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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 HP1a shows a proliferation-dependent regulation,
which neither HP1 nory display. During transient cell cycle exit, the HP2.a« mRNA
and protein levels diminish. Transient depletion of HP1a, but not HP1B 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 HP1a« 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 HPia 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 spontaneous 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 methylation and different histone modifications (Esteller,
2007). Drugs designed to target these modifications have now
been started to 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 homologue 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®"P! (Folco et al,
2008).
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Mammalian cells present three HP1 isoforms, HP1e, B and vy,
that, by analogy to their fission yeast homologue, have been
collectively implicated in gene silencing (Kwon & Workman,
2008). They can all interact with a trimethylated H3K9
(H3K9me3) peptide in vitro (Lachner et al, 2001) and targeting
of either HPla or B to a transgene array results in a local
chromatin compaction (Verschure et al, 2005). HP1 isoforms
also accumulate at pericentric heterochromatin (Maison &
Almouzni, 2004). However, understanding the exact role of
mammalian HP1 proteins in chromosome segregation is still at
an early stage. Indeed, HP1 proteins interact with components of
the centromere and the kinetochore complex (Ainsztein et al,
1998; Obuse et al, 2004; Wheatley et al, 2001) and down-
regulation (Auth et al, 2006; Obuse et al, 2004) or mislocaliza-
tion of HP1 isoforms due to either the absence of H3K9me3
(Guenatri et al, 2004) or treatment with the histone deacetylase
inhibitor (HDACi) Trichostatin-A (TSA) (Taddei et al, 2001),
result in mitotic defects. Intriguingly, a recent report indicates
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). Yet, the HP1a isoform
seems to help in protecting cohesins from degradation by
recruiting the Shugoshin protein (Yamagishi et al, 2008).

There are several indications that the three mammalian HP1
isoforms, HP1a, B and vy, may not fulfil identical functions. First,
they show differences in their nuclear pattern of distribution.
The overall nuclear staining of HPla marks strongly the
pericentric heterochromatin, whereas HP1y shows less speci-
ficity for these regions (Gilbert et al, 2003; Minc et al, 1999;
Nielsen et al, 2001a). Furthermore, despite their high similarity
in structure and function, the three isoforms are not always
present together and can interact with different binding partners
(Kwon & Workman, 2008; Quivy et al, 2004). Finally, distinct
post-translational modifications on individual HP1 isoforms
(Lomberk et al, 2006; Minc et al, 1999) may further diversify
their functions.

A first possible link between HP1 proteins and tumourigen-
esis was put forward through the observation that HP1 interacts
with the tumour suppressor Retinoblastoma protein (Rb)
(Nielsen et al, 2001b; Williams & Grafi, 2000) and participates
in the Rb-dependent silencing of cell cycle genes such as Cyclin E
(Nielsen et al, 2001b). Similarly, HP1 interacts with the trans-
criptional co-repressor KAP-1 (Ryan et al, 1999), which is
involved in the regulation of the E2F1 (Wang et al, 2007) and
p53 (Wang et al, 2005) proteins. Furthermore, HPla and v
have been found in complex with Chromatin assembly factor 1
(CAF-1) (Murzina et al, 1999; Quivy et al, 2004), of which the
intermediate subunit p60 is a validated proliferation marker in
breast cancer (Polo et al, 2004). These arguments prompted us
to consider how the different HP1 isoforms are regulated in
relation to cell proliferation and tumourigenesis. Interestingly,
the promoter region of HPla contains potential target sites for
the E2F proteins (Oberley et al, 2003; Weinmann et al, 2002) and
myc transcription factors (Kim et al, 2008; Li et al, 2003).
Moreover, all the three HP1 isoforms are downregulated in
differentiated blood lymphocytes compared to their undiffer-
entiated precursors (Baxter et al, 2004; Gilbert et al, 2003;
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Istomina et al, 2003; Ritou et al, 2007). Whether this down-
regulation is a general response to cell cycle exit or a specific
feature of blood cell differentiation has not been addressed.
Downregulation of HPla has also been linked to the higher
invasive potential of breast cancer cells (Kirschmann et al, 2000;
Norwood et al, 2006), but again it is unclear to which aspect of
the metastasis process this downregulation relates. Thus, the
specific and/or common regulation patterns of the three HP1
isoforms in relation to cell proliferation, quiescence and cancer
remain elusive.

To clarify these issues, we decided to carry out a compre-
hensive study of the behaviour of the distinct HP1 isoforms
during cell proliferation, cell cycle exit and tumourigenesis,
using both human cell line models and a collection of human
tumour-derived tissue samples. We demonstrate that HPla
shows the unique property of displaying a proliferation-
dependent expression pattern. Upon transient cell cycle exit,
the expression of HP1a, but not g or vy, is reduced. Breast cancer
cell lines show overexpression of HPla, but not B or v,
compared to non-tumoural mammary cells derived from the
same patient. Remarkably, HP1a is overexpressed in pancreas,
uterus, ovary, prostate and breast carcinomas, as well as in
uterine leiomyoma, compared to corresponding non-tumoural
tissues. Furthermore, HP1a expression levels in breast carci-
nomas with a long-term patient follow-up show a significant
correlation with disease progression and occurrence of
metastasis. Our results demonstrate that HP1a levels are clearly
associated with cell proliferation, which is relevant to
tumourigenicity and useful for prognosis assessment in breast
cancer.

RESULTS

HP1la expression depends on cell proliferation

Recent studies have described a downregulation of HP1 proteins
in differentiated blood cells compared to undifferentiated blood
cells (Baxter et al, 2004; Gilbert et al, 2003; Istomina et al, 2003;
Ritou et al, 2007). This downregulation could be a common
response to cell cycle exit, or a specific consequence of (blood)
cell differentiation. To address this issue, we examined whether
transient cell cycle exit, which is not accompanied by a
differentiation process, similarly results in HP1 downregulation.
Using two different human primary fibroblast cell lines (WI38
and BJ), in which quiescence is induced by serum starvation, we
observed lower protein levels of HPla, but not § or v, in
quiescent cells compared to proliferating cells (Fig 1A). MCF7
breast carcinoma cells, which are arrested in quiescence by anti-
estrogen treatment (Carroll et al, 2000), show a similar
downregulation of HPla, but not 8 or vy. Thus, using two
different means to induce quiescence, we find a specific
downregulation of the HPla isoform, the extent of which
correlates with the duration of time the cells have spent in
quiescence (not shown). As a control, we verified the down-
regulation of CAF-1 p60 in all quiescent cells (Polo et al, 2004)
(Fig 1A) and assessed the synchronization efficiency by flow
cytometry (Fig 1B). Similar to CAF-1 p150 and p60, HPla

© 2009 EMBO Molecular Medicine

179



180

Research Article

HP1a overexpression in human cancer

A Total protein

Wi3s BJ

Figure 1. The expression of HP1a, but not 3 or v,
is downregulated in quiescence.
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by Western blot in asynchronously proliferating
(As.) and quiescent (Go) WI38 lung fibroblasts,
MCF7 breast cancer cells and BJ primary foreskin
fibroblasts. Fibroblasts are arrested in quiescence
by serum starvation and MCF7 cells by
anti-estrogen treatment. Increasing amounts (x)
of total cell extracts are loaded and B-actin serves
as a loading control. CAF-1 p6o (Polo et al, 2004)
and Cyclin A are used as markers for cell
proliferation.

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

C. HP1a mRNA levels in proliferating (As.) and
quiescent (Go) BJ foreskin fibroblasts, 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 proliferating cells are set to
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downregulation in transient quiescence relates in part to
transcriptional regulation, since quiescent BJ cells also show
decreased HP1lae mRNA levels when compared to asynchro-
nously proliferating cells (determined by quantitative RT-PCR,
Fig 1C). Upon exit from the quiescent state, HP1a protein levels
gradually increase between 16 and 24 h after release (Fig S1A in
Supporting Information), which corresponds to the moment of
cell cycle entry (determined by flow cytometry, Fig S1B in
Supporting Information). The accumulation of HPla occurs
earlier than the one of CAF-1 p60 (Fig S1A in Supporting
Information), mostly observed at the onset of DNA replication.

The observed downregulation of HPla in quiescence could
either be specific for the quiescent state or reflect an expression
restricted to a specific stage of the cell cycle. We therefore
analysed HP1a levels during the cell cycle in synchronized HeLa
cells. In contrast to the cell cycle marker Cyclin A, we did not
observe significant variation in HP1« levels in the synchronized
cell populations (Fig S2A, B in Supporting Information).
Similarly, human primary fibroblasts, which display a normal
cell cycle regulation, show essentially similar levels of HPla
protein (Fig S2C in Supporting Information) and mRNA in the
synchronized cell population (Fig 2D, E). In this respect, HP1a
behaves similarly to CAF-1 p60 and p150, which are also
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ubiquitously expressed during the cell cycle but downregulated
in quiescence (Fig 1 and S2 in Supporting Information; (Polo et
al, 2004)). In conclusion, HP1a expression levels are high at all
stages of the cell cycle in proliferative cells, and HPla
downregulation is specific to the quiescent state.

HPl« is overexpressed in breast cancer cells

The proliferation-dependent expression of HPla suggests a
possible differential expression between tumoural and non-
tumoural cells, as found for proliferation markers including
CAF-1 p60 (Polo et al, 2004). To examine this issue, we used
mammary cells derived from the same patient, either tumoural
(Hs578T) or non-tumoural (Hs578Bst) (Hackett et al, 1977), to
be relevant in our comparison. Besides the total cell extract, we
analysed levels of HP1 proteins both in the soluble fraction and
in the fraction bound to chromatin (Fig 2A). Indeed, HP1
proteins distribute into different nuclear fractions, distinguished
by their capacity to resist extraction with high salt concentra-
tions 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 the total HP1
in human and rodent cells, as determined by Western blot
quantification (Taddei et al, 2001) or Fluorescence recovery
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Figure 2. HP1la is overexpressed in breast cancer
cells and associated with chromatin.
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after photobleaching (FRAP) (Cheutin et al, 2003; Dialynas et al,
2007; Festenstein et al, 2003).

Both in the chromatin-bound and in the soluble nuclear
fractions, we observed higher HP1a levels in tumoural Hs578T
cells than in non-tumoural Hs578Bst cells, whereas HP1 or
v display little differences in expression compared to the loading
control B-actin (Fig 2B). Loading of identical amounts of
cells also show tumoural overexpression of HP1a, specifically
(Fig S3 in Supporting Information). Semi-quantitative Western
blot on total cell extracts shows that tumoural Hs578T cells
contain approximately eight times more HP1« protein than non-
tumoural Hs578Bst cells, compared to the loading control
(Fig 2C). We could exclude the possibility that HP1« expression
levels reflect the DNA content of the cell, since the tumoural
HsS578T cells display only a very moderate aneuploidy in flow
cytometry (Fig 2D). The overexpression of HPla mRNA,
detected by quantitative RT-PCR (Fig 2E), further indicates a
regulation that involves, at least in part, transcription.

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

Soluble A. Scheme of the experimental procedure applied to
obtain total, soluble and chromatin-bound cell
T Bst extracts as used in B.
1x 2x4x 1x 2x4x B. HPiq, B and +y protein levels are analysed
e —— by Western blotting in soluble and chromatin-
bound nuclear extracts from the breast cancer
-.'— - cell line Hs578T (T) and the non-tumoural
mammary cell line Hs578Bst (Bst), which are
—_—. - derived from the same patient (Hackett et al,
1977). Cyclin A and CAF-1 p60 are shown for
—— - comparison. Increasing amounts (x) of cell
extracts are loaded; B-actin serves as a loading
- - control.

C. Relative quantification of total HP1a protein
levels in tumoural (T) and non-tumoural (Bst)
mammary cells, compared to the amounts of
CAF-1 p6o (Polo et al, 2004). Increasing amounts
(x) of total cell extracts are loaded; B-actin serves
as a loading control.

D. Flow cytometry analysis of tumoural (T) and
non-tumoural (Bst) mammary cells in order to
assess polyploidy. Tumoural (T) and non-tumoural
(Bst) cells contain 25 and 13% of cells in
S-phase, respectively.

E. Relative HP1.« mRNA levels in tumoural (T) and
non-tumoural (Bst) mammary 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 non-tumoural cells are set to 100%.
CAF-1 p150 is shown for comparison. Error bars
represent data from two independent
experiments.

Our analysis of chromatin-bound and soluble fractions
suggests that overexpressed HP1a in tumoural cells is partially
chromatin-bound and thus possibly important for chromatin
organization. This seems to be consistent with its nuclear
localization, which is granular and diffuse in the non-tumoural
mammary cells but clearly localized into discrete spots in a large
fraction of the breast cancer cells (Fig S4A in Supporting
Information). These spots largely localize to centromeric
regions, detected by the CREST autoimmune serum (Fig S4A
in Supporting Information). Yet, the different forms of locali-
zation of HP1la were not accompanied by an altered nuclear
distribution of H3K9me3 (Fig S4B in Supporting Information),
and the different patterns of HPla staining do not seem to
be associated with specific stages of the cell cycle, as detected
by staining for cell cycle markers (Fig S4C in Supporting
Information). In conclusion, our cell line model shows an
overexpression of HPla, but not HP1B or v, in tumoural
mammary cells compared to non-tumoural mammary cells.

© 2009 EMBO Molecular Medicine
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A large fraction of HPla in breast cancer cells is chromatin-
bound and localizes to centromeric regions.

HP1la downregulation results in mitotic defects

The proliferation-dependent expression of HP1a, which is not
observed for HP1B 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 CAF-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 HP1a, B or <y are required for human
cancer cell proliferation. By transfecting HeLa cells with siRNA
against HP1a, B or vy, we obtained a specific downregulation of
each of the HP1 isoforms (Fig 3A). In contrast to downregulation
of its binding partner CAF-1 pl150 (Quivy et al, 2008),

A Total protein
siGFP siHP10.3 siHP1B siHP1y

B Flow cytometry

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 chromosome bridges (Fig 3C) after
downregulation of HP1a. We quantified these as the fraction of
aberrant mitoses (Fig 3D). Interestingly, under our experimental
conditions, downregulation of HP1B or vy did not give rise to
increased mitotic defects, suggesting that only the HP1a 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 HP1«, but not
HP1B or v (Fig 3E, F).

Figure 3. Downregulation of HP1«, but not HP1p
or v, leads to mitotic defects in Hela cells.

A. Western blot analysis of total cell extracts from
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SiRNA (siGFP). Error bars represent data from
three independent experiments of which two
were blind counted.
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Since HeLa cells already show a high fraction of deficient
mitoses (~20%) and of micronucleated cells (~10%), we used
primary fibroblasts, proficient for cell cycle control and
checkpoint activity for further analysis. Transient transfection
with two different siRNAs against HPla resulted in a specific
downregulation of this isoform (Fig S5A in Supporting
Information). Again, we did not detect any significant effect
on global cell cycle distribution by flow cytometry (Fig S5B in
Supporting Information), but we observed a small but
reproducible increase in the percentage of prometaphases and
adecreased percentage of metaphases by microscopy (Fig S5Cin
Supporting Information). Interestingly, this effect mimics
observations upon mutation of the Drososophila homologue
of HPla (Kellum & Alberts, 1995) or inactivation of the
centromeric histone H3 variant CENPA in chicken cells (Regnier
et al, 2005). Using live cell imaging, we measured a small but
statistically significant (p=4.9 x 1077) increase in the duration
of mitosis after downregulation of HP1a compared to control
(upper graph Fig S5D in Supporting Information). Interestingly,
the delay again mostly affected the steps preceding actual
chromosome segregation (Fig S5D in Supporting Information,
lower graph). In conclusion, our observations in both tumoural
and primary cells suggest a role for HPla in early mitosis,
possibly contributing to the correct alignment or the stable
attachment of chromosomes at the metaphase plate.

HP1la overexpression in human cancer samples
The proliferation-dependent expression of HP1la and its over-
expression in breast cancer cell lines prompted us to study HP1a
expression in the physiological context of human cancer. First,
we analysed data from published transcriptome studies per-
formed in different tissue 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), using the Oncomine
database (Rhodes et al, 2004). These data showed that HP1« is
significantly and consistently overexpressed in several types of
malignancies (Fig S6A in Supporting Information), while HP1+y
and especially HP1B can be found either up- or downregulated
when carrying out similar analyses (not shown). It is remark-
able that in leukaemia, only HP1«, but not HP18 or vy, shows an
important overexpression that correlates with the time for the
disease to relapse (Kirschner-Schwabe et al, 2006) and with
the expression of its binding partner CAF-1 pl50 and the
proliferation marker Ki67 (Fig S6B in Supporting Information).
Our results in cultured cells systematically showed that the
difference in HP1a protein levels was more pronounced than the
corresponding mRNA levels (Figs 1 and 2), possibly reflecting a
post-translational regulation. This encouraged us to analyse the
HPla protein levels in frozen tumoural and non-tumoural
human tissue sections by immunohistochemistry. We system-
atically observed an intense HPla staining in tumoural cell
nuclei in pancreas, uterus, ovary, prostate and breast malig-
nancies (Fig 4A). In the corresponding non-tumoural tissues,
HPla levels were mostly below the limit of detection. This
differential expression is specific to HPla, since HP1B and vy
show nuclear staining both in tumoural and non-tumoural
tissues (Fig 4B). The nuclei showing intense HPla immunos-
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taining correspond to carcinoma cells, which also stain positive
for the epithelial cytokeratin marker KL-1 (Fig 4C). In addition, a
polyclonal antibody against HPla, which provides a more
intense staining than the monoclonal antibody used in Fig 4,
also shows a clear overexpression in carcinoma cells with some
staining in non-tumoural tissue (Fig S7A in Supporting
Information). Staining for H3K9me3, however, did not show
a clear difference between non-tumoural and tumoural tissues
(Fig S7B in Supporting Information), suggesting that either the
HP1la detection is more sensitive or the overexpression occurs
independently from H3K9me3.

To determine the importance of HPla overexpression for
tumour growth and disease outcome, we selected cryopreserved
breast carcinoma specimens that were collected in 1995. We
focused on node negative and metastasis-free invasive carci-
noma of size (median 18 mm; range 6-50 mm) that permitted
primary conservative tumourectomy. These cases would benefit
from new prognostic markers for the indication of adjuvant
chemotherapy. Patient’s and tumour characteristics are pro-
vided in Table SI in Supporting Information. The median follow-
up is 146 months (range 30-161). At 10 years, overall survival,
the distant recurrence and the disease progression rates were
90 [83-97], 87 [80-95] and 70% [61-81%], respectively. We
measured HP1lae mRNA expression levels by quantitative RT-
PCR in 86 samples and normalized the expression levels to that
of the reference gene ribosomal protein P0-like protein (RPLPO)
(de Cremoux et al, 2004). We found that high levels of HP1a
tend to associate with increased age of the patient (p=0.0014)
and larger, highly mitotic, grade III tumours (non-significant)
(Fig 5A). In univariate analysis, HPla continuous expression
was significantly associated with an increased risk of disease
progression: a one-unit increase of log2(HP1a) increased the
risk of disease progression by 3% (relative risk (RR)=1.03
(1.00-1.05), p=0.041). We determined a cut-off value of 10,
which divided patients into two groups (74.4 % with HP1a levels
<10 and 25.6% with HPla levels >10) and was significantly
associated with disease progression (p=0.0113; RR=2.47
(1.20-5.09)). At 10 years, 75% [64-87] of the patients with low
HP1la levels compared to 57 % [39-83] of the patients with high
HP1a levels had not shown disease progression. Moreover, this
cut-off is also significantly associated with overall survival
(p=0.0134; RR=3.76 (1.03-13.7)) and the occurrence of
distant recurrences (p=0.011; RR=3.74 (1.26-11.2)) (Fig 5B).

In multivariate analyses, adjusted for known prognostic
factors (i.e. patient’s age, mitotic index, tumour grade, tumour
size, hormone receptor status and Ki67 levels), only HPla
expression is an independent prognostic factor for overall
survival (p=0.0431): high (>10) HPla levels are associated
with an increased risk of death (RR=3.76 (1.03-13.7)).
Similarly, adjusted for the same parameters, only high HPla
expression (p=0.0077; RR=3.02 (1.38-6.63)) and high
tumour grade (p=0.0170; RR for grade IlI=4.53 (1.51-
13.6)) are pejorative for disease progression.

In conclusion, our immunohistochemistry analyses demon-
strate that HP1a, but not B or v, is overexpressed in multiple
types of human cancer cells. Furthermore, quantitative RT-PCR
analysis carried out for HPla showed significant correlation
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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, tumour size, hormone
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 HP1a compared to
other markers. Taken together, our data demonstrate that HP1a
constitutes a new chromatin-related marker of cell proliferation
and tumourigenesis of clinical relevance for prognosis of breast
cancer and potentially other types of cancer.

DISCUSSION

A unique regulation of the HP1l« 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 HP1a isoform has unique
properties, not shared by HP1B and . The protein is expressed
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Figure 4. HP1la 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
HP1qa, B and y by immunohistochemistry and
counterstained with hematoxylin. Tissue arrays
were processed identically for the three
antibodies.

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 um.

Healthy

KL1

in a proliferation-dependent manner, being downregulated
during transient cell cycle exit. In line with these findings,
cultured cancer cells overexpress HPla compared to non-
tumoural cells. Importantly, this is validated in patient samples.
Our data thus demonstrate a unique regulation of HP1a, which
is not paralleled by HP1p or +y. The region in which the HP1«
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 HP1la
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 heterochromatic 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 Suv39h1 (Stewart et al, 2005), an RNA
component (Maison et al, 2002) and the largest subunit of CAF-1
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(p150) (Quivy et al, 2004, 2008). Post-translational modifica-
tions of HP1a itself (Lomberk et al, 2006) might also affect its
stabilization and recruitment, as has been shown recently for
HP1B in the context of DNA damage (Ayoub et al, 2008).
Furthermore, it remains unclear how the increased levels of
HP1la relate to loss of the heterochromatin 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 HP1a
and the polycomb group proteins. Indeed, HPla interacts
with the Suz12 subunit of the polycomb repressive complex 2
(PRC2) (Cao & 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 to obtain a more complete
picture of the aberrant transcriptional repression mechanisms in
cancer cells.

Potential functions of tumoural HP1a overexpression
The unique proliferation-dependent regulation of HP1a suggests
the existence of a specific function that would distinguish it from
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HP1B and HPIly. 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 HPla and its different nuclear distributions (Fig 2 and
Fig S4 in Supporting Information) in breast cancer cells
compared to non-tumoural cells is in agreement with this
hypothesis. It is noteworthy that the distinct nuclear distribution
of HP1a 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 HP1a localization between quiescent and
proliferating primary fibroblasts (data not shown).

Besides a structural role in pericentric heterochromatin, the
overexpression of HP1la in tumours could also relate to a func-
tion in regulating the euchromatic gene expression. Indeed, in
Drosophila, HP1 is involved in the regulation of cell cycle genes
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(De Lucia et al, 2005) and could even actively promote gene
expression by stimulating H3K36 demethylation (Lin et al,
2008). Human HP1 plays a role in silencing Cyclin E by the
tumour suppressor Rb (Nielsen et al, 2001b), and interacts with
the co-repressor protein KAP1, the genomic targets of which
include genes involved in crucial cellular pathways (O’Geen
et al, 2007). However, there is currently no evidence in
mammalian cells that regulation of gene expression would be a
unique property of HPla, not shared by HP1B and v.
Furthermore, if HPla has a dominant regulatory role in gene
expression, a profound impact on cell proliferation and survival
would be expected upon its downregulation, which is not in line
with our observations so far.

Although we do not formally exclude a more subtle role for
HP1la in gene expression, which would deserve a specific study,
our results rather favour a mitosis-related advantage of
tumoural HP1la overexpression. Indeed, despite the fact that
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), at least a fraction of HPla,
specifically, remains tightly associated throughout mitosis
(Guenatri et al, 2004; Hayakawa et al, 2003; Minc et al, 2001;
Schmiedeberg et al, 2004). Hence, HP1a might play a unique
role in mitosis. Indeed, we observe a partial colocalization of
HPla with (peri-) centromeric regions in breast cancer cells,
suggesting that these heterochromatic regions might constitute
the main target sequences of overexpressed HP1a. Furthermore,
we show that downregulation of HPla, but not HP1B or v,
results in mitotic defects, both in HeLa cells and in primary
human fibroblasts. Interestingly, in primary fibroblasts, the
phenotype includes a prolonged prometaphase, which could
reflect a problem in the alignment of chromosomes at the
metaphase plate. HP1a was recently shown to be necessary for
the recruitment of the shugoshin protein (Yamagishi et al, 2008),
which protects centromeric cohesins from degradation and thus
prevents premature chromosome segregation. Deficient cohe-
sion can lead to accumulation of cells in prometaphase (Watrin
et al, 2006). Hence, a partial depletion of HP1a would affect
cohesin protection and result in a prolonged prometaphase in
primary cells due to checkpoint activity. In transformed cells, in
which the mitotic checkpoint is often less efficient (Weaver &
Cleveland, 2005), an increased fraction of aberrant mitoses and
micronucleated cells is observed (Fig 3). Thus, elevated levels of
HP1la would be more crucial for faithful mitosis in cancer cells
when compared to healthy cells, and a positive selection for
cancer cells overexpressing HP1a is more likely to occur when
the mitotic checkpoint becomes deficient, in order to facilitate
the passage through mitosis.

Importance of HP1l« in cancer

To evaluate the clinical importance of HPla expression, we
analysed HP1a protein and mRNA levels in human cancer by
immunohistochemistry and quantitative RT-PCR. Staining of
cryopreserved human tissue samples showed a significant
overexpression of HP1a, but not HP1B or vy, in tumoural cells.
Thus, HP1a constitutes a potential marker for the diagnosis of
multiple types of cancer. In contrast to other proliferation
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markers, such as Ki67, HP1a stains all tumoural cells and is thus
highly suitable for the determination of the exact localization
and extent of the tumour.

In order to quantify the HP1la expression and determine its
prognostic value, we measured HP1ae mRNA levels in 86 small
breast tumours with >10 years follow-up. Our data reveal that
high HP1a expression correlates with decreased survival and
increased occurrence of metastasis over time. Furthermore,
multivariate analyses demonstrate that HPla levels predict
disease outcome better than standard prognostic markers. Thus,
HP1la constitutes a marker of prognostic value, in breast cancer
and potentially in other types of cancer.

Previously, an increased expression of HPla had been
correlated with a decreased invasive potential among several
breast cancer cell lines (Kirschmann et al, 2000; Norwood et al,
2006), possibly by silencing of pro-invasive genes. This obser-
vation might reflect the inverse 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. Thus, a temporal slow-
down of tumour proliferation, accompanied by downregulation of
HP1la, might permit the expression of pro-invasive genes and the
occurrence of metastasis. Yet, the outgrowth of metastases
requires cell proliferation and our data suggest that this process
is dominant for final patient outcome, since high HP1« expression
correlated with earlier diagnosis of metastasis.

Recently, inhibitors of HDAC have been used successfully in
cancer treatment (Dokmanovic et al, 2007; Mulero-Navarro &
Esteller, 2008). However, their precise mode of action remains
elusive. It is interesting that, in proliferating cell lines, a major
effect of HDACI is to increase the mobility (Cheutin et al, 2003;
Dialynas et al, 2007) and dispersion (Bartova et al, 2005;
Dialynas et al, 2007; Taddei et al, 2001) of HP1 proteins.
Although the effect of HDACIi treatment has not been assessed in
vivo on post-therapeautic tissue samples, HP1a might be one of
the main targets contributing to the anti-tumour effects of these
drugs (Taddei et al, 2005). Without affecting the expression
levels of HP1o, HDACi might delocalize the overexpressed HP1a
in vivo and abrogate the contribution of HP1a overexpression to
cancer cell growth and/or cell division.

In conclusion, HP1a expression levels reflect cell prolifera-
tion and are negatively correlated with disease outcome in early
breast cancer. Our results favour a role of HPla in facilitating
mitosis, which might be more crucial in cancer cells. We
demonstrate a potential clinical application of HP1a as a marker
for cancer prognosis. As a consequence, HP1la should now be
taken into account in fundamental cancer research to obtain a
comprehensive picture of how heterochromatin domains are
affected in cancer cells and contribute to tumourigenesis.

MATERIALS AND METHODS

Cell culture and synchronization
Wi38 primary lung fibroblasts (ATCC) and BJ primary foreskin fibro-
blasts (ATCC) were cultured in MEMa medium (GIBCO), MCF7 breast
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cancer cells (gift from O. Delattre, Paris) and Hela cervical carcinoma
cells (gift from M. Bornens, Paris) in DMEM (GIBCO), Hs578T breast
cancer cells (gift from O. Delattre, Paris) in RPMI medium (GIBCO)
containing 10 mM insulin (Sigma) and Hs578Bst healthy mammary
cells (ATCC) in DMEM containing 30 ng/ml epidermal growth factor
(TEBU). The media were supplemented with 10% foetal calf serum
(Eurobio) and 10 mg/ml penicillin and streptomycin (GIBCO).

For synchronization in quiescence, primary cells were grown in
serum-free medium for at least 72h and MCF7 cells for 48h in a
medium containing 10 nM of the anti-estrogen 1C1182780 (Fischer
Bioblock Scientific) (Carroll et al, 2000). HeLa cells were synchronized in
the different stages of the cell cycle as described by Polo et al (2004). B)
cells were synchronized similarly, except that they were blocked for
14 h, released for 10 h, blocked again for 14 h and released for 3, 6 or
12 h for S-phase, G2 and G1, respectively. For mitotic BJ cells, 10 ng/ml
nocodozole was added 4 h after the second release from thymidine and
cells were harvested 10 h later. Synchronization was checked by flow
cytometry as explained by Polo et al (2004), and the data were analysed
using FlowJo (Tree Star Inc.).

Transfections and siRNAs

Hela cells, plated in a medium without antibiotics, were
transfected with 30nM siRNA using Oligofectamine reagent
(Invitrogen) and Optimem 1 medium (Gibco). BJ primary cells were
transfected at passage 27 (8 passages after reception from ATCC)
using nucleofection (Amaxa), according to manufacturer’s instruc-
tions. Briefly, 4 x 10° cells were transfected with 0.8 nmol siRNA
(Dharmacon) or 1wg of plasmid DNA in 100wl Nucleofector
solution R (Amaxa), using the nucleofection program X-001. Cells
were subsequently plated at a density of 7,000 cells/cm? to permit
cell proliferation without reaching confluency within 4 days. siRNA
sequences: siGFP: AAGCUGGAGUACAACUACAAC; siHP1a_1: CCU-
GAGAAAAACUUGGAUUTT (Obuse et al, 2004); siHP1a_3: GGGA-
GAAGTCAGAAAGTAA; siHP1RB: AGGAATATGTGGTGGAAAA; siHP1y:
AGGTCTTGATCCTGAAAGA

Cell extracts
For total cell extracts, after a wash in phosphate buffered saline
(PBS), we scraped cells from plates in 1x Laemmli buffer (60 mM
Tris-Hcl, pH 6.8; 10% glycerol; 2% sodium dodecyl sulphate (SDS);
1% 2-mercaptoethanol and 0.002 % bromophenol blue) and boiled
these extracts 10 min before storage at —20°C.
Chromatin-bound cell extracts were made according to the
method of Martini et al (1998). We determined protein
concentration using Bio-Rad protein assay solution.

Antibodies

The following primary antibodies were used in the present study:
Mouse monoclonal anti-HP1a 2HP-1HS5 from Euromedex and
rabbit polyclonal anti-HP1a H2164 from Sigma (directed against
amino acids 67-119 and 177-191, respectively) for immuno-
fluorescence (IF) and immunohistochemistry, mouse monoclonal
anti-HPla 2HP-2G9 for Western blot (Euromedex), mouse
monoclonal anti-HP1B 1MOD1A9 (Euromedex), mouse mono-
clonal anti-HP1y 2MOD-1G6-AS (Euromedex), anti-CREST human
serum (gift from A. Ladurner), rabbit polyclonal anti-CAF-1 p60,
mouse monoclonal anti-B-actin AC-15 (Sigma), mouse monoclonal
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anti-KL1 antibody (Dako), rabbit polyclonal anti-Cyclin A (Santa
Cruz), mouse monoclonal anti-H3S10P (Abcam ab14955) and
rabbit polyclonal anti-Cdt1 (Santa Cruz 28262).

Secondary antibodies: Fluorescein isothiocyanate (FITC) or Texas
Red-coupled antibodies (IF) or horseradish peroxidase-coupled
antibodies (Western Blotting) were from Interchim.

Western blotting

After 30 min treatment with 25 U benzonase nuclease (Novagen),
cell extracts were loaded on 4-12% gradient gels (Invitrogen),
using a 1 x MES migration buffer (Invitrogen), followed by Western
blotting procedures as described by Martini et al (1998).

Immunofluorescence (IF)
After fixation in 2% paraformaldehyde, cells are permeabilized in
0.2% Triton X-100 in PBS. IF detection is carried out as in (Martini
et al, 1998). Coverslips are mounted in Vectashield mounting
medium containing 4’,6-diamidino-2-phenylindole (DAPI) (Vector
laboratories).

For IF on tissue samples, 8 wm cryosections made from frozen
mammary tissues (Curie Institute, Paris, France) were fixed on glass
slides in 3% paraformaldehyde and immunostained as above.

Immunohistochemistry

We used 8 wm cryosections from frozen mammary tissues (Curie
Institute, Paris, France) or frozen tissue arrays (FMC401, Biomax).
Sections, fixed on glass slides in 3% paraformaldehyde and
permeabilized in PBS containing 0.5% Triton for 4 min, were
incubated for 5 min in 3% H,0, (Prolabo) for peroxidase inhibition
and blocked in PBS containing 1% BSA and 5% non-fat milk.
Incubation with primary antibody diluted in blocking solution was
followed by revelation with horseradish peroxidase-coupled
secondary antibody (DakoCytomation) and diaminobenzidine
(DakoCytomation) before counterstaining with hematoxyline
(Merck). Slides were dehydrated in increasing ethanol concentra-
tions and toluene before mounting in Entellan mounting medium
(Merck).

Live cell imaging

For live cell imaging, BJ cells were transfected twice with siRNA,
with a 72h interval. A plasmid coding for H2B-cherry was
introduced in the second transfection, and cells were plated on
glass bottom dishes (Mattek). Movies were made using the
BioStation system (Nikon). Images were acquired every 20 min,
during a period of 24 h, starting 48 h after the second transfection.
Movies were analysed using Image J.

RNA extraction, quantitative RT-PCR and primers

We used the mRNeasy mini kit (Qiagen) for total RNA extraction
from cell lines or frozen patient samples and produced cDNA using
Superscript Il reverse transcriptase (Invitrogen) with 1 wg RNA and
3 g of random primers (Invitrogen) per reaction. We used the
Lightcycler 2.0 System (Roche) and the Lightcycler FastStart DNA
Master SYBR Green | reaction kit (Roche) for quantitative RT-PCR.
For the patient samples, we used the 96-well plate Step One Plus
system (Applied Biosystems) and the SYBR Green PCR Master mix
(Applied Biosystems). We measured duplicates and carried out
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The paper explained

PROBLEM:

Breast cancer is a clinically and genetically diverse disease. How
alterations in chromatin organization contribute to its devel-
opment should therefore be considered. Here, we focus on the
three mammalian isoforms of heterochromatin protein 1 (HP1a,
B and v), key components of compact heterochromatin regions,
in relation to cell proliferation and breast cancer.

RESULTS:

We reveal that HP1a shows a proliferation-dependent regula-
tion, which neither HP18 nor vy display. During transient cell cycle
exit, HP1a. mRNA and protein levels diminish and depletion of
HP1a leads to defects in chromosome segregation. Importantly,

three subsequent cDNA dilutions to assess the primer efficiency. We
designed primer pairs in order to overlap an intron, so as to
distinguish ¢cDNA amplification from putative genomic contam-
ination. Primers: RPLPO forward: GGCGACCTGGAAGTCCAACT;
RPLPO reverse: CCATCAGCACCACAGCCTTC; HP1la forward: GAT-
CATTGGG-GCAACAGATT; HP1a reverse: TGCAAGAACCAGGTCAGCTT;
CAF-1 p150 forward: CAGCAGTACCAGTCCCTTCC; CAF-1 p150
reverse: TCTTTGCAGTCTGAGCTTGTTC; CAF-1 p60 forward: CGGA-
CACTCCACCAAGTTCT; CAF-1 p60 reverse: CCAGGCGTCTCTGACT-
GAAT. We normalized the quantity of HP1ae mMRNA according to the
human acidic ribosomal phosphoprotein PO (RPLPO) (de Cremoux
et al, 2004) by applying x = 100/(E(Cp RPLPO — Cp HP1w)), where £
is the mean efficiency of primer pairs and where x reflects the
quantity of HP1a mRNA relative to the quantity of RPLPO mRNA in
a given sample.

Breast cancer patient samples and statistics

This study includes 92 breast cancer samples, selected from the
Institut Curie Biological Resources Center for treatment with
primary conservative tumourectomy (median tumour size: 18 mm
(650 mm)). Patients were diagnosed in 1995 and found to be
lymph node negative (NO) and metastasis free (M0). Patients were
informed of research purposes and did not express opposition.
Patient’s and tumour characteristics are provided in Table SI in
Supporting Information). RNA were extracted from cryopreserved
tissue and analysed as described above. RNA of 86 samples were of
sufficient quality for further analysis.

Differences between groups were analysed by x? or Fisher exact
tests for categorical variables and Kruskal-Wallis for continuous
variables. Recurrence-free and alive patients were censored at the
date of their last known contact. Survival data were defined as the
time from diagnosis of breast cancer until the occurrence of disease
progression, defined as local recurrence in the treated breast, regional
recurrence in lymph node-bearing areas, controlateral breast cancer
or distant recurrences. Determination of a cut-off value prognostic for
the disease free interval (DFI) was computed using a Cox proportional
risks model. A Wald test was used to evaluate the prognostic value of
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the levels of HP1a mRNA and protein are elevated in breast
carcinomas and this upregulation correlates with clinical data
and disease outcome. Altogether, we propose that HP1la has a
role in mitosis and that this role provides a selective growth
advantage to cancer cells.

IMPACT:

Our results suggest a unique function of the HP1a isoform,
related to cell division and tumour growth. HP1a overexpression
in breast cancer patient samples correlates with disease outcome
and should be considered as a new epigenetic marker for
prognosis assessment.

this variable on each event. The overall survival (OS), metastasis free
interval and DFI rates were estimated by the Kaplan—-Meier method,
and groups were compared using a log-rank test. Multivariate
analysis was carried out to assess the relative influence of prognostic
factors on OS and DFI, using the Cox stepwise forward procedure (Cox
1972). Significance level was 0.05. Analyses were performed using
the R software 2.5.0 version.
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