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ABSTRACT
EZH2, the main catalytic component of the Polycomb Repressive Complex 2 (PRC2) is apparently
upregulated in most solid tumors. Furthermore its expression generally associates with poor prognosis. It
was proposed that this correlation reflects a causal event, EZH2 mediating the silencing of key tumor
suppressor loci. In contrast, we recently showed that EZH2 is dispensable for solid tumor development
and that its elevated expression reflects the abnormally high proliferation rate of cancer cells. Here, we
investigate the functional association between EZH2 expression and silencing of key tumor suppressor
loci and further illustrate the confounding effect of proliferation on EZH20s association to outcome.
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Introduction

Elucidating the molecular mechanisms controlling progressive
malignant transformation of cancer cells enables the develop-
ment of new therapeutic strategies to fight cancer. A standard
approach to address this question has been to compare normal
and cancer cells in search for cancer-specific alterations. How-
ever, a recurrent difficulty when interpreting such data is to dis-
sect out driver (i.e., causal) from passenger (i.e., consequential)
events. This is especially challenging when analyzing gene
expression, whereby passenger events can represent either sec-
ondary effectors that are induced by driver events (e.g., tran-
scriptional targets of the Myc oncogene) and/or genes whose
apparent deregulation simply reflect a process that is exacer-
bated in the cancerous state (e.g., cell proliferation). Although
most secondary deregulations may not be linked to cancer
development, some might nonetheless be of interest as thera-
peutic targets. When prioritizing which alterations should be
further studied, particular attention is given to those that can
potentially be targeted such as cell-surface receptors that can be
blocked by antagonistic molecules or enzymes whose activity
can be modulated by small-molecule inhibitors.

In this respect, chromatin-modifying enzymes constitute
attractive targets. Chromatin modifiers have been reported to
be subject to various alterations (reviewed by ref. 1), including
point mutations leading to either gain or loss of function, larger
chromosomal rearrangements resulting in gene amplification
or deletion, and translocations. In addition, altered expression
of chromatin-modifying enzymes, leading to under- or over-
expression is also frequent in cancer. However it is intriguing
that in many cases, such variations are not paralleled by copy-
number changes of the underlying DNA, suggesting that they

may represent a secondary effect of transformation rather than
a causal factor in the emergence of the cancerous state.2

Mechanistically, it has been hypothesized that deregulation
of chromatin modifiers would lead to specific transcriptional
defects such as overexpression of proto-oncogenes or silencing
of tumor suppressor genes. Thus, it is hoped that targeting
such enzymes could revert the cancerous state by restoring a
normal transcriptome.

We focused on the role of EZH2 in solid tumor develop-
ment. EZH2 is the main catalytic subunit of Polycomb Repres-
sive Complex 2 (PRC2), a chromatin modifier responsible
for the di- and tri-methylation of Lys27 of histone H3
(H3K27me2/3). H3K27me2 is broadly distributed; it is present
on more than half of the histones and its function remains
unclear. In contrast, H3K27me3 is found enriched at specific
loci and is associated with a transcriptionally silent state. Other
complexes are part of the Polycomb machinery and act together
to ensure proper maintenance of transcriptional silencing.3

EZH2 has attracted a lot of attention due to its apparent over-
expression across a wide range of solid tumor types. In breast
and prostate cancer, EZH2 expression further increases in the
most advanced stages and therefore constitutes a marker of
poor prognosis.4,5 This, together with some in vitro functional
assays, has lead to a broad acceptation that EZH2 plays an
oncogenic role in solid tumors. While oncogenic pathways
have been shown to activate EZH2 expression,6,7 several studies
suggested that genomic gains/amplifications might further
increase its expression.7 Yet the question of how overexpression
of EZH2 promotes tumorigenesis remains enigmatic. Several
reports indicate that the enzyme might become aberrantly
recruited and repress tumor suppressors8–13 or sustain silencing
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of tumor suppressor loci such as INK4A/ARF and P21.14–17

Alternatively, recent reports have suggested that the action of
EZH2 might be independent of its function within PRC2.18,19

Surprisingly, other studies have reported that, despite EZH2
overexpression, H3K27me3 levels are decreased in several solid
tumor types and that low level of the histone mark is associated
to poor prognosis18,20–22 thus prompting for a more thorough
analysis of EZH2 involvement in tumor progression. We have
previously shown that tumor development can occur in the
absence of the enzyme.23 We demonstrated that the association
of high EZH2 to poor prognosis is a consequence of a correla-
tion between EZH2 expression and the rate of cell proliferation.
Here, we investigate the association between EZH2, silencing of
key tumor suppressors and disease outcome. We show that
upon immortalization, Ezh2 is often dispensable for cell prolif-
eration. This is linked to an Ezh2-independent regulation of
the Ink4a/Arf locus. Similarly to what we found in breast
cancer, we show that upon subtracting the effect of cell-
proliferation, high EZH2 levels are no longer correlated to met-
astatic prostate cancer. We discuss the value of single marker
versus metagene to account for cell proliferation and propose a
general tumor-suppressive function for PRC2, possibly through
the control of gene silencing stability.

Results

EZH2 is generally dispensable in immortalized cells

We investigated the role of Ezh2 in genetically defined mouse
models of prostate and mammary tumorigenesis.23 Although

Ezh2 expression is elevated in these models as compared to the
corresponding normal tissues, we found that loss of the enzyme
does not seem to impact prostate cancer development and results
in a slight increase in the penetrance of mammary tumor devel-
opment. We then analyzed the consequence of Ezh2 loss on the
expression of p16, p19 (from the Ink4a/Arf locus) and p21
expression. We found that p16 and p19, already expressed in
mouse prostate cancer cells, are unaffected by the loss of Ezh2.
We hypothesize that immortalization might in some situations
discharge Ezh2 from silencing the Ink4a/Arf locus. To test this
hypothesis we have compared the impact of different immortali-
zation strategies in mouse embryonic fibroblasts (MEFs), which
normally rely on Ezh2 for silencing of Ink4a/Arf.14 As expected,
Ndy1-immortalized MEFs rely on the presence of Ezh2 for pro-
liferation and silencing of p16 and p19 genes (Fig. 1 and refs. 24,
25). However, upon c-Myc-mediated immortalization or inacti-
vation of the P53 pathway, the enzyme becomes dispensable for
both cell proliferation and silencing of the 2 genes. As in prostate
cancer cells, Ezh2 still maintains silencing of the p21 locus. Con-
sistently, in c-Myc iMEFs, H3K27me3 is essentially absent from
the Ink4a/Arf locus while still being present along the p21 locus
(Fig. 1C). Thus upon immortalization, silencing of the ink4a/Arf
locus often becomes PRC2-independant.

Our results thus suggest that high levels of Ezh2 might be a
secondary event resulting from tumorigenesis. We analyzed
datasets of prostate and breast cancer transcriptome and found
that EZH2 transcript clusters with genes associated to cell pro-
liferation (e.g., cell cycle genes), suggesting that its expression
in cancer is mostly under the control of proliferation cues.23

We showed that coupling of EZH2 expression to cell

Figure 1. Context-dependent role of Ezh2 in the regulation of the Ink4a/Arf locus. (A) Western blot against Ezh2, H3K27me3 and Lamin B1 (loading control) of iMEF cells
immortalized by c-Myc, P53-DN or Ndy1 in the presence or absence of OHT as indicated on top. (B) Top panels, proliferation curves of the 3 iMEF cell lines in the presence
or absence of Ezh2 (mean § SD, n D 3). Bottom panels, RT-qPCR analysis of p16, p19 and p21 genes in the corresponding cell lines. Values indicate relative expression of
mutant cells compared to WT cells after normalization to the house keeping gene TATA-binding protein (TBP). ND, not detected. Mean § SD, n D 3. (C) Snapshot of
H3K27me3 ChIP-seq distribution in c-Myc iMEFs (C2 clone) Ezh2 WT or Ezh2 D/D at the level of the p16/p19 locus (left) and of the p21 locus (right).
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proliferation is required to counteract cell division mediated
dilution of H3K27me3 and thus participates in homeostasis of
the mark. Altogether, these results indicate that high EZH2
expression in cancers reflects the abnormally high proliferation
rate of cancer cells rather than abnormal overexpression. Tak-
ing advantage of patient-derived breast xenografts treated with
various drugs, we further investigated the link between cell pro-
liferation, EZH2 expression and H3K27me3 abundance. As
expected, EZH2 tightly correlates with the proliferation marker
Ki67. In contrast, H3K27me3 is anti-correlated with both Ki67
and EZH2, suggesting that homeostatic maintenance of the
mark is perturbed in breast cancer. Uncoupling Ezh2 expres-
sion from proliferation can experimentally create a similar situ-
ation; in such a case, increased proliferation leads to decreased
H3K27me3 abundance. We propose that insufficient coupling
of PRC2 activity to proliferation might be a key explanation to
the antagonistic variations of EZH2 and H3K27me3 levels
reported in various solid tumor types including breast cancer.

Proliferation is a confounding factor in the association
between high EZH2 expression and poor outcome

In view of the above-mentioned observations, we expected that
the prognostic value of EZH2 rely mostly on its correlation to
proliferation. Surprisingly, we found that in breast cancer, sub-
tracting the impact of cell proliferation in fact reverts the asso-
ciation between EZH2 expression and outcome: high EZH2
expression relative to cell proliferation now becomes associated
to a good prognosis. Thus, this analysis establishes that the
prognostic value of EZH2 is the sum of several potentially
opposite components; the positive association of EZH2 to poor
outcome stems from proliferation being the major factor driv-
ing its expression. Similarly in prostate cancer, EZH2 transcript
levels are significantly higher in metastatic cancer than in pri-
mary tumors; however this association is cancelled-out when
subtracting the impact of cell proliferation (Fig. 2). Accord-
ingly, a few studies found that EZH2 is not an independent
prognostic marker when proliferation is taken into account
(e.g., refs. 26, 27). We note that a number of reports concluding
that EZH2 is an independent prognostic factor did not investi-
gate the impact of proliferation. This is surprising given the

well-established association of proliferation to poor outcome,
previously shown to constitute a confounding factor for many
gene expression signatures (e.g., ref. 28). In some studies how-
ever, EZH2 remained an independent prognostic marker even
when proliferation was taken into account (see ref. 29 for an
example). This might come from the method used to evaluate
the impact of proliferation that often relies on single measure-
ments such as mitotic count or a proliferation marker. Instead
we used a metagene consisting of the median value of 52 prolif-
eration-associated genes.30 This latter method allows to cancel-
out the error associated with each individual measurement.
The difference between metagene vs. single marker in the nor-
malization for cell proliferation is illustrated in Figure 3 with
the example of ORC6 transcript. While the prognostic power of
ORC6 is completely lost after adjusting its expression to the
proliferation metagene, it still retains a significant association
to outcome if only Ki67 expression is used to account for cell
proliferation.

Discussion

PRC2, a constraint for tumor development?

In addition to establishing that proliferation underlies the asso-
ciation between high EZH2 levels and poor prognosis, our anal-
yses have revealed that low expression of EZH2 relative to
proliferation, which is underpinned by genetic loss of the gene,
is associated to poor outcome.23 Along these lines, analyzing of
a small cohort of breast cancer metastases, we uncovered sev-
eral mutations in PRC2 genes including a truncating mutation
of EZH2 in a hemizygous context, predicting acute loss of the
protein. Furthermore, analysis of the TCGA breast cancer
cohort revealed that although rare in primary tumors (3% of all
tumors), mutations in PRC2 genes are associated with poor
prognosis. Using CRISPR/CAS9-mediated genome engineer-
ing, we genetically inactivated EZH2 in a commonly used
human cancer cell line (MDA-MB-231). Strikingly, this led to
increased tumor growth in vivo and enhanced 3D migration in
vitro. This latter result was confirmed using a specific PRC2
inhibitor. Therefore, if anything, EZH2 seems to constrain
breast tumorigenesis.

Figure 2. The association of EZH2 transcript levels to metastatic prostate cancer is driven by proliferation. Plots of EZH2 transcript levels in primary and metastatic prostate can-
cer (data extracted from ref. 49) before (left) and after (right) adjustment to the proliferation metagene (as described by ref. 30). p-value of unpaired t-tests are displayed.

2258 M. WASSEF ET AL.



A recent study reached a similar conclusion;22 using a mouse
model of mammary tumorigenesis caused by Brca1 loss, the
authors found that concomitant loss of Ezh2 shortens the latency
of tumor development. Beyond breast cancer, a restrictive role for
PRC2 in tumor development is emerging as a common theme in
distinct tumor types. Recurrent loss-of-function mutations in
EZH2 have been reported in myelodysplastic syndromes31 and T-
cell acute lymphoblastic leukemia.32,33 Less frequent hypomorphic
mutations in SUZ12 and EED, encoding 2 PRC2 core compo-
nents, also occur in myeloid malignancies.34 In contrast, complete
PRC2 inactivation occurs in malignant peripheral nerve sheath
tumors through mutation of SUZ12 or EED.35–37 It is likely that
inactivation of PRC2 also occurs in other sarcomas in view of fre-
quent H3K27me3 loss.38 In pediatric high-grade gliomas (pHGG),
point mutation of the K27 residue of H3.3 or H3.1 histone var-
iants into methionine (H3K27M) lead to a global reduction of
H3K27me3.39–41 This decrease is accompanied by focal gains of
H3K27me3, but the functional significance of such gains remains
unclear. Analysis of mouse models of pancreas cancer,42 glioblas-
toma43 and lung cancer44 similarly point to a tumor suppressive
role for PRC2. Hence, with the exception of some subtypes of lym-
phomas, where EZH2 gain of function has been described, partial
to complete loss of PRC2 function seems to be favored in cancers.
It is however noticeable that the different mutations leading to
impaired PRC2 activity are unlikely to be functionally equivalent
considering their tumor-type specificity and the extent to which
they impair PRC2 activity. Using a model cell line to compare the
consequences of partial versus complete PRC2 inhibition, we have
shown that lower PRC2 activity selectively impairs silencing of
genes that have a low density of H3K27me3 in their promoter
region.23 This suggests that H3K27me3 enrichment directly relates
to the robustness of gene silencing. Hence, genes for which the
mark is present at a low density are expected to be more sensitive
to subtle variations of PRC2 activity. This result might help under-
stand the differences in PRC2 mutation spectrum observed across
different tumor types.

Impact of PRC2 impairment on the stability of gene
silencing

In the last part of our study, we investigated how impaired
PRC2 activity affects the stability of gene silencing. This ques-
tion is not only relevant in the context of PRC2 alterations but
also more generally, regarding the impact of mutations in

chromatin modifiers and therefore their contribution to tumor
development. Upon inactivation of a chromatin modifier, only
a fraction of the genes to which it was bound become transcrip-
tionally deregulated, presumably due to the redundancy within
gene-regulatory mechanisms. Hence, PRC2-independent
recruitment of PRC1 could potentially compensate for loss of
PRC2. In addition, it has been proposed that relieving Poly-
comb-mediated transcriptional silencing is ineffectual in the
absence of pertinent cell-type specific transcriptional activa-
tors.45 The function of the genes that become activated upon
loss of PRC2 is therefore tightly linked to the identity of the
cells where the mutation occurs. In the case of transformed
cells, pro-oncogenic pathways could also influence this tran-
scriptional response as previously suggested in tumors caused
by oncogenic NOTCH1 signaling33 or by hyperactive RAS
pathway.36

In addition to this deterministic transcriptional response, it
is possible that mutations of chromatin modifiers, by disturbing
a layer of gene regulation, lead to a more global transcriptional
instability. Our single cell analyses suggest that deletion of Ezh2
indeed results in stochastic reactivation of many Polycomb tar-
gets. These transcriptional events are too infrequent to be
detectable at the population level. Whether stochastic gene acti-
vation events, once initiated, are stably maintained still remains
to be tested. Since many Polycomb target genes encode key cell
fate regulators (e.g, transcription factors), it is possible that
even transient activation bursts could translate into long-lasting
reprograming of downstream gene regulatory networks, leading
to an epigenetic drift between distinct sub-clones of the same
tumor. Hence, we speculate that transcriptional instability of
Polycomb-target genes could participate in the diversification
of intra-tumor phenotypes, as previously hypothesized.46

Altogether, we propose that mutations in PRC2 genes lead to a
dual impact on gene expression: first, the robust de-regulation of a
fraction of genes and second defects in the transcriptional stability
of a larger number of genes. We hypothesize that these 2
responses might respectively promote reprogramming of cancer
cells’ transcriptome and diversification of gene expression pro-
grams within tumors (Fig. 4). Such variations could lead to
increased intra-tumor heterogeneity, followed by the selection of
the “epigenotypes” that confer a selective advantage. This hypoth-
esis is supported by independent observations. A first study
reported that prolonged knock-down of EZH2 in glioblastoma
results in the emergence of “escaper” tumors due to cell-fate

Figure 3. Comparison of multiple markers vs. single proliferation marker to adjust for the impact of cell proliferation. Kaplan-Meier plots of breast cancer specific survival
for patients of the METABRIC cohort having primary tumors with high (above median) or low (under median) ORC6 transcript levels before (left) and after adjustment of
its expression with Ki67 (middle) or the proliferation metagene (right). Hazard ratio (HR) between highest and lowest survival groups and p-value of the Log-rank (Man-
tel-Cox) test are displayed on the plots.
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switching into a more aggressive phenotype.43 In a second study,
inhibition of PRC2 was found to promote bromodomain and
extra terminal protein (BET) inhibitor resistance by facilitating
rewiring of oncogenic gene regulatory networks.47

Conclusion

With the advent of EZH2 inhibitors in clinical trials, it is urgent to
precisely define the tumor types that might benefit from such tar-
geted therapies. Although there is a strong case to use EZH2
inhibitors against tumors harboring EZH2 gain-of-function muta-
tions (DLBCL and FL), several studies including ours question the
usefulness and safety of such molecules in solid tumors in which
EZH2 is unaltered at the genetic level. Recent studies have sug-
gested inhibiting EZH2 as a synthetic lethal approach in solid
tumors harboring inactivating mutations in SWI/SNF nucleosome
remodelers and BAP1 histone deubiquitinase. However, even in
such cases, although an immediate benefit might be expected due
to favorable transcriptional reprogramming of cancer cells, long-
term consequences should be carefully evaluated.

Materials and methods

Cell lines

iMEF cells were grown in DMEM medium supplemented with
10% FCS, 100 mM non essential amino acids, 1 mM L-
Glutamine. Ezh2 flox/flox;ROSA26-CreERT2 MEF cells were iso-
lated from 13.5 d old embryos and subsequently infected with
the following retroviral constructs: pMXs-hc-MYC (addgene
17220) to generate c-Myc iMEFs, pBABE-hygro p53 DD (addg-
ene 9058) to generate p53-DN iMEFs, Ndy1-MigR1 (kindly pro-
vided by Philip N. Tsichlis) to generate Ndy1 iMEFs.

Cell growth assay

20000 cells were plated in 6 well dishes in triplicates and
counted every 24 hours over 4 d using a Vi-cells counter
(Beckman-coulter).

Antibodies

Antibodies against Ezh2, Lamin B1 and H3K27me3 were previ-
ously described.23

RT-qPCR

Total RNA was isolated using TRIzol reagent (Invitrogen).
cDNA was synthetized using High Capacity cDNA RT kit
(4368814-Applied Biosystems) and quantitative PCR was per-
formed with technical triplicate using SYBR green reagent
(Roche) on a ViiA7 equipment (Applied Biosystems). At least 3
biological independent experiments were performed for each
assay. Primers sequences were previously described.23

Gene expression, copy-number and survival analysis of
primary breast tumors

This study makes use of data generated by the Molecular Tax-
onomy of Breast Cancer International Consortium (META-
BRIC) and first described in ref. 48. Funding for the project
was provided by Cancer Research UK and the British Columbia
Cancer Agency Branch. Upon access request, SNP 6.0 copy-
number and Illumina HT-12 expression data for nearly 2000
primary breast tumors were available through European
Genome-Phenome Archive (http://www.ebi.ac.uk/ega/), under
accession number EGAS00000000083. Survival analyses were
performed as previously described.23

Adjusting gene expression for proliferation

To adjust gene expression values to a single marker or a meta-
gene (median expression of 52 proliferation associated genes as
described in ref. 30), residuals, i.e. distance of gene expression
values to the best-fit curve of the linear regression, were calcu-
lated and used as such for subsequent analyses.

Figure 4. Proposed model of how deterministic and stochastic transcriptional responses in PRC2-altered cells could lead to increased tumorigenicity.
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