while 6,4-PP are mostly
restricted to linker DNA (Gale & Smerdon, 1990; Mitchell et al, 1990; Suquet et al, 1995).
This suggests that the nucleosomal CPD lesions might require additional chromatin
dynamics, which would be the limiting step in quiescence, potentially due to the
extremely low levels of CAF-1 in these cells. Whether these additional chromatin
dynamics concern the disassembly of the nucleosome or the reassembly capacity during
chromatin restoration, or both, remains an open question. However, our observations
suggest that CAF-1 and PCNA recruitment occur normally. Since CAF-1 is recruited only
if XPG and XPF are present at both sides of the lesion (Miura et al, 1996) (Green &
Almouzni, 2003b; Staresincic et al, 2009), this indicates that the repair machinery has
access to the lesion. Thus, the chromatin dynamics required to provide access, including

nucleosome disassembly, seem to occur normally. Therefore, quiescent cells might be
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affected specifically in nucleosome reassembly during chromatin restoration. This
would particularly affect the repair of lesions localized within nucleosomal DNA, since
the repair of lesions in linker DNA might not necessitate histone eviction but rely rather
on nucleosome sliding to extent the accessible region.

To test this hypothesis, I aim to perform in vitro experiments, which allow to
assess separately lesion removal, DNA synthesis and nucleosome assembly. Indeed,
incubation of UV-irradiated plasmid with human cell extracts gives rise to a process of
DNA repair and chromatin assembly that closely resembles the in vivo situation (Martini
et al, 1998). While cytosolic cell extracts are proficient for DNA repair, they are unable to
promote chromatin assembly. The addition of nuclear extracts is required to provide,
among other proteins, CAF-1 and thus to induce nucleosome assembly coupled to DNA
repair. Using such cell extracts from both asynchronous and quiescent cells, it will be
possible to determine if quiescent cell extracts show delayed CPD repair within naked
DNA, in the presence or absence of concurrent nucleosome assembly. This approach will
therefore allow us to better understand the limiting step of CPD repair in quiescent cells
in vivo and the role of CAF-1 therein.

If chromatin dynamics is indeed the limiting step for CPD repair in quiescence,
this would be one of the first indications that lesion removal, DNA repair synthesis and
chromatin dynamics can show a certain degree of crosstalk. Thus, although CAF-1 is not
required for DNA repair per se (Game & Kaufman, 1999; Kim & Haber, 2009; Polo et al,
2006), its absence might lead to a delayed repair of specific lesions located within
nucleosomal DNA.

An interesting question to be addressed concerns the impact of the delayed CPD
repair on cell survival in quiescent versus proliferating cells. Indeed, CPD lesions, but
not 6,4-PP lesions, significantly contribute to cell death by apoptosis at least in
proliferating cells (de Lima-Bessa et al, 2008). Thus, the delayed CPD repair might make
quiescent cells more sensitive to UV irradiation. On the other hand, however, quiescent
cells cannot be arrested by cell cycle checkpoints and might dispose of more time to
repair the lesion before apoptosis is induced.

Next, it will be of interest to determine to what extent these finding apply to other
types of damage, particularly those induced by anti-cancer radiotherapy and
chemotherapy. Indeed, a differential repair capacity between proliferative cells and

quiescent cells could impact on the efficiency and the toxicity of these genotoxic
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treatments. In addition, how differentiated quiescent cells perform DNA repair
compared to pluripotent stem cells, which could be at the origin of treatment resistance
and local recurrences in many tumors (Morrison et al, 2008), is an exciting question of
clinical importance. In this context, it would be of great interest to assess if CAF-1 can
predict the response of (breast) tumors to genotoxic anti-cancer treatments, in addition
to its value as a proliferation marker. This issue could be assessed for example in pre-
menopausal breast cancer patient samples, in which the proliferation rates alone do not
predict disease progression (appendix #3), thus allowing the proliferation aspect and

the role of CAF-1 in DNA repair to be assessed separately.

Finally, I have presented preliminary data suggesting that CAF-1 p60 is essential
for the normal exit from the quiescent state and initiation of proliferation. Depletion of
CAF-1 seems to delay cell cycle entry before the onset of replication. To our knowledge,
CAF-1 p60 is the first chromatin-related factor identified for being involved in cell cycle
entry. This transition in cell cycle status, and the cellular processes that are required, are
still poorly understood (Coller, 2007). Whether the whole CAF-1 complex is involved, or
only the p60 subunit, and which binding partners are associated with CAF-1 during this
transition, remains to be addressed. Given the tight correlation between the expression
levels of CAF-1 p60 and Asflb in breast cancer samples (see above), it would be
particularly interesting to study if depletion of Asflb leads to similar defects in cell cycle
entry. These approaches should allow to determine if the crucial function of p60 in cell
cycle entry is related to its role in chromatin assembly or rather to another, yet to be
identified, function.

The implications of these findings for the field of oncology are obvious: cell cycle
entry represents one of the very first events in tumorigenesis. Thus, one could imagine
that CAF-1 p60 upregulation would be a crucial event for the initiation of proliferation.
This implies that CAF-1 p60 might be a marker for very early benign neoplastic lesions.
Since human tissues presenting this type of lesions are extremely rare, mouse models
for breast cancer could prove useful to study the stage at which CAF-1 p60

overexpression is acquired.

Concluding remarks
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The results obtained during my PhD have shed new light on how chromatin
assembly and heterochromatin organization relate to cell proliferation and
tumorigenesis, in the context of both fundamental and clinical aspects. Based on my
results, HP1la can be considered as a new prognostic marker in breast cancer and
additional proof has been provided for its specific function in mitosis. In addition, I have
shown that quiescent cells show delayed repair of specific DNA lesions, which is
probably linked to impaired chromatin dynamics due to low levels of CAF-1. Finally, I
have shown that CAF-1 p60 is important for the exit from quiescence. Its overexpression
might therefore constitute one of the very earliest steps in tumorigenesis. In conclusion,
my results did not only bring answers to the initial questions, but also raised new
questions and opened up new perspectives for future investigations, both in the context

of fundamental research and clinical applications.

“Inever see what has been done; I only see what remains to be done”

Marie Curie, letter to her brother, 1894
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Appendix #1:

Histone chaperones: an escort network regulating histone traffic

Leanne De Koning*, Armelle Corpet*, James E Haber & Genevieve Almouzni

(*These authors contributed equally to this work)

Nat Struct Mol Biol. 2007 Nov 5;14(11):997-1007

In this review, we aimed to give an overview of recent literature concerning
histone chaperones, their specificities and their different functions. First, we provide a
definition of histone chaperones, and then provide criteria for the further classification
as histone deposition factors. Having clarified the general definition of a histone
chaperone, we propose a classification of currently known chaperones according to
their histone preference and their biochemical properties and functions within
enzymatic complexes.

Next, we discuss the structural features that could underlie the selectivity of
particular histone chaperones for specific histones or histone variants. We then describe
how histone chaperones act within a network of histone chaperones to adapt the flow of
histone proteins to cellular needs, and how they provide an interphase with a multitude
of interacting partners involved in various cellular processes that can regulate and
target chaperone activity.

A last part covers our current knowledge and hypotheses concerning histone
chaperone functions in the context of gene transcription and double strand break repair.
In this context, we discuss how histone chaperones might be decisive for a correct
balance between recycling of old histones and incorporation of newly synthesized
histones, and thus play a role in the maintenance and the transmission of epigenetic

marks.
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Histone chaperones: an escort network
regulating histone traffic

Leanne De Koning'?, Armelle Corpet’?, James E Haber? & Genevieve Almouzni’

In eukaryotes, DNA is organized into chromatin in a dynamic manner that enables it to be accessed for processes such as transcription
and repair. Histones, the chief protein component of chromatin, must be assembled, replaced or exchanged to preserve or change this
organization according to cellular needs. Histone chaperones are key actors during histone metabolism. Here we classify known
histone chaperones and discuss how they build a network to escort histone proteins. Molecular interactions with histones and their
potential specificity or redundancy are also discussed in light of chaperone structural properties. The multiplicity of histone
chaperone partners, including histone modifiers, nucleosome remodelers and cell-cycle regulators, is relevant to their coordination

with key cellular processes. Given the current interest in chromatin as a source of epigenetic marks, we address the potential
contributions of histone chaperones to epigenetic memory and genome stability.

Histones, key proteins that compact the structure of all eukaryotc
DNA in the form of chromatin’, have recently attracted much
attention because of their impact on genome function. They form
the core of the repeated unit of chromatin, the nucleosome?, in which
DNA is wrapped around a histone octamer comprising a tetramer of
(113-H4), flanked by two dimers of H2A-H2B, a structure that has
been defined at high resolution®. This organization contributes to the
regulation of all cellular processes operating on DNA. However,
during cell metabolism, histones are not necessarily continuously
associated with DNA. Indeed, newly synthesized histones have to be
transported to the nucleus and targeted to the required location,
whereas old or damaged histones have to be discarded. In addition,
cellular processes involving DNA can require transient histone eviction
and replacement. Although being ‘DNA-free’ is usually a transient
state for histones, it can last longer, as demonstrated by the impor-
tance of histone storage during Xenopus laevis oogenesis to provide for
carly development?. As histones are highly basic proteins, their
presence in the cell could lead to deleterious effects through promis-
cuous interactions and aggregation. Thus, under most circumstances,
when histones are not in association with DNA, they are bound to
dedicated proteins called histone chaperones®. These escort proteins
prevent unintended interactions of histones with other factors and
help to control histore supply and incorporation into chromatin. In
this way, histone chaperones are crucial in fundamental processes such
as transcription, replication and DNA repair. In this review, we first
propose a classification of currently known histone chaperones. Next,

!Laboratory of Nuclear Dynamics and Genome Plasticity (UMR 218); Institut
Curie, 26 rue d'Uim, 75248 Paris, France. 2Department of Biology and
Rosenstiel Basic Medical Sciences Research Center, Brandeis University,
Waltham, Massachusetts 02454, USA. *These authors contributed equally
to this work. Comrespondence should be addressed to G.A.
(genevieve.almouzni@curie.fr).
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we discuss how recent molecular and cellular data provide insights
into chaperone function and histone selectivity, in connection with
key partners such as histone-remodeling factors and histone-
modifying enzymes. Descriptions of some chaperone functions are
provided, with examples of their involverent in gene transcription
and double-strand break (DSB) repair.

Toward a definition of histone chaperones

Histone chaperones are defined mainly as factors that associate with
histones and stimulate a reaction involving histone transfer without
being part of the final product (Box 1). This fundamental property of
histone transfer, shared by all histone chaperones, can be evidenced by
in vitro nucleosome reconstitution using purified DNA and histones.
However, not all histone chaperones are necessarily histone-deposition
factors in vivo; they can also use their transfer capacity to fulfill other
important toles in histone dynamics, such as histone transport,
transfer or storage. Thus, a broad range of m vivo functions, as
summarized in Box 1, can be assigned to histone chaperones on the
basis of their fundamental properties.

To address the functions of histone chaperones i chromatin
assembly beyond their in vitre nucleosome-reconstitution capacity,
cell-free systems have been developed that approach the complexity
encountered i vivo, The first cell-free system enabling chromatin
assembly was derived from X. laevis eggs®. Later on, the use of human
cytosolic and nuclear extracts to replicate and assemble SV40 mini-
chromosomes was combined with biochemical fractionation’, result-
ing in a powerful assay that elucidated the role of chromatin-assembly
factor-1 (CAF-1; see Fig. 1) in replication-coupled histone deposi-
tion®, A method using X. laevis egg extracts was further developed to
assess whether or not certain histone chaperones act as deposition
factors”, These egg extracts contain all factors essential for chromatin
assembly during the rapid rounds of DNA replication that occur in
carly development. When depleted of a putative histone deposition
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BOX 1 Histone chaperones: the basics

Definition

Factors that associate with histones and stimulate a reaction involving histone
transfer, without being part of the final product.

Functions in histone transfer

» Histone transfer from one chaperone to another
* Histone transter to using asa
© Histone transfer onto DNA {(deposition)

» Histone transfer off DNA (eviction)

Functions in storage
© Storage of histone pools during development
# Buffering transient histone overload

Selectivity
Choice of a histone variant in a given metabolic pathway.

Regulation
o During development, by cell type
o During cell cycle and cell-cycle exit; damage response

factor, they lose their ability to support nucleosome assembly, which
can be restored in add-back experiments. This approach clearly
demonstrated that CAF-1 and histone regulator A (HIRA; see
Fig. 1) are true histone deposition factors, promoting chromatin
assembly dependent on and independent of DNA synthesis, respec-
tively! %11 An example of a histone chaperone that is not necessarily
directly involved in histone deposition is anti-silencing function-1
{Asfl; see Fig. 1). Indeed, when human ASFI is added to human cell-
free extracts without any additional partners, it does not promote
histone deposition'? In addition, the results of depletion: and add
back experiments in X. laevis egg extracts contradict a direct role
of Asfl in chromatin assembly, ecither replication-dependent or
replication-independent*?, Thus, although Asfl can promote deposi
ton of purified histones onto naked DNA in a nucleosome
reconstitution experiment i vitro, this is not sufficient evidence to
conclude that it functions directly as a deposition factor in vivo.
Rather, current data suggest a role for Asfl as an H3-H4 histone donor
for HIRA and CAF-1, which in turn deposit histones onto DNA™,
The point made above emphasizes how challenging it is to define
the exact function of an individual histone chaperone. As a first step
toward this end, we here list known histone chaperones and classify
them into three main categories (Fig. 1): (i) chaperones that can bind
and transport or transfer histones without necessarily involving
additional partners—for example, Asfl; (i) multichaperone com-
plexes that combine several histone chaperone subunits—for example,
the CAFP-1 complex; and (iii) chaperones that provide histone-binding
capacity within large enzymatic complexes—for example, actin-related
protein-4 (Arp4) in the INO8O chromatin-remodeling complex’®. In
regard to the latter case, in vifro nucleosome-reconstitution capacity
has not yet been tested for the several actin-related proteins that bind
histones. However, their interaction with histones and their role in
stimulating a reaction involving histones {chromatin remodeling or
modification) can justify considering them as histone chaperones,
rather than histone binding modules. Similarly, in vitro nucleosome
reconstitution tests have not yet been performed with the recently
discovered histone chaperone Chzl (chaperone for H2AZ; see
Fig. 1), although its in vitro capacity to deposit H2AZ in cooperation
with the chromatin remodeler Swrl (ref. 16) strongly suggests a
chaperone activity. One particular group of histone chaperones, the
human RbAp48 protein and its homologs, should be considered as

multiclass chaperones, as they fit into all three chaperone categories
defined above. Indeed, RbAp48 can function autonomously and
is found in the multichaperone complex CAF-1 as well as in
many histone-remodeling  and  histone-modifying  enzymatic
complexes—for example, in the ISWI and Mi-2/CHD families of
chromatin-remodeling complexes.

Histone chaperones can also be distinguished on the basis of their
histone binding selectivity, which differentiates chaperones that pre-
ferentially interact with H3-H4 from those that prefer H2A-H2B.
Furthermore, particular chaperones show selectivity toward specific
histone H3 and H2A isoforms (reviewed in refs. 14,17). These
chaperones preferentially bind either replicative variants, which repre-
sent the bulk of the histones and are expressed and deposited mostly
in a replication-coupled manner during S phase (for example, H3.1 in
mammals), or replacement variants, which are expressed constitutively
at lower levels and incorporated in a replication-independent fashion
(for example, H3.3 in mammals)*®. Saccharomyces cerevisiae has only a
single H3 variant, most closely related to H3.3, so cell cycle-specific
deposition does not apply. For many replacement histones, how their
incorporation is regulated and which chaperone is involved are
ongoing subjects of investigation. Another specific category to con
sider involves histone chaperones that preferentially interact with
linker histones. For example, Nasp has been shown to interact with
the linker histone H1 in mammalian cells'?, although it is generally
considered to be an H3-H4 chaperone (sce Fig. 1). Similarly, the H2A-
H2B chaperone Napl binds linker histone B4 in X. laevis eggs, as
assessed by immunoprecipitation®®. This underscores that a prefer
ential chaperone-histone interaction is not always a strict specific
binding; rather, it may be subject to regulation and should be
evaluated context-dependently.

The structural basis of chaperone-histone binding, although not
sufficient to account for selective interactions with specific histone
variants, has proven informative in many ways. Given the basicity of
histones, it 1s not surprising that long acidic stretches are found in
numerous histone chaperones, such as nucleoplasmin®, yeast Asfl
(ref. 22 and Fig. 2a), yeast Napl (ref. 23), the Sptl6 subunit of
hFACT* and nucleolin® (see Fig. 1). Charge neutralization between
acidic chaperones and basic histones can thus be achieved®®%%, but this
does not account for specificity of the histone interaction, Charge
neutralization can even be dispensable for histone chaperone
activity?h 226 28 a5 exemplified by mammualian Asfl, which lacks an
acidic tail (Fig. 2a). Therefore, acidic regions may serve to enhance
histone interaction and may be an intrinsic feature in one species—for
example, in a chaperone containing an acidic tail—whereas in other
species the interaction is regulated through post-translational mod-
ification, as exemplified by the polyglutamylation of Napl in
Drosophila melanogaster’®. Other structural features should also be
considered. Recent high-resolution studies of the H2A-H2B chaper-
ones nucleoplasmin®*®, Napl and SET/TAF-18***" show that these
chaperones have a conserved $-structure exposed to the solvent. This
structure is also present in the H3-14 chaperone Asfl (refs. 26,31) and
is predicted to exist in HIRA*?* and CAF-1 (RbAp48 and p60)*>*,
Recent evidence shows that, for Asfl, this conserved B-structure is
involved in H3-H4 binding, underscoring the potential importance of
such an architecture for histone binding®>* %, However, it is inter
esting to note that Chzl is unstructured when bacterially expressed in
the absence of histones, but adopts an e-helical structure when bound
to Htzl-H2B (S. cerevisiae homologs of H2AZ-H2B)'.

The intimate interaction between chaperones and their cognate
histones and the variety of histone metabolic pathways lead us to
propose that each histone chaperone is positioned within an escort
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Classification of

Histone chaperones

3.RC, HAT, HDAC, PC

chaperones in species of function identification selectivity Conservation Main functions
Both Sc. Astt; Sp, Cial
Asf1 (Dm)128 H3.1-H4 & At Sgal & Sga2, Dm. Asf1, X1 Asf1 Histone donor for CAF-1 and HIRA
H3.3.H4 Mm., Asfia & Asfib; H.s., Asfia & Asf1b
Fkbp3gp (S.p)'?7 H3-Ha Sc. Fpr. Sp, Fkbpagp rDNA silencing
S.c.. HIRI/HIR2; Sp., Hip1, Sim2
HIRA (X111 H3.3-H4 At HIRA Dm.. HIRA: X./.. HIRA mﬁz‘“@“"“m'm‘”m’m”‘
Mm., HIRA; H.s., HIRA D
H3-He b X1, N1N2; Mm., tNasp & sNasp; - 3
N1/N2 (X.1)128 H3-H4 Hs., tNasp & sNasp H3-H4 storage in X. faevis oocytes
Sc., Spte; Sp., Spté
Class| Spi6 (S.c)120 H3-H4 Dm., Spi6; X.I., Spt6; Mm., Spt6 Ti & elong
single Hs., Spte
chaperone RIt108 (S.c. )30 H3-H4 S.c., Rit106; S.p,, SPAC6GS 03¢ Heterochromatic silencing
H Nucleoplasmin (X.1)13Y Dm., Nip, X.I., Nucleoplasmin; Storage in X. laevis cocytes, cytosolic-
.’ 132 H2A-H2B Mm., NMP1, NPM2 & NPM3; H.s., NMP1 nuclear transport, replication,
Nucleophosmin (NPM1) (H.s.)1¥ NPM2 & NPM3 transcription
Chz1(S.c)'® H2AZ-H28 Sec.,Chz1; Hs, HIRIP3? Chz1: H2AZ incorporation by SWR1
Nap1 (X.1)'3!
138 Sc., Nap1; Sp. Nap1 & Nap12 Cytosolic-nuciear transport
fap1-tolalad protelng: Hap1L2 (M) HoAH28® | At.NRP1&NRP2; Dm., Napt Transeription
H2A-H2B | SET/TAF1b (H.s)'3¢, CINAP (H.s., Mm,)'35 X1 Napt: Mm., Nap1; H.s., Nap1 Replication
and Vps75 (S.c)136
Sc.NSRt :
Nucleolin (H.5)2% HeAH28t | At Nuceoli; X1, Nucleolin anscription elongation;
M.m., Nucleolin, H.s., Nucleolin assist chromatin remodslling
S, Rif2/Cac1; Spp., SPBC28A10.03C
p150 H3.1-H4 At, Fasi; Dm, p180; X 1, p150;
M. 150 H. 1
CAF. | S mCp 5205 - SDP:((Z)ZSH 03 % focioecoupiecio DA
-1 complex ¢., Cac p. 5 thesis
Class Il i H3.1-Ha At Fas2; Dm.. p150. X1, p60 Lt
H3-H4 8 -Replication
multi- (H.s) Mm., p60; H.s., ps0 :
chaperone - -Repair
complex S.c., Msit/Cac3; Sp., Msi16
Hy RbAp482 H3-H4 At Msit; Dm., psS; X/, p48
Mm., RbAp48; H.s, RbAp48
Sc., Spt1s; Sp., Spt1s
! Spiis H2A-H2B AL, Spt16; D.m.. Spt16; X.1., Spt16;
1 1
FAGT complex M.m., Spt16; H.s. Spt16 ‘ :
H2A-H2B (Hs ) Sc., Pob3; Sp., Pob3 Transcription elongation
SSRP1 H3-Had At, SSRP; D.m., SSRP1: X1, SSRP1
M.m., SSRP1; Hs., SSRP1
Chap ] Enzy [
Hif1 (S.¢)137 Hatip/Hat2 (S.c.) H3-H4 Sc. Hift Assist HAT
H3-H4
Rsf-1 (H.s.)138 RSF (H.s) H3-Ha Hs. Rst-1, M.m., Rsf-1 Assist RC
RCINO80 (S.c, Dm,
Mm., Hs) Sc., Arpa; Sp., Alps
Class lIl: RC SWR1 (S.c) Z i
f S o)1 At Arpa; Dm., BAPSS. M.m., BAFS:
within Ap4(Se)'® AT NuA4 (Sc) Ho it B2 Assiet RC
enzymatic RC+HAT Tipso (D.m.,
complexes Mm., Hs)
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Figure 1 Classification of histone chaperones in multiple organisms. For each class, we show in bold one prototype chaperone. The selective interactions
with either H3-H4 or H2A-H2B are indicated and specifically preferred histone variants, when known, are underlined. H, histone; RC, remodelling complex;
HDAC, histone deacetylase complex; PC, Polycomb complex; ND, not determined; S.c., S. cerevisiae; S.p., S. pombe; A.L., Arabidopsis thaliana; D.m.,

D. melanogaster; X.1., X. laevis; M.m., Mus musculus; H.s., Homo sapiens. RbAp48 (also called Rbbp4) and its homologs can act as single chaperones, as
part of the multichaperone CAF-1 complex or within other complexes (RC, HAT, HDAC or PC). ®Both sNasp'? and Nap1 (ref. 20) also interact with linker
histones (see text). “Nucleolin facilitates remodeling of nucleosomes containing macroH2A?3, suggesting specificity for this variant. SSRP1, through its
interaction with H3-H4, could assist Spt16 in nucleosome binding?”.
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network regulating histone traffic. Careful evaluation will be needed to
determine the extent to which histones can substitute for one another
within this chaperone network and how the chaperones participate in
regulating histone traffic in coordination with cellular processes
involving chromatin reorganization.

Histone chaperones build a network of escort functions

Recent crystallographic studies have provided new insights into the
relationships between histone chaperones and their cargo, the his-
tones, but also between different histone chaperones. Here, using data
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on the conserved portion of Asfl as an example (Fig. 2a), we discuss
how it is possible to evaluate the contribution of histone chaperones to
nucleosome assembly and disassembly mechanisms and to complete
the picture of the histone chaperone network—that is, what histone
chaperones can do and how they selectively regulate histone dynamics.

The escort-cargo interaction: from structure to function. In the
nucleosome, histones H3 and H4 form a tetramer’, which remains
relatively stable when it is free of DNA in solution. This biochemical
property led to the long-standing assumption that these histones were

ASF1A-H3 interaction

pe w2 a3 e
Sc. Asfi
Sp. Asft  CAYEON
Ce. Asft  CKYNDQ
Dm. Asft  (SYRGQ
X1 Astt  CTYRGQE
Ar | Astta CsvGg RNILSOK
Asfib CSYMDG RNILTOK
o |Asta CTYRGQ QANILASN 143 PCNA
" | Asi1b CTYRGQ QRNILASN 143
Mo | Asf1a CTYRG QANILASN 143
M| Asfib CTYHGQ QRNILASN 143 o = =~
Hs |Asfia € ASN 143 P P
S | Astib CTYIGG QRNILASN assembly coupled assembly

Sc.  Asft EEEEEDT 220
Sp. Asft  EMEEEFDEEGEGD-- -EEEEEEDDGOGDGEGDGOGEGE -~ 219
Ce. Astt AEEVDLNE! G 226
Dm. Asfi  TSEAAS ~AVIHPEDONSLAMPMENGIKAL 207
X1 Asft -IEARPSASKGNPM-SENSLNWM 193

Asf - “QQP-=senmmeeeas L 184

~TDALPSASKGWST-SENSLNWM 196
~LSCTP--VKSLGL-PSCIPGLL 194
~TDALPSASKGWST-SENSLNWM 1

Astia LOSLLS
He. | astib Locote

s IAsHb ;E\x--:-llxl:

Figure 2 Asfl histone chaperone structure and function. {a) Clustalw
(http-//www.ebi.ac.uk/Tools/clustalw/index.html) alignment of Asfl protein
sequences from several organisms. Secondary structures in the conserved
N-terminal region (red) are indicated above the sequences. A variable

C terminus has acidic stretches in S. cerevisiae, S. pombe and C. elegans
(purple) and potential phosphorylation sites in D. melanogaster and
mammalian Asfl. The portion of human ASF1a in red is the part of the
protein used for determining the crystal structure shown in b8, Amino acid
residues that differ between human ASFla and ASF1b are in green.
Asterisks, identical residues; double dots, conserved residues; single dots,
semiconserved substitutions. Species abbreviations are as in Figure 1;
C.e., Caenorhabditis elegans; D.r., Danio rerio. (b) Asf1 in two chromatin-
assembly pathways. In one, both Asfla and Asflb act as histone donors
for CAF-1, promoting H3.1 deposition during replication-coupled chromatin
assembly. In the other, only Asfla, together with HIRA, acts in a
replication-independent pathway to deposit H3.3 (for example, during
transcription and/or in the course of development). Whether the H3-H4
dimer interacting with Asf1 comes from a dimeric source or a split
(H3-H4), tetramer remains unclear {(question mark). A close-up view of the
ASF1-H3-H4 structure®® shows the two binding sites for human ASF1a on
the histone dimer. Orange triangle indicates HIRA-binding site. H3-H4
binding to ASF1 occludes the H3-H3 interface (blue balls) required for
formation of a (H3-H4), tetramer. ASF1 residue Val94 (red ball) is crucial
in binding histone H3.
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deposited directly as a tetrameric complex. Recent data have chal-
lenged this view. A finst indication that H3-H4 can also exist as
a dimer was found in an analysis of H3 bound to ASF1, HIRA and
CAF-1 in complexes isolated from human nuclear cell extracts'®, This
was further confirmed by stoichiometric analysis of the Asfl-H3-H4
complex™. These findings raise the question of whether interaction of
chaperones with dimeric H3-H4 is a general rule for H3-H4 dynamics
in other contexts and for other chaperones.

The high-resolution structure of the conserved N-terminal part of
Asfl (Fig. 2a} interacting with a dimer of H3-H4 (refs. 37,38) reveals
two major binding sites (Fig. 2b): (i) a concave hydrophobic groove of
Asfl surrounded by conserved charged amine acid residues interacts
with the C-terminal part of H3, and (i1} the C terminus of H4, which
forms a parallel f§-sheet with H2A within the nucleosome, undergoes
an unexpected major conformational change, rotating about 180° to
form an antiparallel 8- sheet with the last 3 strand of Asfl (refs. 35-38).
Minor structural adjustments in Asfl accompany this conformational
change of H4 and favor the interaction””. The results of in vitro and
in vivo mutagenesis of key residues underscore the importance of these
binding regions for Asfl chaperone activity?3-38,

The Asfl-H3-H4 structure has important functional implications
for histone chaperone activity during nucleosome assembly and
disassembly. Notably, the binding sites through which the H3-H4
dimer interacts with Asfl are also implicated in the formation of (H3
H4), tetramers and the nucleosome?, providing support for the idea
that an H3-H4 dimer can interact with either Asfl or another H3-H4
dimer*® (Fig. 2b). English et al*” suggest that Asfl has the capacity
o disassemble nucleosomes by a ‘strand-capture’ mechanism, using
the H4 C terminus as a ‘handle’ to dissociate {(H3-H4), tetramers.
Consistent with this hypothesis, an in vitro tetramer-disrupting
activity of ASF1 has also been reported by Natsume et al?%, who
showed that addition of an equimolar amount of ASF1 to (H3-H4),
tetramers could cause the disappearance of the tetramer species and
appearance of an ASF1-H3 H4 complex. Genetic studies in
S. cerevisiae have shown that Asfl is required to ensure efficent
histone eviction during transcription, providing further evidence
inn vivo that Asfl has a role in nucleosome disassembly*®4!. A thorough
evaluation of this tetramer-disrupting capacity and its regulation is
needed before these findings can be extended to other organisms and
to other DNA transactions, such as replication or repair.

It will be interesting to determine how this potenual tetramer
disrupting activity of Asfl is regulated. Whereas the N terminus of
Asfl is highly conserved (Fig. 2a), its C terminus is rather divergent
and could be a good candidate for the basis of distinct functions both
among various species and between the Asfla and Asflb isoforms,
when they exist!#?, In mammals, this C terminus is the target of
specific modifications such as phosphorylation™. Thus, divergence
between species in this region deserves further attention in the attempt
to explain species-specific functions of Asfl.

Selectivity of the relationship between the escort and its cargo. The
crystal structure of Asfl bound to H3-H4 also reveals that the binding
interface involves only amino acid residues conserved between the two
human isoforms ASFla and ASF1b, suggesting that both interact in
the same manner with the H3-H4 dimer (ref. 38). Divergent residues
remain exposed to the solvent, thereby potentially providing a specific
interface for other factors. Moreover, residues that differ between the
H3.1 and H3.3 variants'’, and those targeted by post-translational
modifications (such as the acetylation of histone H3 Lys56 (H3K56ac),
known to be important in S. cerevisiae), are still exposed to the
solvent®** (Pig. 2b). In S. cerevisiae, Asfl helps to present the H3K56

REVIEW

residue to Rttl09, a newly characterized histone acetyltransferase
{HAT}, possibly to promote the proper histone u(‘.el)’lalimx"s“” before
deposition onto DNA® 8. A5 H3K56 acetylation. by Rit109 is con
served in Schizosaccharomyces pambef", whether this modification is
mediated by Asfl should be assessed. The small amount of H3K56ac
in human cells®” raises the question of whether a corresponding role
for Asfla and Asflb exists in higher organisms.

Recent discovery of the yeast histone chaperone Chzl, which
preferentially binds an H2A variant, also sheds light on the selectivity
of the interaction between the escort and its cargo’®. A conserved
domain within Chzl (the CHZ motif) contains the key determinants
for specific Htzl recognition in vive'®, It will be interesting to find out
whether the human Chzl homolog, HIRA-interacting protein-3
(HIRIP3, ref. 53; see Fig. 1}, has similar H2AZ specificity. This
might provide a mechanism for coordinated transactions between
histone H3.3 incorporation by HIRA and H2AZ deposition during
transcription. The selectivity for H2A variants may extend to other
chaperones, as shown by a recent study revealing that nucleolin
induces SWI/SNF-dependent remodeling of macroH2A but not
H2ABbd nucleosomes® (see Fig. 1).

Histone chaperone interactions and their position in the escort
network. The interaction between Asfl and Hir was initially found in
budding yeasls". In humans, the interaction of ASFla with
HIRA#253% requires the conserved N terminus of ASFla®®, which is
recognized by a region called the B-domain in HIRA®. The recent
crystal structure of the conserved N terminus of ASFla with a small
HIRA peptide further shows that the HIRA B-domain forms an
antiparallel f-hairpin, which interacts with the $-sandwich of the
ASFla N-terminal core domain®®, Intriguingly, although this binding
interface is strictly conserved in both ASFla and ASF1Db, it is instead
the less conserved regions in the C and N termini of ASFla that
mediate specific recognition. Moreover, binding involves a HIRA-
specific domain located outside of the B-domain®. Previous bio
chemical analysis revealed that the binding of ASFI to HIRA or CAF-1
seems to be mutually exclusive'® and that both ASFla and ASF1b
interact with CAF-1 p60 (refs. 12,56). In fact, the CAF-1 p60
C terminus contains B-domain-like motifs that resemble those in
HIRA and recognize the same region of ASFla, explaining why these
two histone chaperones bind ASF1 in a mutually exclusive manner??,
as was recently confinmed in vertebrate cells’”. Taking these observa
tions together, we have created a scheme summarizing the current
understanding of Asfl’s specificity and its role as a donor to HIRA and
CAF-1 in chromatin assembly (Fig. 2b).

Beyond its function as an accessory factor for CAF-1 and HIRA in
chromatin: assembly, Asfl is also connected to various aspects of DNA
metabolism through its interactions with several partners. As an
example, in budding yeast, Asfl binds the checkpoint kinase Rad53
under normal conditions”™** and is released upon phosphorylation of
Rad53 during genotoxic stress. Interestingly, Rad53 is involved in
the degradation of excess histones®®. In mammals, although the
corresponding interactions with chedkpoint proteins could not be
found (A. Groth, J. Bartek, J. Lukas and G.A., unpublished dataj,
ASFla and ASF1b function as a buffer for excess histones upon
replication block®’. They are phosphorylated by the Tousled-like
kinases TIk1 and TIk2, which themselves are targets of the checkpoint
kinase Chkl (ref. 44). How this modification contributes to Asfl
function remains to be elucidated. The growing list of partners
for Asfl reveals complex interplay with vanious functions, which
may differ between yeast and mammals (Fig. 3a). These multiple
interactions contribute to the formation of an intricate network of
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different partners (Fig. 3b), in which histone chaperones are key
actors in the regulation of histone metabolism.

Histone chaperones and histone traffic

Here we discuss how histone chaperones can contribute to local
histone dynamics during transcription and DSB repair. For informa-
tion related to DNA replication or to other DNA damage responses,
readers can consult recent reviews®>6,

Histone chaperones in gene transcription. Chromatin structure can
impose constraints on gene transcription, and it has been suggested
that local chromatin rearrangements facilitate the passage of RNA
polymerase 11 (Pol 11)*%. This can be achieved by mechanisms such as
post-translational modifications of histones, recruitment of remodel-
ing machinery, and actions of histone variants and histone chaper-
ones®>6, Recent systematic interactome studies®” that have made use
of large collections of yeast mutants, including those with defective
histone chaperones, remodeling machinery and transcription factors,
can provide insight into the connection between chaperones and
transcription. Nevertheless, there is still a gap between the results of
these global analyses and understanding of the mutants’ underlying
molecular properties.

Histone modifications participate in the regulation of chromatin
structure during the process of transcription® (Fig. 4; see also the
review by Bhaumik et al.®® in this issue). One modification, histone
acetylation, is achieved via multiple HAT complexes and can occur on
various lysine residues. Reports in S. cerevisiae show that acetylation of
H3K56, located in the globular core domain of H3, weakens the
clectrostatic interaction between the histone and DNA, leading
to increased accessibility of the DNA wrapped around the nucleo-
some®”. Recent studies have shown that this acetylation may be
involved in transcription elongation® and is preferentially enriched
at certain active genes’®. Acetylation of H3K56 in S. cerevisiae requires

Figure 3 Asfl is an example of a histone chaperone within a network of
binding partners. (a) Binding partners are depicted for both S. cerevisiae
Asfl and mammalian Asfl to illustrate that these histone chaperones act
within a network of interactors that cooperate in chromatin assembly

(for example, CAF-1 and HIRA) and potentially regulate Asfl function

(for example, Rad53). Red-to-yellow gradient represents the amount of
evidence supporting each interaction, red being a well-demonstrated
interaction and yellow a potential interaction. (b) Schematic representation
of the relationship of a given histone chaperone to its network of binding
partners. The chaperone will have various degrees of selectivity toward
specific histone dimers, or possibly tetramers, which it will accept from,
or transfer to, other chaperones. Alternatively, the chaperone could also
accept histones immediately after their eviction from chromatin or transfer
histones directly onto DNA in a deposition reaction. The histone chaperone’s
function will be regulated and targeted through its binding partners, which
are involved in various cellular processes.

the Rtt109 HAT in complex with a histone chaperone, the Napl-
related protein Vps75 or Asfl (see refs. 45,47,71 and Fig. 1). Forma-
tion of such a complex could enhance the binding affinity of Rtt109
for H3, favoring acetylation*>*”7!, Notably, the Rtt109-Vps75 HAT
preferentially acetylates non-nucleosomal newly synthesized H3
(ref. 71), suggesting that H3 could exchange with H3K56-acetylated
histones to promote transcription or contribute to reassembly, which
in turn could prevent cryptic initiation. In this case, one could
anticipate some interaction with the chaperone Spt16, a subunit of
the “facilitates chromatin transcription’ (FACT) complex (sce Fig. 1),
which promotes transcription’?, or with Spt6, an H3-H4 chaperone
(see below)”7, Furthermore, ATP-dependent chromatin-remodeling
machinery has the ability to perturb nucleosome-DNA contacts (see
also the review by Cairns” in this issue) in ways that can change the
accessibility of DNA to transcription factors or assist the polymerase
during initiation and elongation®. Indeed, remodeling complexes
such as SWI/SNE CHDI and INOS0 participate in RNA Pol 11
activation or elongation through their remodeling activities (reviewed
in ref. 76). Histone-binding proteins present in these complexes, such
as Arp7 and Arp9 in SWI/SNF or Arp8 in INO8O, could thus have a
role in nucleosome mobilization (Fig. 4).

Incorporation of histone variants into nucleosomes is also thought
to affect transcriptional regulation. The Htz1 variant (yeast homolog of
H2AZ) is found in nucleosomes flanking the nucleosome-free region
within promoters in yeast and is evicted upon transcriptional elonga-
tion®>”7. Whether the newly identified histone chaperone Chz1, which
preferentially interacts with Htzl, contributes to transcriptional activa-
tion or repression'® should be considered. Interestingly, nucleolin
is able to promote transcription by inducing remodeling of
macroH2A-containing nucleosomes by SWI/SNF> (Fig. 4).

Various degrees of histone eviction may facilitate transcription
in vitro and in vivo (Fig. 4), although the extent to which this occurs
probably depends on local chromatin structure and transcription
rates®’. Histone chaperones have been implicated in histone eviction
and deposition during transcription. H2A-H2B dimers and the
(H3-H4), tetramer occupy distinct positions in the nucleosome.
The external dimers are less tightly bound to DNA than is the
tetramer, and they are therefore the main candidates for displacement
from DNA737%, Histone chaperones such as yeast Napl and nucleo-
plasmin are thought to facilitate transcription factor binding by
removing an H2A-H2B dimer®®!. FACT, identified on the basis of
its requirement during transcriptional elongation on chromatin tem-
plates®>®3, promotes the displacement of H2A-H2B dimers to facil-
itate RNA Pol 11 passage®!. Nucleolin is thought to remove H2A-H2B
from assembled nucleosomes in a manner similar to FACT®. In
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Figure 4 Histone chaperones mediate histone dynamics during transcription
elongation. During transcription, histones are thought to be partially or
totally evicted from the transcribed DNA. The evicted histones may then

be recycled upon chromatin restoration after passage of the polymerase.
Alternatively, newly synthesized histones might be incorporated at this step.
This cycle of histone eviction and deposition is facilitated by the cooperation
(red lines) of the candidate histone chaperones with candidate histone
modifiers and remodeling factors that are involved in transcription
elongation. The binding of the histone madifiers and remodeling factors

to their substrates (indicated in parentheses) may assist in targeting
histone chaperones toward sites of active transcription. ac, acetylation;

TF, transcription factor; N-ter, N terminus.

addition, other chaperones such as Napl and nucleophosmin are also
believed to be involved in histone removal during elongation of
chromatin templates in vitro®*, In yeast, activator-mediated removal
of histones H3-H4 from promoter sites seems to be promoted by Asfl
(refs. 41,87). Indeed, ChIP experiments demonstrate that yeast Asfl
travels with RNA Pol 1I during elongation and is important for
efficient eviction of H3 but not H2B*". This function of Asf1 is further
supported by recent structural studies*”*® and evidence that tetramer
stability is compromised in the presence of ASF1 in vitro®®, That FACT
could have a disassembly activity comparable to that of Asfl is an
attractive hypothesis. Histone chaperones can promote transcription
clongation simply as a ‘histone sink} as shown using nucleoplasmin
and in vitro transcription on chromatin templates™, but they could
also help to channel transfer of histones, facilitating their recycling or
targeting them for other events in histone metabolism.

Reassembly of nucleosomes at promoters and in the wake of RNA
Pol 11 is crucial to restore chromatin structure and to avoid erroncous
initiation from internal cryptic sites. New histones are incorporated
during this process®**°, but it is not clear how the recycling of evicted
histones and incorporation of new histones are regulated (Fig. 4).
Spt6, FACT and Asfl have been implicated in the deposition of
histones behind RNA Pol 1P#4074, Mutations in the FACT subunits
Spti6 or Pob3 in S. cerevisiae are lethal when combined with
mutations in HIR proteins®’. Furthermore, delayed reassembly of
nucleosomes on promoters in hirl and asfl mutant budding yeast
strains”, along with a requirement for the histone H3-H4 chaperone
Spté (refs. 41,73}, supports a concerted action of these chaperones,
possibly in conjunction with histone-modifying enzymes.

Several mechanisms can direct the targeting of histone chaperones
to transcription sites where they can effect histone eviction and
deposition. In the case of human SPT6, direct interaction with the
elongating RNA Pol 11 is involved®”. In a potential alternative mechan-
ism, human ASF1 may be recruited to transcription sites through
binding to general transcription factors, as this protein interacts
with two bromodomains of human TAFII250, the largest subunit of
the transcription factor TFID®Y. Interaction with chromatin-
remodeling machinery provides yet another way to recruit a histone
chaperone to its site of action, as shown for FACT, which contacts
the chromatin-remodeling complex CHD1 through its Chdl sub-
unit® (Fig. 4). Interestingly, CHD1 was recently found to be
involved in H3.3 deposition in cooperation with HIRA during
D. melanogaster development®®. Obviously, the question of what
proportion of histones deposited during transcription are recycled
as opposed to newly incorporated (Fig. 4) should now be considered
in light of findings on ‘“transcriptional memory’. Indeed, this balance
will determine to what extent post-translational histone modifications
and/or particular variants can be erased during clongation. Interest-
ingly, high Htzl levels at gene promoters in yeast have recently been
associated with transcriptional memory that can be inherited through
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several cell generations®”. A crucial issue to address is the manner in
which the donor and acceptor functions of histone chaperones are
regulated in various cell types, which may contribute to the specificity
of expression profiles. In this respect, the example of phosphorylation
changes in nucleoplasmin after oocyte maturation, which promotes
nucleoplasmin’s histone-donor function®, illustrates the potential role
of post-translational modifications driven by cell-specific factors in
controlling cellular function.

Histone chaperones in DSB DNA repair. In the response to a DSB
within chromatin, the first challenge is to detect the damage, and the
second is to recruit DNA repair factors that should be able to deal with
the damage in its particular context. The current picture of the
function of histone dynamics during these processes involves histone
modifications, chromatin remodeling and histone eviction, occurring
in a sequence of events whose relationship to the events of DNA repair
itself is not entirely clear (Fig. 5; for recent reviews on the DSB repair
process, see refs. 99-102). Here we would like to highlight the possible
contributions of the different classes of histone chaperones (Fig. 1) to
histone dynamics during and after DNA repair. Important for this are
data from budding yeast, in which chromatin structure has been
studied near a DSB induced by site-specific enzymatic cleavage. The
recent development of new methods to create specific DSB sites in
mammalian cells, as pioneered by Maria Jasin’s group!®-1% offers
promise for analyzing chromatin dynamics at these sites.

Within minutes of DSB formation, long regions of adjacent
chromatin (=1 megabase of DNA in mammalian cells'® and about
50-100 kilobases in budding yeast) undergo extensive phosphoryl-
ation. This occurs on the H2AX variant in mammals, which is then
called YH2AX!%; in yeast, the phosphorylated histone is highly similar
to H2AX, but is called H2A, as it is the predominant H2A form in this
organism'”. For consistency, we will refer to it here as YH2AX.
Although H2AX constitutes only about 10% of total mammalian
H2A, the rapidity of its phosphorylation suggests that at least some of
the phosphorylated H2AX molecules are already present in chromatin.
Indeed, H2AX and H2A exist in nonrandom domains such that one
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H2AX domain may be fully modified by phosphorylation'®, How-
ever, exchange of canonical H2A for the H2AX variant could also take
place to reinforce initial phosphorylation levels (Fig. 5). In respect to
this, it is noteworthy that yeast strains lacking the remodeling factor
Rscl show delayed formation of yH2AX foci'®?, suggesting that rapid
remodeling occurs before repair-factor recruitment. This might relate
to an exchange process and thus require an as yet unknown histone
chaperone with selectivity for H2AX. When both the ATR and ATM
kinases are inactivated after creation of a DSB, however, no change in
YH2AX levels is evident before the onset of resection, suggesting that
no major increase or loss of YH2AX occurs after the initial phosphory-
lation step' 1%

Phosphorylated H2AX is thought to provide a docking place not
only for several repair factors but also for histone modifiers and
chromatin-remodeling complexes, stabilizing their  recruitment
(Fig. 5). For example, in budding yeast, the NuA4 HAT binds
yH2AX through its associated chaperone Arp4 (ref. 111}, which is
also found as a component of the chromatin-remodeling complexes
INO80 and SWRI1 (Fig. 1). It is thus possible that Arp4 could help to
bridge the subsequent interaction of these complexes and then initiate
an amplification loop for recruitment to YH2AX. However, neither
Arp4 nor the Arp8 chaperone in the INO80 complex is responsible for
the specific binding of INO80 to YH2AX''?, Rather, the binding seems
to depend on the INO8O subunit Nhp10; this dependence may be
either direct or indirect, as a direct interaction of Nhp10 with histones
has not yet been demonstrated. Intriguingly, the presence of Nhp10 is
not crucial for the INO80 remodeling activity but could contribute to
its targeting' ", In addition, the absence of Arp4, Arp8 or Nhp10
does not affect H2AX phosphorylation.

Less well characterized is the local recruitment of the nuclear yeast
Hatl-Hat2 complex and its associated chaperone Hifl (see Fig. 1) to
DSBs, where this complex is responsible for the increased acetylation
of H4K12 near the break!'"™ (Fig. 5). This HAT is believed to acetylate

Figure 5 Chromatin rearrangements and histone chaperone activities during
DSB repair in S. cerevisiae. After DSB formation, H2A (H2AX in higher
organisms) is phosphorylated within relatively large chromatin domains.
Additional histone modifications then occur, such as phosphorylation of H4
Serl by casein kinase || (CKIl) and acetylation of YH2AX and H4 by NuA4.
Methylation of H3 Lys/9 (H3K/9me) is not increased upon DSB formation;
rather, this medification becomes accessible, which, in combination with
vH2AX, facilitates recruitment of Rad9 (53BP1 in mammals)'©. In fission
yeast, recruitment of the Rad9-related protein Crb2 depends on H4 Lys20
methylation (H4K20me), whereas in mammalian cells, both H3K79me and
H4K20me might be involved. Chromatin-remodeling complexes, together
with NuA4 and possibly histone chaperones, make chromatin more
accessible by evicting and replacing histones. yH2AX removal through
replacement with the H2AZ variant (Htz1 in S. cerevisiae) relies on this
process. Restoration of local chromatin organization may rely on histone
chaperones such as CAF-1, remodeling complexes and histone modifiers.

p, phosphorylation; ub, ubiquitination; me, methylation; ac, acetylation;

K, lysine; S, serine; RC, remodeling complexes; HM, histone modifiers.

only newly synthesized soluble histones''S, suggesting that break-
associated H4K12 acetylation is due to the incorporation of new
histones near the break, in the region that is resected. Because the
recruitment of Hatl-Hat2 occurs soon after YH2AX formation
and does not depend on functional DSB repair by homologous
recombination'®, the modification could have an effect early in the
repair pathway. Alternatively, the acetylation of histones might repre-
sent  chromatin-restoration activity, as some HO endonuclease—
induced DSB ends are rejoined by nonhomologous end joining.
Similarly, transient increases in H3 and H4 acetylation during DSB
repair' 7 might assist the repair process itself or represent post-repair
chromatin restoration.

Of great interest is how YH2AX is removed from chromatin.
Surprisingly, it seems that although there is a dedicated phosphatase
(PP4C in yeast or PP2A in mammalian cells) that removes this
modification, dephosphorylation in budding yeast apparently takes
place only after removal of YH2AX (or YH2AX-H2B dimers) from the
DNA!'19 There seem to be at least two distinct modes for this
removal: histone eviction during resection and histone exchange
(Fig. 5). After creation of a DSB, the broken ends are extensively
resected by 5-t0-3" exonucleases to create long single-stranded
regions. In yeast, resection leads to displacement of YH2AX at a rate
of about 4 kilobases h™! on each side of the DSB. It has not yet been
determined whether the eviction takes place as a result of the resection
process itself or is promoted by the action of remodeling complexes
such as INO80, or both. To what extent histone eviction takes place,
and whether it affects only H2A-H2B dimers or also (H3-H4),
tetramers, remain to be clarified as well. Interestingly, during DSB
repair in S. cerevisiae, the phosphorylation of H4S1 by casein
kinase 1'% seems to persist (as assessed by chromatin immuno-
precipitation) even when one DNA strand is resected (J.A. Kim and
J.E.H., unpublished data). This observation suggests that some H3-H4
may remain associated with single-stranded DNA. Furthermore, the
fate of the evicted histones should also be considered, and escort by
chaperones may be required to keep them available as a storage pool
or to direct them for recycling or elimination.

Alternatively, YH2AX can be removed through histone exchange,
which is thought to require active histone eviction and deposition, as
well as chaperone activity (Fig. 5). So far, we have found that
mutations in Asfl, CAF-1 or Napl do not prevent the loss of
YH2AX, either individually or in combination (J.A. Kim and J.E.H.,
unpublished data). This excludes an active contribution of these
chaperones to eviction but not a possible role for them in proper
histone usage after eviction. Chromatin-remodeling complexes and
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their associated histone chaperones, in contrast, seem to have a more
active role in yH2AX removal. Indeed, in the unusual situation where
the chromatin remodeler INOSO is absent, replacement of yH2AX by
the histone H2A variant H2AZ can be promoted by the chromatin
remodeler Swrl (ref. 121). However, there is no substantial effect when
INO8O is present, and the absence of Htzl (H2AZ homolog in
S. cerevisiae) does not seem to affect the DNA damage checkpoint.
Nevertheless, a similar mechanism for yH2AX replacement seems to
operate in flies, and probably in mammals, through the action of the
Tip60 complex (reviewed in ref. 122}, which is considered to be the
combined homolog of both yeast Swrl and yeast NuA4. In addition,
two remodeling complexes have been directly implicated in DSB
repair. The RSC. complex seems to be involved mamly in nonhomo

logous end joining'?*. The Snf2-Snf5 chromatin remodeler seems to
have a key function in the process of homologous recombination,
specifically in the strand-invasion step during recombination between
the resected DSB end and a homologous donor sequence?™.

When the repair is completed, chromatin organization must be
restored (Fig. 5). This requires histone incorporation, and possibly
histone exchange, within the repaired DNA. At this step, the balance
between the incorporation of new histones and the recycling of evicted
histones could be of importance. In human cells, CAF-1-dependent
incorporation of newly synthesized H3.1 histones has been observed
in vivo at sites of both laser-induced damage, which is known to
produce DSBs, and UV-induced damage!?*, The incorporation of new
histones could make it difficult to restore chromatin organization to its
state before the occurrence of a DSB, in terms of both the proportions
of given variants and histone modifications. Indeed, new histones
present a set of specific modifications distinct from that of their
nudeosomal counterparts. Removal of these modifications and reset-
ting of initial marks probably require ad hoc intervention by histone
modifiers and remodeling complexes, in addition to other histone
chaperones (Fig. 5). The regulation of this restoration step is currently
a subject of investigation and will be important for understanding a
possible cross-generational memory of damage events.

Conclusions

In this review, we have classified currently known histone chaperones
on the basis of their structural and functional properties. We empha-
size that histone chaperones are not necessarily deposition factors and
that they can fulfill various other functions in histone metabolism.
Importantly, only a few chaperones showing selectivity toward histone
variants have been identified so far. Identifying and documenting
chaperone functions associated with histone variants such as H2AX or
CENPA will be important steps forward.

We have highlighted three major challenges for the field of
cpigenetics. First, how and why a given chaperone shows selectivity
toward specific histones remains an enigma that structural studies
have not fully resolved. Understanding the structural basis of this
selectivity will open up a broad range of new perspectives, including
those gained from mutational analyses and the identification of new
chaperones on the basis of their structural properties. Second, it will
be important to identify the functional and molecular interactions of
chaperones with each other and with their other partners so as to
understand the molecular basis of histone transfer between different
chaperones. A hierarchy with key chaperones at crucial nodes would
then emerge. Finally, the contribution of histone chaperones to the
maintenance of chromatin stability and epigenetic marks is another
important question®®, We have discussed the balance between incor-
poration of new histones and recycling of old histones in the context
of transcription and DSB repair. To preserve and propagate the

epigenetic marks that provide identity to a given cell lineage, the
original marks should be reset after such processes. If histone marks
represent true epigenelic marks, then req'ded histones may serve as
a template for copying and reestablishing correct marks on new
histones, thus favoring transmission of chromatin organization.
The potential tetramer-disrupting capacity of Asfl and other
chaperones may favor the recycling of old histones, The precise
contribution of histone chaperones to epigenetic memory, however,
remains to be determined.
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Appendix #2:
HP1alpha as a prognostic marker in human cancer

(European patent)

Genevieve Almouzni & Leanne De Koning

Using early-stage breast cancer tissue samples, we showed that the expression
levels of HP1a could constitute an interesting tool for the prognosis of patients suffering
from this type of cancer (De Koning et al., Heterochromatin Protein 1 alpha: a hallmark of
cell proliferation relevant in clinical oncology, EMBO Molecular Medecine, Vol 1 (issue 3),
p178-191, 2009). According to our multivariate statistical analyses, HP1a might even
predict disease outcome better than currently used prognostic markers, such as tumor
grade, tumor size or the mitotic index. Therefore, we considered it interesting to make
this tool available for potential industrial purposes. For industrial companies, it is
crucial that the industrial property has been protected by the deposition of a patent.
With help of the Department of Industrial Property at the Institut Curie, we therefore
deposited a patent entitled “HP1alpha as a prognostic marker in human cancer”. In this
patent, our invention and claims concern the use of HPla for the diagnosis or the
prognosis of breast cancer and potentially other types of cancer, by assessing its
expression at the protein or at the mRNA level. HP1a could thus be used to decide
whether a subject affected with a cancer is susceptible to benefit from an adjuvant
chemotherapy and/or radiotherapy, to predict clinical outcome and possibly to monitor

the response to a treatment.
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Appendix #3:

Is tumour aromatase expression prognostic for local control in

young breast cancer patients after breast-conserving treatment?

Marc A Bollet, Alexia Savignoni, Leanne De Koning, Carine Tran Perennou, Catherine

Barbaroux, Armelle Degeorges, Brigitte Sigal-Zafrani, Genevieve Almouzni, Paul Cottu,

Rémy Salmon, Alain Fourquet, Patricia de Cremoux

Breast Cancer Research (in press)

This study, performed in tight collaboration with the Institut Curie hospital and the
Department of Tumour Biology, aimed to determine what factors could be predictive for
the relapse of young (< 40 years old) breast cancer patients after breast conserving
surgery. Indeed, young age at the onset of breast cancer, even in the absence of any
known hereditary factors, is an important risk factor for relapse after chirurgical
removal (Bollet et al, 2007a; Oh et al, 2006b; Vrieling et al, 2003). The biological reasons
for the increased recurrence are unknown and no prognostic factors have been
identified so far. The main biological difference between these women and older
patients is their pre-menopausal hormonal status, which could be at the origin of
increased cell proliferation.

Therefore, this study focused on the expression levels of 17 candidate genes
involved in hormone response and cell proliferation, in addition to the classical clinical
and histopathological characteristics. The expression levels of the selected genes were
analyzed by quantitative RT-PCR using frozen tissue samples from 53 young breast
cancer patients for whom a follow-up of 10 years was available. We contributed to the
study through the analysis of the expression levels of CAF-1 p60, a validated
proliferation marker in breast cancer (Polo et al, 2004), and through our input in

discussions and the writing.

Results
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Although all analyzed proliferation markers, among which CAF-1 p60 and p150,
correlated with each other, proliferation rates were not significantly associated with a
higher risk of recurrence in these patients. This intriguing finding could be due to the
biased selection of the samples: since all samples were of grade 3 and thus highly
proliferative, the proliferation status was of course less discriminative among the
samples. Alternatively, it is also possible that the disease outcome in young patients
depends less on cell proliferation rates than it does in older patients.

Among the genes related to hormone response, three were significantly
associated with an increased locoregional recurrence rate in univariate analysis: low
aromatase expression, low estrogen receptor beta expression and high GATA3
expression.

GATA3 is a transcription factor, involved in human growth and differentiation,
which is highly expressed in the luminal subtypes of breast cancer (reviewed in Kouros-
Mehr et al, 2008). Expression of GATA3 is often associated with expression of estrogen
receptor a and might thus depend on the presence of estrogens.

The cellular function of the estrogen receptor  remains poorly understood. Yet,
its protective effect in breast cancer has been demonstrated before (reviewed in Green
et al, 2008) and our study demonstrated that this might be particularly the case in young
patients.

Aromatase is an enzyme that converts androgens into estrogen, which is often
found upregulated in breast carcinomas. However, estrogens can repress aromatase
transcription (Galmiche et al, 2006; Wang et al, 2008b). Thus, low aromatase mRNA
levels in our study may be due to the high estrogen levels found in premenopausal
women and therefore associate with poor outcome.

In multivariate analysis, only low expression of aromatase was significantly

associated with increased locoregional recurrence.

In conclusion, the hormone status seems to be of major importance for the
prognosis in young breast cancer patients. This is reflected by the expression levels of
hormone-related genes (aromatase, estrogen receptor beta and GATA3), which could

serve as additional prognostic markers in these young patients.
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Abstract

This study was designed to determine whether the levels of tumour expression of 17
candidate genes directly or indirectly involved in hormone and growth factors signaling
could be associated with locoregional control after breast-conserving treatment of early-
stage breast cancer in young women. Gene expression was measured using RT-PCR in
53 young (<40 years) premenopausal patients. All treatments consisted of primary
breast-conserving surgery followed by whole-breast radiotherapy (+/- regional lymph
nodes) with or without systemic therapy (chemotherapy +/- hormone therapy). The
median follow-up was 10 years. The 10-year locoregional recurrence rate was 70%
(95% CI: 57%-87%). In univariate analysis, no clinicopathological prognostic factor was
found to be significantly associated with locoregional control. Tumour expression of
three genes was found to be significantly associated with an increased locoregional
recurrence rate: low ER(, low aromatase, high GATA3. In multivariate analysis, only the
absence of aromatase was significantly associated with an increased locoregional
recurrence rate (p=0.003, RR=0.49, 95% CI [0.29-0.82]). These results highlight the role
of estrogen signalling pathways (mainly CYP19/aromatase, GATA3 and ERf) in the risk
of locoregional recurrence of breast cancer in young women, but need to be confirmed

by larger prospective studies.

Key Words: breast cancer, aromatase, GATA3, breast-conserving treatment, prognostic

factor, locoregional control.
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Introduction

Breast-conserving therapy is the preferred treatment for patients with early-
stage breast cancer (Temple et al, 2006). It offers equal local control and overall survival
(Clarke et al, 2005) as well as superior psychosocial outcomes compared with modified
radical mastectomy (Engel et al, 2004; Moyer, 1997). Locoregional recurrences can be
traumatizing and even fatal despite aggressive therapies (Clarke et al, 2005). Young age
is generally considered to be the most important risk factor for locoregional recurrence
after breast-conserving treatments (Bollet et al, 2007b; Oh et al, 2006c; Vrieling et al,
2003). This higher risk, which is not yet understood despite numerous studies, could
find its explanation in tumour biology.

The hormonal environment, with menopause as its archetype epitome, is the
major physiological difference between younger and older patients. Estrogens are not
only the main regulators of growth and differentiation in the normal mammary gland,
but also play a major role in the onset and progression of breast cancer (Chen et al,
2008; Pike et al, 1993) (reviewed by Yager (Yager & Davidson, 2006)). Other signalling
pathways, not directly related to estrogen receptors (ER), are also involved in the
growth of epithelial tissues.

In pre-menopausal breast cancer patients, little is known about the expression
levels of genes that are directly or indirectly involved in hormone (especially ER) and
growth factors signalling pathways. The aim of this study, conducted in a series of
women diagnosed with invasive breast cancers before the age of 40, was therefore to
determine the relationship between locoregional relapse, classical biopathological
factors and the levels of gene expression of 17 hormone receptors, growth factor
receptors, or proliferation genes: ERa, ER[, progesterone receptor (PR), nuclear
receptor co-repressor (NCoR), nuclear receptor co-activator 3 (NCoA3/AIB1),
aromatase (CYP19), GATA binding protein 3 (GATA3), human epidermal receptor (HER)
1 to 4, insulin-like growth factor 1-receptor (IGF1R), antigen identified by monoclonal
antibody ki-67 (MKI67), Cyclin E1 (CCNE1), Cyclin E2 (CCNE1), S-phase kinase-
associated protein 2 (SKP2) and the two subunits of chromatin assembly factor 1 (CAF-1
p150, CAF-1 p60). Quantitative reverse-transcriptase Polymerase Chain Reaction (RT-
PCR) was chosen, as it is the most precise method to measure absolute levels of
expression of selected target genes within a wide range, from very high to very low

transcript levels (Larionov et al, 2005; Nolan et al, 2006).
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Patients and Methods

Patients and tissue specimens

Between 1988 and 1999, 257 premenopausal women, younger than 40 years old, with
no previous history of cancer were treated at the Institut Curie for early unilateral
breast cancers. The present retrospective study was based on 53 of these 257 patients
for whom frozen tumour tissue was available. Median age at diagnosis was 37 years
(range: 23-40) with 30% of patients (16 patients) no older than 36. Median follow-up
was 10 years (range: 2-18).

Patient and tumour characteristics are reported in Table 1. Clinical stage (Sobin &
Wittekind, 2002) was either T1 or T2, NO or N1.

All specimens were reviewed by the same pathologist (BSZ). Histological classification of
the infiltrating carcinomas was reported according to the World Health Organisation
criteria and histological grade was reported according to Ellis and Elston (Elston & Ellis,
1991). The median number of mitoses, calculated per 10 high power fields (Vincent-
Salomon et al, 2004) was 13 (2-120). Hormone receptors (HR) were positive when
nuclear staining for either estradiol receptors (ER) or progesterone receptors (PR) was
observed in at least 10% of invasive cells by immunohistochemistry (Balaton et al,
1996). No pathological axillary lymph node involvement was observed in 31 patients

(58%).

Treatments
Surgery consisted of breast-conserving procedures as first-line treatment in all
cases. The quality of the surgical margins was classified as wide (>3mm) in 32 patients
(65%), close (=3mm) in 11 patients (22%), involved with ductal carcinoma in-situ in 2
patients (4%), involved with invasive carcinoma in 4 patients (8%) and unknown in 4
patients. Axillary lymph node dissection was performed in all patients.
Patients received post-tumourectomy radiotherapy with a median dose of 51Gy
(range: 45-54) to the breast. A boost to the tumour bed was performed for 75% (40
patients) of women with a median dose of 16 Gy (range: 7-25). The median total dose to

the tumour bed was 66 Gy (range: 50-75). Supraclavicular irradiation was performed in
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51% (27 patients) of women. Internal mammary irradiation was performed in 72% (38
patients) of women. In the case of lymph node involvement, the internal mammary chain
and the supraclavicular area were both irradiated. In the absence of lymph node
involvement, irradiation of the internal mammary chain, with or without the
supraclavicular area, was indicated for centrally located tumours with histopathological
features of aggressiveness. Axillary irradiation was added in the presence of extensive
axillary involvement or in the absence of axillary lymph node dissection.

No protocol to boost all young patients with negative surgical margins was
available at that time and some patients reported in this series were accrued in the
EORTC boost trial that randomised between boost and no boost from 1989 to 1996
(Antonini et al, 2006; Bartelink et al, 2001; Vrieling et al, 2003). In the case of positive
surgical margins, a radiotherapy boost of generally 20-28 Gy was added to the whole-
breast irradiation. For patients not participating in the EORTC randomised trial, a boost
of 10-16 Gy was added in the case of aggressive histopathological features
(unsatisfactory margins, high histopathological grade, high proliferation index, absence
of hormone receptors).

The reasons for absence of re-excision were not always specified, but when they
were specified the reasons were the patient’s choice not to undergo a new surgical
procedure that could have been mastectomy.

No systemic therapy was administered in 16 patients (30%). Chemotherapy only
was given to 23 patients (43%) consisting of anthracycline-based combination
chemotherapy in most cases (usually 6 cycles of 5-fluorouracil, doxorubicin,
cyclophosphamide). A combination of chemotherapy and hormone therapy (tamoxifen

for 5 years) was administered to 14 patients (26%).

RNA isolation, RT-PCR

Total RNA was extracted from frozen tumour samples and first strand cDNA
synthesis was performed as previously described from 1pg of total RNA using
Superscript II RT ( Invitrogen) (de Cremoux et al, 2004). ERo, ERR, PR, HER1 to HER4,
MKi67, Cyclin E1 and E2, GATA3, IGF1-R, NCor, NCoA3, CYP19 (aromatase gene), SKP2
and CAF-1 p150, CAF-1 p60 transcripts were quantified using real-time quantitative
reverse transcription-PCR assays. The nucleotide and probe sequences and the

conditions of PCR have been described previously for ERo, ERR, PR, HER1 to HER4,
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MKi67, Cyclin E1 and E2, NCor, NCoA3, CYP19 (de Cremoux et al, 2004; de Cremoux et al,
2007). GATA3, IGF1R were quantified by Assays-on-Demand from Applied Biosystems
(Applied Biosystems Inc., Forster City, CA). The nucleotide and probe sequences SKP2
and CAF-1 were chosen with the help of Primer express software (Applied Biosystems
Inc.,, Forster City, CA,). TBP (TATA box Binding Protein) was used as the endogenous
reference gene for acute quantification of transcripts. Searches were conducted in
dbEST, htgs and nr databases (http://blast.ncbi.nlm.nih.gov) to confirm the total gene
specificity of nucleotide sequences. Primers were placed at the junction between two
exons. All PCR were performed in duplicate using ABI Prism 7700 Sequence Detection
System (Perkin Elmer Applied Biosystems) and the Core reagent kit (Eurogentec). A 5
pL diluted sample of cDNA (12.5ng) was added to 20 pL of the PCR mix. The thermal
cycling conditions comprised an initial denaturation step at 95°C for 10 min, and 45
cycles at 95°C for 15 s and either 60°C or 65°C depending of the target for 1 min.

Results were expressed as N-fold differences in target gene expression relative to
a reference gene defined as “N target” (Arbitrary Units) and was determined as follows:
N target = E targer (Ct calibrator - Ct sample) /B oorence gene (Ct calibrator - Ct sample) where E is the
efficiency of PCR measured using the slope of the calibration curve, and Ct is the cycle

threshold.

Statistical analysis

Survival rates, defined from the date of surgery, were estimated using the Kaplan-
Meier estimate - groups were compared using the Log rank test. Local relapses were
defined as the occurrence of breast carcinoma (either invasive or ductal carcinoma in
situ) in the treated breast. Locoregional relapses were defined as either a local relapse
or a recurrence in the ipsilateral lymph node areas (axillary, internal mammary,
supraclavicular). Contralateral breast cancers could be either ductal in situ or
infiltrating carcinoma. Distant disease was defined as disease occurring elsewhere than
in the contralateral breast or locoregional site. Disease-free was defined as the absence
of locoregional and/or distant relapses. Survival rates and relative risks (RR) are
presented with their 95% confidence intervals (CI). Annual risks were calculated and
plotted. The RT-PCR series of 53 patients was compared with the whole series of all
consecutive patients treated over the same period (1988-1999) at the Institut Curie

(257 pts) after exclusion of the RT-PCR patients. Fisher’s exact test or Chi-square test
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were used to compare percentages, as appropriate. Univariate analyses were performed
to identify prognostic factors of outcome and estimate crude relative risks (RR). The
influence of each factor, adjusted to the others, was assessed in a multivariate analysis
by the Cox proportional hazards model (Cox & Oakes, 1984). A stepwise modelling
algorithm was used, with a limit of significance of 0.10 for entering and 0.05 for
removing risk factors. The limit of significance was 0.05. Analyses were performed using

R software, 2.5.0.

Results

The comparison of our series of patients with unselected, consecutive patients is
summarised in Table 1. The patients analysed by RT-PCR had tumours of higher clinical
stage, higher histological grade and more lymphovascular invasion, and more often
received chemotherapy and a total dose to the tumour bed higher than 60 Gy. All other

patient, tumour and treatment characteristics were similar.

Fifteen locoregional recurrences occurred (13 only local, 2 local and regional).
Five-year and 10-year locoregional control rates were 82% (95% CI: 72%-93%) and
70% (95% CI: 57%-87%), respectively. All local recurrences occurred in the same
quadrant as the primary tumour. Treatment of the local recurrence included salvage
mastectomy with or without systemic therapy in 11 cases (73%). Three patients (6%)
developed contralateral breast cancer. Fifteen patients developed distant metastases.
Five-year and 10-year distant disease-free survival rates were 82% (95% CI: 72%-93%)
and 69% (95% CI: 56%-85%), respectively. Five-year and 10-year overall survival rates
were 85% (95% CI: 76%-95%) and 78% (95% CI: 65%-92%), respectively. No patient

developed a second cancer.

Because regional recurrence was always accompanied by local recurrence, risk
factors for local and locoregional recurrence were the same (data not shown). In
univariate analysis, no clinical/pathological prognostic factor was found to be
significantly associated with decreased locoregional control (Table 2). In univariate
analysis, three gene expression levels were found to be significantly associated with an

increased locoregional recurrence rate: low estrogen receptor beta, low aromatase, high
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GATA3 (Table 3). Two other factors were only associated with a trend (p<0.10): low
HER1 and SKP2. Multivariate analysis was performed (Table 4), taking the factors
associated (p<0.10) with locoregional recurrence into account in a Cox model, i.e. 5 RT-
PCR features (Estrogen receptor beta, HER1, GATA3, SKP2 and aromatase). Only low
tumour expression of aromatase was significantly associated with an increased
locoregional recurrence rate (p=0.003, Relative Risk=0.49, 95% CI [0.29-0.82]). GATA-3
was associated with a trend towards an increased locoregional recurrence rate (p=0.06,

Relative Risk=1.49, 95% CI [0.02-2.39].

Discussion

This study was based on a series of 53 young (< 40 years old) premenopausal
women with a long (10 years) follow-up treated at the Institut Curie for invasive breast
cancer by primary breast-conserving surgery. Given the specificity of the hormonal
environment in young patients, genes directly or indirectly involved in hormone and
growth factor signalling pathways were analysed. In addition to the usual clinical and
histopathological features, the levels of expression of 17 candidate genes for an

association with locoregional control were also examined.

To verify that these findings could be extrapolated, we compared the patients'
and tumours' characteristics of the 53 patients included in this study with the 257 other
patients treated over the same period (1988-1999) at the Institut Curie who met the
same inclusion criteria (age, medical history, therapeutic sequence) (Table 1). This
comparison showed that this RT-PCR series consisted of patients with tumours with a
more advanced clinical stage, higher histological grade and more lymphovascular
invasion and who therefore more frequently received chemotherapy and a total dose to
the tumour bed higher than 60 Gy. All other patient, tumour and treatment
characteristics were comparable. It could be hypothesised that these differences were
due, at the time of this study (1988-1999), to technical parameters: tissue samples for

frozen storage would be easier to obtain from larger tumours.
In this series of 53 patients, neither clinical nor pathological features were

associated with increased locoregional recurrence rates. Very young age, in particular,

was not significantly associated with increased locoregional recurrences, in contrast
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with a previous study of unselected young patients from the Institut Curie (Bollet et al,

2007b).

RNA expressions of 17 target genes were studied here by RT-PCR for their
association with locoregional control. They are involved in hormone signalling, either
directly (ERa, ERfB, PR, NCoA3/AIB1, NCoR, GATA3, CYP19/aromatase, SKP2) or
indirectly (HER family, IGF1-R) or in proliferation (MKi67, Cyclins E and CAF-1).
Classical hormone receptors (namely ERa, PR) have been extensively explored in breast
cancers (Yager & Davidson, 2006). In contrast with previously published studies (Holli &
Isola, 1997), a high frequency of young women in this series presented positive
hormone receptors (ERa and PR in 79% and 81% of cases by immunohistochemistry,

and in 75% and 82% of cases by RT-PCR).

Among the genes activated in response to ER activation (NCoA3/AIB1, NCoR,
SKP2, GATA3, CYP19 /aromatase), only the absence of CYP19/aromatase was
significantly associated with an increased locoregional recurrence rate (p=0.003,
Relative Risk=0.49 95% CI [0.29-0.82]). Given the small size of this series, it is also
noteworthy that the level of GATA-3 was associated with a trend towards an increased
locoregional recurrence rate (p=0.06, Relative Risk =149 [0.02-2.39]).
CYP19/aromatase plays a critical role in breast cancer development by converting
androgen into estrogens. CYP19/aromatase mRNA and protein have previously been
detected in both tumour stroma and parenchymal cells in breast cancer tissue (Miki et
al, 2007). Previous data have demonstrated that CYP19/aromatase mRNA is correlated
with CYP19/aromatase enzymatic activity in cultured breast tumour fibroblasts
(Santner et al, 1997). The importance of in situ estrogen production has been
demonstrated in breast carcinoma (Yue et al, 1998), where it is higher than in normal
breast tissue (Chen et al, 1999; Chetrite et al, 2000). Inhibition of the aromatase
pathway is considered to be clinically useful to reduce progression of breast tumours in
postmenopausal women (Smith & Dowsett, 2003). An apparently paradoxical finding
was that a low level of CYP19/aromatase transcripts in this population of young,
premenopausal patients was significantly associated with an increased locoregional
recurrence rate. However, preclinical studies have demonstrated that estrogens or

estrogenic compounds repress the transcriptional control of CYP19/aromatase
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(Galmiche et al, 2006; Wang et al, 2008b). It can be hypothesized that, in premenopausal
women, who already present high plasma estradiol levels, the level of aromatase
transcripts may be inversely correlated with the plasma estradiol level (Pauley et al,
2000). Low tumour expression of CYP19/aromatase would reflect a high level of
circulating estrogen and would therefore be associated with poor outcome. This finding
is supported by a study by Zhang et al (Zhang et al, 2003b) in a series of 162 invasive
ductal breast carcinomas that showed that aromatase mRNA levels were lower in
patients younger than 50 years, with tumours larger than 2 cm and with axillary lymph
node involvement (Zhang et al, 2003b).

However, the association between tumour aromatase expression and outcome
remains controversial; no consistent correlation between aromatase immunoreactivity,
activity or mRNA level and known clinicopathological factors or outcome has been
conclusively reported (Evans et al, 1993; Miller et al, 1982; Salhab et al, 2006; Sasano et
al, 1996; Silva et al, 1989; Zhang et al, 2003b). Some authors have even reported, in
univariate analysis, a correlation between high tumour aromatase activity and poor
outcome (Salhab et al, 2006; Silva et al, 1989).

The association between tumour aromatase activity or expression and estrogen
receptor is also very controversial, as some authors have reported a positive correlation
(Miller et al, 1982; Salhab et al, 2006; Zhang et al, 2003b), while others have reported no
correlation (Silva et al, 1989), or even an inverse correlation (Sasano et al, 1996). In the
present series, no correlation was observed between aromatase expression and either

age, hormone receptors or histological grade (data not shown).

GATA3 is a transcription factor involved in human growth and differentiation.
Gene expression profiling has shown that GATA3 is highly expressed in luminal A and B
subtypes of cancer and closely related to ERa (Bertucci et al, 2000; Sorlie et al, 2001;
Sorlie et al, 2003). This study, the first to our knowledge to use quantitative RT-PCR in a
population of young patients, showed a trend towards an association between a high
level of GATA3 expression with higher locoregional recurrence rates. The favourable
outcome in very young patients with ER-positive breast cancers is a controversial issue.
Aebi et al reported a series of 3,500 premenopausal women treated in four randomised

trials from the International Breast Cancer Study Group (IBCSG) (Aebi et al, 2000). They

241



found that younger patients with ER-positive tumours had a significantly poorer
disease-free survival than younger patients with ER-negative tumours.

In addition, conflicting data have been published regarding the independent
prognostic value of GATA3 in unselected breast cancer. Some studies have found GATA3
to be associated with good prognosis (Mehra et al, 2005; Oh et al, 2006a). The study by
Voduc et al found no independent prognostic value of GATA3 in 3,119 breast cancer

patients by immunohistochemistry on tissue microarrays (Voduc et al, 2008).

ERP expression in breast (normal and tumour) and the relationship between ERf
and other clinicopathological features and its role in hormone therapy have been
extensively investigated (recently reviewed by Zhao et al (Zhao et al, 2008)). A
consensus seems to have been reached regarding the protective role of ERf against
breast cancer development. No clinically validated cut-off has been defined for ERp;
transcript levels are generally lower in tumour tissue than in normal tissue. The loss of
ERP expression by promoter methylation, frequently observed in breast tumours, has
led to the hypothesis that ERP is a possible tumour suppressor gene (Garinis et al,
2002). The ERP transcript level in breast cancers has been analysed in a recent study by
Anders et al. (Anders et al, 2008b). Using clinically annotated microarray data from 200
early-stage breast cancers in women, they observed that the ERf transcript level was
statistically lower in young women (< 45 years) than in older women (> 65 years,
p=0.02). As expected from the above data, the present study confirmed the protective

effect of ERf in terms of locoregional control.

In younger women with breast cancer, a higher incidence of growth factor
receptors, namely HER2, has been observed both in terms of protein expression,
associated with a more aggressive phenotype (Agrup et al, 2000; Hartley et al, 2006)
and HER2 gene expression with no predictive value for DFS (Anders et al, 2008b).

Interestingly, the HER family and IGF1R have been shown to be intertwined with
the estrogen-mediated signalling pathway (Hamelers & Steenbergh, 2003).

Hormone receptors and growth factor receptors act as mitogens, promoting cell
proliferation in normal tissue and in breast carcinomas. There is strong evidence that
IGF1, HER and estrogen-mediated signalling are closely connected (Hayashi et al, 2003).
HER1 (or EGFR) has been described as both a prognostic marker and a predictor of
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hormone therapy resistance in breast cancer (Nicholson et al, 2003). However,
downregulation of EGFR has never been explored. The present study showed a trend
towards an impact of low EGFR expression on locoregional recurrence in young women.

No other effect was observed for any of the other growth factor receptors.

Proliferation markers, included in the definition of histological grading (Elston &
Ellis, 1991), are also prognostic factors associated with poor outcome and high
locoregional recurrence rates (Elkhuizen et al, 1999; Vrieling et al, 2003), and predictive
factors of the response to chemotherapy (Andre et al, 2005; Vincent-Salomon et al,
2004). The levels of gene expression of two subunits of CAF-1 (p150 and p60) (Polo et
al, 2004) and other proliferation markers (the classical KI67, Cyclins E1 and E2 and
SKP2) were well correlated in the present study (data not shown) but were not
associated with a higher risk of locoregional recurrence. One explanation could be a lack

of statistical power, as most patients (68%) in this series had grade 3 tumours.

The search for a signature associated with local recurrence for premenopausal
women treated by breast-conserving therapies using high throughput gene expression
analyses is ongoing (Kreike et al, 2006; Niméus et al, 2006; Nuyten et al, 2006) and will

permit to validate and extent our results.

Conclusion

The present results highlight the role of estrogen signalling pathways, mainly
CYP19/aromatase, GATA3 and ERP in the risk of recurrence in young women with
breast cancer. These results need to be confirmed in a larger prospective study. One
hypothesis would be that the higher the level of circulatory estrogen, the higher the risk
of locoregional recurrence, while low tumour expression of aromatase and high tumour
expression of GATA3 would only reflect the high plasma estrogen levels. However,
recent data also give credit to the fact that breast cancer arising in young women is a
distinct biological entity driven by specific oncogenic pathways (Anders et al, 2008a;
Anders et al, 2008b). This could imply that what is true for women younger than 40

years does not apply to older women.
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Table 1: Patient characteristics of the rt-PCR series (53 patients) in comparison to the
whole population of consecutive patients with the same selection criteria treated over
the same period (1988-1999) at the Institut Curie (257 patients)

RT-PCR series Whole series

Total N % N % p
Family history of breast cancer (MD =0 and 1)* 0.77
Without 42 79 198 77
With 11 21 58 23
Age (MD =0 and 0)*
Median (min-max) in years 37 (23-40) 37 (23-40) 0.71
< 35 years old 37 70 176 68 0.85
> 35 years old 16 30 81 32
Clinical T stage (MD = 0 and 0)* 0.0496
cTO0-1 31 58 186 72
cT2 22 42 71 28
Clinical N stage (MD = 0 and 0)* 0.70
NO 52 98 246 96
N1 1 2 11 4
Type of invasive carcinoma (MD = 0 and 0)* 0.18%
Ductal 46 87 223 87
Lobular 6 11 16 6
Other 1 2 18 7
Histological grade (MD = 0 and 1)* 0.03£
1-2 14 26 110 43
3 36 68 120 47
Unclassifiable 3 6 26 10
Estrogen receptor (ER) (MD= 6 and 37)* 0.59
ER- 10 21 55 25
ER+ 37 79 165 75
Progesterone receptor (PR) (MD = 6 and 39)* 0.84
PR- 9 19 39 18
PR+ 38 81 179 82
Hormone receptors (HR) (MD = 6 and 37)* 0.87
HR- 7 15 35 16
HR+ 40 85 185 84
Lymphovascular involvement (MD= 3 and 43)* 0.0004
Absent 33 66 188 88
Present 17 34 26 12
Histological T stage (MD =5 and 12)* 0.89
pT1 34 71 176 72
pT2 14 29 69 28
Histological N stage (MD = 6 and 34)* 0.06
pNO 31 58 182 73
pN1-3 16 42 41 27
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Surgical Margins (MD= 4 and 10)*
Satisfactory (= 3mm)
Unsatisfactory

Systemic therapy (MD = 0 and 0)*
None
Hormone therapy (HT) only
Chemotherapy +/- HT

Total RT dose (MD = and 0)*
Median (min-max) in Gy
<60 Gy
> 60 Gy

MD missing data (both in the rt-PCR and in the whole series)

32 65
17 35
16 30
0 0
37 70
66 (50-75)
13 25
40 75

129 52
118 48
151 59
101 39
5 2

64 (0-80)

101 39
156 61

0.10

0.0001

0.14
0.043

$ 0.37 when the comparison excluded other histological types than ductal or lobular

£ 0.05 when the comparison included all histological grades

Total RT dose: total radiotherapy dose to the tumour bed (whole breast radiotherapy

dose + boost dose)
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Table 2: Univariate analysis of clinical and histopathological prognostic factors for

locoregional control (LRC)

rt-PCR series

10-year LRC (%) [95%ClI]jp RR [95% CI]

Family history of breast cancer 1.0

No 70 [56-87] 1

Yes NA 1[0.22-4.59]
Age (continuous variable) 0.38 |0.94 [0.83-1.07]
Age (dummy variable) 0.57

> 35 73 [59-90] 1

<35 60 [32-100] 1.37 [0.47-4.0]
Clinical tumour stage 0.71

cT1 70 [53-91] 1

cT2 74 [56-96] 0.81[0.28-2.39]
Histological T stage 0.55

pT1 70 [54-91] 1

pT2 70 [49-100] 0.71[0.24-2.13]
Surgical Margin 0.70

=3mm 61 [43-86] 1

<3mm 81 [64-100] 0.81[0.27-2.37]
Lymphovascular invasion 0.78

Absent 71 [56-91] 1

Present 71 [50-100] 1.18 [0.36-3.87]
Histological N stage 0.54

pNO 63 [47-84] 1

pN1 78 [53-100] 0.49[0.13-1.77]

pN2 80 [52-100] 0.77[0.17-3.52]
Histological type 0.14

Ductal 75 [63-90] 1

Lobular 33[7-100] 2.61[0.72-9.53]
Estrogen receptors (ER) 0.14

ER- 90 [73-100] 1

ER+ 63 [47-85] 4.28 [0.55-33.27]
Progesterone receptors (PR) 0.84

PR- 71 [43-100] 1

PR+ 69 [53-88] 1.18[0.26-5.27]
Hormone receptors (HR) 0.48

ER- and PR- 86 [63-100] 1

ER+ or PR+ 67 [52-86] 2.1[0.06-3.72]
Histopathological index 0.59

Grade 1-2 l64 [35-100] 1
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Grade 3 173 [59-91] 0.70 [0.39-5.19]
Systemic therapy 0.35

None 54 [33-86] 1

ChT 85 [70-100] 0.47 [0.15-1.49]

ChT + HT 43 [11-100] 0.48[0.12-1.90]
Total RT dose * 0.27

=60 Gy 76 [59-97] 1

<60 Gy 50 [28-88] 1.80.63-5.15]
NA Not applicable

* total dose of radiotherapy to the tumour bed (whole breast dose + boost dose)

CI: Confidence interval

£ RRis relative risk for locoregional recurrence
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Table 3: Univariate analysis of gene expression prognostic factors for locoregional

recurrences

Gene expression by quantitative rt-PCR P HR (RR £) [95% CI]
Estrogen Receptor alpha 0.15 1.22 [0.90-1.66]
Estrogen Receptor beta 0.04 0.61[0.39-0.95]
Progesterone Receptor 0.32 1.13[0.88-1.45]
Human Epidermal Receptor 1 0.10 0.65[0.37-1.13]
Human Epidermal Receptor 2 0.49 0.89 [0.64-1.25]
Human Epidermal Receptor 3 0.87 1.06 [0.55-2.02]
Human Epidermal Receptor 4 0.14 1.22[0.91-1.63]
MKI 67 0.56 0.89[0.61-1.30]
Cyclin E1 0.43 0.81[0.48-1.36]
Cyclin E2 0.18 0.75[0.49-1.14]
GATA 3 0.04 1.61 [0.95-2.73]
Insulin Growth Factor 1 Receptor 0.13 1.41[0.93-2.14]
Nuclear Receptor CoRepressor 0.82 0.90 [0.38-2.15]
Nuclear Receptor CoActivator A3 (NCoA3/AIB1) 0.14 0.51[0.21-1.22]
CYP19 (Aromatase) 0.003 0.48 [0.28-0.80]
Skp2 0.10 0.520.23-1.17]
CAF-1 p150 1.00 1.00 [0.48-2.12]
CAF-1 p60 0.94 1.00 [0.97-1.03]

£ RR is relative risk for locoregional recurrence.
CI: Confidence Interval
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Table 4: Multivariate analysis of prognostic factors for locoregional recurrences

P HR £[95% CI]
HER1 (RT-PCR) 0.72
GATA3 (RT-PCR) 0.06 |1.49[0.92-2.39]
Estrogen receptor beta (RT-PCR) 0.54
SKP2 (RT-PCR) 0.18
Aromatase (RT-PCR) 0.003 | 0.49[0.29-0.82]

£ RR is relative risk for locoregional recurrence
CI: Confidence Interval
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