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Genetic mutations affecting chromatin modifiers are widespread in
cancers. In malignant peripheral nerve sheath tumors (MPNSTs),
Polycomb repressive complex 2 (PRC2), which plays a crucial role in
gene silencing, is inactivated through recurrent mutations in core
subunits embryonic ectoderm development (EED) and suppressor of
zeste 12 homolog (SUZ12), but mutations in PRC2’s main catalytic
subunit enhancer of zeste homolog 2 (EZH2) have never been found.
This is in contrast to myeloid and lymphoid malignancies, which har-
bor frequent loss-of-function mutations in EZH2. Here, we investi-
gated whether the absence of EZH2 mutations in MPNST is due to
a PRC2-independent (i.e., noncanonical) function of the enzyme or to
redundancy with EZH1. We show that, in the absence of SUZ12, EZH2
remains bound to EED but loses its interaction with all other core and
accessory PRC2 subunits. Through genetic and pharmacological anal-
yses, we unambiguously establish that EZH2 is functionally inert in
this context, thereby excluding a PRC2-independent function. Instead,
we show that EZH1 and EZH2 are functionally redundant in the
slowly proliferating MPNST precursors. We provide evidence that
the compensatory function of EZH1 is alleviated upon higher prolif-
eration. This work reveals how context-dependent redundancies can
shape tumor-type specific mutation patterns in chromatin regulators.

chromatin | cancer | Polycomb | EZH2

It is estimated that over 25% of the most frequently mutated
genes in cancers encode chromatin regulators (1, 2). While

some of these mutations are recurrent in a wide range of cancers,
many others are found in specific tumor types, suggesting a context-
dependent function. This is well illustrated in the case of Polycomb
repressive complex 2 (PRC2), a chromatin-modifying complex in-
volved in maintaining transcriptional repression. PRC2 contains
several essential subunits: embryonic ectoderm development (EED),
suppressor of zeste 12 homolog (SUZ12), retinoblastoma-binding
protein 4/7 (RBBP4/7), and two paralogous enzymatic subunits en-
hancer of zeste homolog 1 and 2 (EZH1 and EZH2). EZH1 and
EZH2 assemble into alternative PRC2 complexes with similar
composition that both catalyze methylation of lysine 27 on histone 3
(H3K27) (3, 4). In addition, several accessory subunits associate with
PRC2, assist in its recruitment, and/or modulate its enzymatic ac-
tivity (5). Methylation of H3K27 is essential for Polycomb-mediated
silencing (6). Alterations of the PRC2 complex have been reported
across different malignancies, and each alteration displays striking
tumor type specificity (reviewed in ref. 7). Gain-of-function muta-
tions in EZH2 have been reported in follicular lymphoma, diffuse

large B cell lymphoma, and a small subset of melanoma, while
functionally similar mutations affecting EZH1 have been found in
autonomous thyroid adenomas. In contrast, recurrent loss-of-
function mutations in PRC2 genes occur in myeloid malignan-
cies, T cell acute lymphoblastic leukemia (T-ALL), and malig-
nant peripheral nerve sheath tumors (MPNSTs) (7).
MPNSTs are aggressive soft-tissue sarcomas that develop either

sporadically or from preexisting benign tumors called plexiform
neurofibromas in patients with neurofibromatosis type 1 (NF1)
(Online Mendelian Inheritance in Man 162200). Previous studies
have identified recurrent biallelic mutations in EED and SUZ12
that result in a complete loss of H3K27me3 in over 50% of
MPNSTs (8–10). Loss of PRC2 function as well as co-occurring
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inactivation of NF1 and CDKN2A tumor suppressor genes are
considered to be the most significant diagnostic markers of
MPNST in the revised World Health Organization 2016 classifi-
cation of tumors of the central nervous system (11). Surprisingly,
among 121MPNST samples analyzed across five studies (8–10, 12,
13), no mutations were detected in EZH1 or EZH2 despite the
high prevalence of lesions in EED and SUZ12. This mutation
signature is in sharp contrast to the spectrum of PRC2 mutations
found in myeloid malignancies and T-ALL, where mutations in
EZH2 occur at high frequency (Fig. 1A). The absence of muta-
tions in EZH1 and EZH2 in MPNST raises the possibility that the
enzymatic subunits might have PRC2-independent functions that
are required for MPNST development. Several studies have in-
deed suggested that EZH1 and/or EZH2 can function in-
dependently of their enzymatic activity within PRC2 (14–16). An
alternative reason for the absence of EZH2 and EZH1 mutations
in MPNSTs might come from their potential functional re-
dundancy. The two enzymes have indeed been shown to be
partially redundant in several cell types (3, 17, 18).
In principle, redundancy between EZH1 and EZH2 or a

PRC2-independent function for these proteins could both ex-
plain why they are not found mutated in MPNST (Fig. 1A).
Through biochemical and genetic approaches, we unambiguously
demonstrate that EZH1/2 do not regulate transcription in-
dependently of PRC2. Furthermore, we find that EZH1 and
EZH2 display a remarkable degree of redundancy in the cells
from which MPNST develop, providing an explanation for why
alterations of the cognate genes are not selected for during
MPNST development. We further provide evidence that the rate
of cell proliferation is a major modulator of EZH2/EZH1 ratio
and consequently the ability of EZH1 to compensate for loss of
EZH2. These results suggest that context-dependent redun-
dancies within chromatin-modifying complexes can shape mu-
tational signatures in cancer.

Results
In the Absence of SUZ12, EZH2 Forms a Residual Complex with EED.
To evaluate putative functions of EZH2 independent of an intact
PRC2 core complex, we first analyzed the biochemical properties of
the enzyme in the context of loss of SUZ12. For this purpose, we
compared a SUZ12-mutated MPNST cell line (88-14) and a PRC2
wild-type cell line (STS26T). EZH2 protein accumulation appears
much lower in the absence of SUZ12 (Fig. 1B, top Western blot;
compare signal in the input fraction), consistent with previous re-
ports showing that PRC2 constituents stabilize each other (5). To
investigate the functionality of the residual EZH2 protein, we
subjected nuclear extracts from 88-14 and STS26T to anion ex-
change chromatography followed by size exclusion chromatography
(Fig. 1B). During anion-exchange chromatography, EZH2 elutes at
500 mM salt regardless of SUZ12 presence (Fig. 1B, Top). Fol-
lowing size exclusion chromatography, EZH2 and EED coeluted in
both cases; however, the elution pattern is shifted toward a smaller
molecular weight in the absence of SUZ12 (Fig. 1B, Bottom). These
results suggest that, upon loss of SUZ12, EZH2 remains part of a
smaller complex containing EED.
To determine whether EZH2 alone, or the residual complex with

EED, could form new interactions in the absence of SUZ12, we
characterized the interactome of EZH2 by mass spectrometry in
88-14 and STS26T cells. We overexpressed a Flag-tagged version of
EZH2 in both cell lines and performed anti-Flag immunoprecipi-
tation followed by quantitative proteomics (PXD012547, ref. 19).
For the analysis of mass spectrometry data, we chose a low en-
richment cutoff to avoid missing weak interactors. As expected, in
PRC2 wild-type cells, EZH2 pulled down the core PRC2 compo-
nents (EED, SUZ12, RBBP4, and RBBP7) along with its well-
established cofactors (JARID2, AEBP2, PHF1/19, PALI1, and
EPOP) (5, 20) (Fig. 1C, Left). In contrast, in SUZ12-mutant cells,
EZH2 remained bound only to EED and lost its interaction with all
accessory PRC2 subunits (Fig. 1C, Right). ZBTB17A, a potential
EZH2 interactor that appeared near the enrichment cutoff, was not
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Fig. 1. Loss of SUZ12 leads to a dramatic reduction
of EZH2 interactome. (A, Left) Schematic represen-
tation of the core PRC2 complex formed around
EZH1 or EZH2 enzymatic subunits. (A, Middle) Pie
charts displaying the relative proportions of PRC2
alterations among early T cell precursor acute lym-
phoblastic leukemia (T-ALL) (as reported in ref. 35)
and 121 MPNST samples analyzed across five studies
for which whole-genome sequencing or targeted
sequencing of EED, SUZ12, EZH1, and EZH2 is avail-
able. (A, Right) Alternative hypotheses explaining
the absence of EZH1/2 mutations in MPNST. (B, Left)
SUZ12-mutated 88-14 and SUZ12-WT STS26T nuclear
extracts were purified by successive steps summa-
rized in the scheme. (B,Middle) Western blot analysis
of EZH2 distribution in the different fractions
obtained by anion exchange chromatography per-
formed on 88-14 and STS26T nuclear extracts. (B,
Right) EZH2 and EED Western blot analysis of the
fractions eluted from gel filtration chromatography
performed on the STS26T and 88-14 500 mM frac-
tions. Western blot analysis of SUZ12 was addition-
ally performed on STS26T extracts. A red line
highlights the peak of elution, and the asterisk in-
dicates an unspecific cross-reactivity of EED antibody.
c.v., column volume; Ft, flow-through. (C) Mass
spectrometry analysis of EZH2 interactome in STS26T
(Left) and 88-14 (Right) stably expressing a Flag-
tagged version of EZH2. Volcano plots represent
mass spectrometry analysis of Flag-EZH2 cells com-
pared with control cells.
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validated by coimmunoprecipitation experiments (SI Appendix, Fig.
S1A). To ascertain that the collapse of EZH2 interactome in 88-14
cells is due to the absence of SUZ12, we reexpressed SUZ12 in 88-
14 cells. As shown in SI Appendix, Fig. S1B, the binding of the
PRC2 cofactor AEBP2 to EZH2 was restored in the presence of
SUZ12. In addition, expression of other key PRC2 cofactors was
equivalent in 88-14 and STS26T cells (SI Appendix, Fig. S1C), in-
dicating that these two cell lines have a similar environment for the
regulation of PRC2. The massive loss of interaction between EZH2
and PRC2 cofactors in SUZ12-mutant cells is in agreement with
recent in vitro evidence suggesting that SUZ12 acts as a platform
for the recruitment of these subunits (21, 22).
Altogether, these analyses show that loss of SUZ12 destabi-

lizes the PRC2 interactome, leaving EZH2 and EED as the only
members of a residual PRC2 complex.

EZH1/2 Do Not Regulate Transcription Independently of PRC2. Several
studies have suggested that EZH2 might function independently
of canonical PRC2 activity (14–16). SUZ12-mutant MPNST cell
lines represent an ideal system to rigorously investigate such
noncanonical functions because the canonical PRC2 function is
inactivated. Since EZH1, the paralogous enzyme of EZH2, can
in some instances compensate for loss of EZH2, we assessed the
functionality of both enzymes together. We analyzed the impact
of inhibiting EZH1/2 enzymatic activity on cell proliferation,
using the small-molecule inhibitor UNC1999 or its inactive an-
alog UNC2400 (23). As shown in Fig. 2A, treatment of two
different SUZ12-null MPNST cell lines did not impact cell pro-
liferation. However, this observation does not exclude a role for
the residual PRC2 complex in controlling gene expression and/or
functions of EZH2 that do not rely on its catalytic activity.
To address this question, we genetically inactivated EZH1 and

EZH2 in the SUZ12-null 88-14 cell line. Loss of EZH2 in three
independent clones was confirmed by Western blot (Fig. 2B). We
introduced frameshift-inducing mutations in the EZH1 gene to
exclude a potential compensation upon loss of EZH2 (SI Appendix,
Fig. S2A). These mutations do not affect proliferation as shown by
the lack of consequences of restoring EZH2 expression in 88-14

EZH1/2 double knockout (dKO) (SI Appendix, Fig. S2B). We
performed RNA sequencing on EZH1/2 wild-type and EZH1/2
dKO clones. Strikingly, with the exception of EZH2, no genes
were found significantly differentially expressed [false discovery
rate (FDR) < 0.05] between control and EZH1/2 dKO cells
(GSE118186, ref. 24) (Fig. 2C).
These results strongly argue against a PRC2-independent

function for EZH2 in the context of MPNST.

EZH2 Functions as Part of a Canonical PRC2 Complex in Androgen-
Independent LNCaP-abl Cells.Our findings in the context of MPNST
contrast with those reported in androgen-independent prostate
cancer (AIPC), where biochemical and functional evidence points
to a PRC2-independent role for EZH2, mediating gene activation
as part of a distinct complex comprising the androgen receptor (16).
To understand the basis of this discrepancy, we repeated the

biochemical characterization of PRC2 in the LNCaP-abl cell line,
an androgen-independent derivative of the LNCaP prostate cancer
cell line used as model of AIPC (16, 25). In contrast to Xu et al., we
observed coelution of EZH2 with EED following size exclu-
sion chromatography, a pattern identical to that observed in
STS26T cells (Fig. 3A and SI Appendix, Fig. S3A; compare with Fig.
1B). Analysis of EZH2 migration on a native gel further confirmed
that it is found in a single high–molecular-weight complex slightly
smaller than the recombinant complex where all subunits are tag-
ged (SI Appendix, Fig. S3B). Moreover, mass spectrometry analysis
of the EZH2 interactome in LNCaP-abl cells recovered all known
core and accessory PRC2 subunits but did not reveal additional
partners such as the androgen receptor despite the low stringency
used in the analysis (PXD012547, ref. 19) (Fig. 3B). These bio-
chemical analyses therefore do not support the existence of mea-
surable noncanonical composition of PRC2 in this AIPC cell line.
Of note, we obtained similar findings for the OVCAR8 cell line (SI
Appendix, Fig. S3C), in which EZH2 has also been reported to have
an unusual elution pattern on a size exclusion column (26).
These results prompted us to further investigate EZH2 con-

tribution to LNCaP-abl growth. We measured cell proliferation
upon EZH2 enzymatic inhibition since the PRC2-independent
function of EZH2 has been shown to require an intact catalytic
domain (16). We pretreated cells with UNC1999 or UNC2400
and performed cell growth assays beginning after either 4 or 15 d
of continued treatment. Efficient inhibition of EZH1/2 catalytic
activity was verified by Western blot for the trimethylated form
of H3K27 (H3K27me3; SI Appendix, Fig. S3D). In contrast to the
dramatic effects observed with siRNA against EZH2 on cell
growth as early as 48 h after transfection, pharmacological in-
hibition of PRC2 only impaired LNCaP-abl growth after the first
week of treatment (Fig. 3C). This delay has been reported in
other models (23, 27, 28) and attributed to the stability of
H3K27me3 and the time required to achieve full dilution of the
histone mark through cell divisions.
Importantly, the transcriptomic data generated following siEZH2

treatment (16) revealed a prominent cell-proliferation signature
among down-regulated genes (i.e., genes that are proposed to be
regulated by EZH2 in a noncanonical fashion; SI Appendix, Fig.
S3E). Indeed, following PRC2 inhibition, expression of cell pro-
liferation markers is diminished but only at 10 d posttreatment (Fig.
3D, Top). This is the same kinetics as the one observed for the
derepression of classical PRC2 target genes (Fig. 3D, Bottom)
raising the possibility that down-regulation of cell proliferation
genes is an indirect consequence of the more global transcriptional
alterations resulting from EZH2 inhibition.
Thus, together with our biochemical analyses, the kinetics of

cell growth suppression and of gene expression changes upon
PRC2 inhibition suggests a predominantly canonical function for
EZH2 in LNCaP-abl cells.

Pronounced Redundancy Between EZH1 and EZH2 in Neurofibroma
Cells. Considering the lack of evidence for PRC2-independent
role of EZH2 that would explain why it is not found to be mutated
in MPNST, we investigated the alternative hypothesis that the
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Fig. 2. EZH2 does not retain a specific function in the absence of SUZ12 in
MPNST cells. (A) Proliferation assays in two SUZ12-null MPNST cell lines in
presence of UNC1999 dual EZH1/2 inhibitor or of UNC2400, its control in-
active compound (mean ± SD; n = 3). (B) Western blot analysis EZH2 protein
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EZH2, the only differentially expressed transcript, is highlighted in red.

Wassef et al. PNAS | March 26, 2019 | vol. 116 | no. 13 | 6077

BI
O
CH

EM
IS
TR

Y

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814634116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814634116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814634116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814634116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814634116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814634116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814634116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814634116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814634116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814634116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814634116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814634116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814634116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814634116/-/DCSupplemental


absence of mutations affecting EZH2 might reflect compensation
by EZH1. We inactivated EZH1 and EZH2 separately or in
combination in the ipNF05.5 cell line derived from a plexiform
neurofibroma (29), corresponding to the tumor type from which
MPNSTs arise. The resulting mutant cells were compared with
SUZ12-mutant cells derived from the same cell line (GSE118186,
ref. 24) (Fig. 4A). Loss of SUZ12 in ipNF05.5 cells led to tran-
scriptional up-regulation of 813 genes (SI Appendix, Fig. S4A;
FDR < 0.05). As expected, a majority of these genes are marked
by H3K27me3 in wild-type ipNF05.5 cells (SI Appendix, Fig. S4B).
Gene ontology analysis indicated that up-regulated genes were
significantly enriched for developmental regulators (SI Appendix,
Fig. S4C), as has been found in PRC2-mutant MPNST samples (9).
We then analyzed the impact of individual or combined loss of

EZH1 and EZH2 on the methylation of H3K27 (Fig. 4B; also
see SI Appendix, Fig. S4D for quantification of Western blot
signals). While loss of EZH1 did not impact global levels of
H3K27me1, me2, or me3, loss of EZH2 led to a marked re-
duction of H3K27me3 with only modest effects on H3K27me1
and H3K27me2. Combined loss of both enzymes or loss of
SUZ12 leads to a comparable acute loss of all three methylation
levels. We next assessed transcriptional changes by RNA-seq
(Fig. 4C and SI Appendix, Fig. S4 E and F). Strikingly, dele-
tions of either EZH1 or EZH2 caused only subtle changes in
gene expression, with no differentially expressed genes in EZH1-
mutant cells and only 11 in EZH2-mutant cells. In contrast,
combined loss of EZH1 and EZH2 led to up-regulation of 629
genes, indicative of a high degree of redundancy between the two
enzymes. Consistently, inhibition of PRC2 activity in EZH2 KO
ipNF05.05 using the general PRC2 inhibitor A-395 (30) led to a
robust de-repression of PRC2 target genes (SI Appendix, Fig.
S4H). These data support the hypothesis that the absence of
EZH2 (or EZH1) mutations in MPNST is a consequence of the
high redundancy between the two enzymes in neurofibroma cells.
Remarkably, transcriptional changes in EZH1/EZH2 dKO and

SUZ12 KO were highly correlated (GSE118186, ref. 24) (Fig. 4C
and SI Appendix, Fig. S4I). Direct comparison of the two mutant
conditions did not uncover any significantly differentially expressed
genes (SI Appendix, Fig. S4J), demonstrating that combined loss of
EZH1 and EZH2 is equivalent to loss of SUZ12. Together with our
observations in the MPNST and AIPC models, these results in

neurofibroma cells argue against a PRC2-independent function
for EZH1/2.

Redundancy Between EZH1 and EZH2 Is Modulated by Cell
Proliferation Rate. Previous studies have found that functional
compensation between EZH1 and EZH2 is context dependent,
depending on tissue type and developmental stages (17, 31). Fur-
thermore, as mentioned above, mutations in EZH2 are selected for
in T-ALL and in myeloid malignancies, suggesting that EZH1
cannot fully compensate for loss of EZH2 in these cell types. The
circumstances under which EZH1 and EZH2 compensate for each
other remain unclear. We and others have previously shown that
EZH2 expression is driven by cell proliferation (3, 18, 32), a process
that ensures H3K27me3 homeostasis (18). As shown in SI Appen-
dix, Fig. S5A, analysis of publicly available RNA-seq data from The
Cancer Genome Atlas database indicates that the positive corre-
lation between EZH2 transcript levels and cell proliferation
(assessed by MKI67 proliferation marker) is a general property
that extends across various cancer types. In contrast, EZH1 levels
show no positive correlation to cell proliferation, suggesting that
the EZH2/EZH1 ratio and hence redundancy between the two
enzymes is mainly controlled by cell proliferation rate.
To directly evaluate the link between EZH2/EZH1 ratio and cell

proliferation in tumor types subject to mutation affecting PRC2
genes, we analyzed tumor samples of autonomous thyroid adenoma
(ATA) and plexiform neurofibroma (PNF), two tumor types in
which EZH2 is never found mutated, as well as myelodysplastic
syndrome (MDS) and follicular lymphoma (FL), in which EZH2
mutations occur. Using digital droplet PCR, we quantitatively
measured EZH1, EZH2, and MKI67 transcript abundance. Fig. 5A
shows the strong correlation between EZH2/EZH1 ratio and
MKI67 expression (Spearman r = 0.7, P < 0.0001). Samples are
distributed in two separate clusters, ATAs and PNFs forming a
cluster characterized by low MKI67 expression and low EZH2/
EZH1 ratio, while MDSs and FLs samples form a cluster charac-
terized by high MKI67 and high EZH2/EZH1 ratio. Thus, these
observations reveal a striking association between proliferation
status, EZH2/EZH1 ratio, and the occurrence of EZH2 mutations,
the latter being found only in highly proliferative tumors.
We next sought to directly assess whether redundancy between

EZH1 and EZH2 is indeed alleviated upon higher proliferation. To

A C

B D

1 2 3 4
0.0

0.5

1.0

1.5

2.0

time (days)

C
el

l n
um

be
r (

m
ill

io
n)

4 days pre-treatment

N.S.

UNC1999
UNC2400

1 3 5 7 9
0.0

0.1

0.2

0.3

0.4

time (days)

15 days pre-treatment

p = 0.001

proliferation genes

PRC2 target genes

3 d
ay

s

10
 da

ys
0

5

10

15

ep
re

ss
io

n 
(r

el
. T

BP
) MKI67

3 d
ay

s

10
 da

ys
0
5

10
15
20

AURKB

3 d
ay

s

10
 da

ys
0
2
4
6
8

PCNA

3 d
ay

s

10
 da

ys
0.0
0.5
1.0
1.5
2.0

HOXA3

3 d
ay

s

10
 da

ys
0.0
0.1
0.2
0.3
0.4

HOXB3

3 d
ay

s

10
 da

ys
0.0

0.5

1.0

1.5

PLAG1

contr.
PRC2i

p = 0.04
p = 0.03

p = 0.04
p = 0.001

p = 0.002
p = 0.001

p = 0.006
p = 0.001

NS
NS

NS
NS

NS p = 0.04 NS

NS NS NS

ep
re

ss
io

n 
(r

el
. T

BP
)

EZH2 

EED 

Prostate Cancer LNCaP-abl (PRC2 wild-type)

*
SUZ12

0.3 0.9 c.v.In
pu

t

-10 -5 0 5 10

0
1

2
3

4
5

6
7

Log2 (Flag/Control)

-L
og

10
 (F

D
R

 (t
-te

st
))

EZH1

PALI1

EPOP

AEBP2

PHF1

EED

RBBP4
SUZ12

EZH2

RBBP7
JARID2

MTF2
LCOR

Log2 FC >  3.5 
FDR <  0.01

Fig. 3. EZH2 acts as part of a canonical PRC2 com-
plex in LNCaP-abl cells. (A) Western blot analysis of
EZH2 and EED in the fractions eluted from gel fil-
tration chromatography performed on the 500 mM
fraction. A red line highlights the peak of elu-
tion, and the asterisk indicates an unspecific cross-
reactivity of EED antibody. c.v., column volume. (B)
Mass spectrometry analysis of EZH2 interactome in
LNCaP-abl cells stably expressing Flag-tagged version
of EZH2. (C) Proliferation assay in LNCaP-abl treated
with 1 μM UNC1999 or UNC2400 from the indicated
times after the beginning of drug treatment. Mean ±
SD; n = 2; P values from two-tailed t tests on the final
time points are shown. (D) RT-qPCR analysis of pro-
liferation markers (Top) and classical PRC2 target
genes (Bottom) in control-treated (UNC2400) cells or
at different times after PRC2 inhibitor treatment.
Mean ± SD; n = 2; P values from one-tailed t tests are
shown for differences that are statistically signifi-
cant. NS, not significant.

6078 | www.pnas.org/cgi/doi/10.1073/pnas.1814634116 Wassef et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814634116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814634116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814634116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814634116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814634116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814634116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814634116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814634116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814634116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814634116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814634116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814634116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1814634116


this aim, we compared the consequence of deleting EZH2 in
ipNF05.5 cells and HAP1 cells, which have a much higher pro-
liferation rate (12-h doubling time compared with 30 h for ipNF05.5
cells). The level of EZH1 is similar between the two cell lines, but
EZH2 is much more abundant in HAP1 cells than in ipNF05.5 cells
and is paralleled by a high level of the PCNA proliferation marker
(Fig. 5B). Interestingly, substantial levels of H3K27me2 and me3
remain in EZH2 KO ipNF05.5 cells, while loss of EZH2 in HAP1
cells results in acute loss of H3K27me2 and me3, similar to that
obtained upon deletion of EED (Fig. 5B; also see SI Appendix, Fig.
S5B for quantification of Western blot signals). Accordingly, loss of
EZH2 in HAP1 cells led to transcriptional derepression of a
number of genes, similar to KO of the core PRC2 component EED,
but has moderate transcriptional consequences in ipNF05.5 cells
(Fig. 5C). The differential effect of deleting EZH2 in ipNF05.5 and
HAP1 cells is further illustrated at genes that are regulated by
PRC2 in both cell lines (SI Appendix, Fig. S5C).
To further ascertain that the association between cell pro-

liferation and EZH2/EZH1 redundancy is not a bias resulting from
analyzing different cell types, we investigated the impact of direct
manipulation of cell proliferation rate in the context of a defined cell
type. We performed a KO of EZH2 in an immortalized Schwann
cell line (29) and grew wild-type and EZH2 KO cells in either low-
serum (slow-proliferation) or high-serum (high-proliferation) me-
dium. As expected, upon high proliferation, EZH2 levels strongly
increased while EZH1 expression remain constant (Fig. 5D). In-
terestingly, in the absence of EZH2, higher proliferation led to a
decrease of H3K27me2/me3 levels (Fig. 5D; also see SI Appendix,
Fig. S5D for quantification of Western blot signals). This experiment
thus demonstrates that EZH1’s ability to compensate for loss of
EZH2 is inversely proportional to the rate of cell proliferation.
Altogether, our analyses show that EZH1 cannot compensate for

loss of EZH2 under high proliferation, suggesting that proliferation
is a major factor underlying the redundancy between EZH1 and

EZH2. We propose that the proliferative index is a key constraint
underlying the PRC2 mutation pattern that is selected for in the
course of tumorigenesis (SI Appendix, Fig. S5E). In tumors char-
acterized by a low proliferation index such as PNFs, mutations in
EZH2 will not be selected for because of the redundancy with
EZH1. In tumor types characterized by a much higher proliferative
index such as myeloid malignancies and T-ALL, EZH2 becomes
predominant relative to EZH1, and thus loss of EZH2 can be se-
lected for. Interestingly, this simple model also accounts for gain-of-
function mutations that selectively occur on EZH1 in the slow
proliferating ATAs or on EZH2 in the more proliferative FL and
diffuse large B cell lymphoma types of lymphomas.

Discussion
The PRC2 complex is diverted from its normal function in cancer
through defined tumor-type specific mutations. These alterations
have been suggested to entail canonical as well as noncanonical
functions of EZH2, the main PRC2 enzymatic subunit. However,
we currently lack a precise understanding of how mutations found
in cancer affect each of these activities, thus limiting our ability to
develop rational therapeutic approaches. In this study, we in-
vestigated the relative contribution of canonical versus non-
canonical activities of EZH2 in the regulation of gene expression.
MPNST cells represent an ideal system to study such a non-
canonical activity since the canonical PRC2 function is absent. In
such a context, we provide compelling biochemical and genetic
evidence that EZH2 does not regulate transcription. PRC2-
independent functions could still be at play in certain cell types;
however, our biochemical analysis of EZH2 and the kinetics of cell
growth upon EZH2 inhibition in the LNCaP-abl model cell line are
more consistent with a canonical function of the enzyme.
We uncover a pronounced functional redundancy between

EZH1 and EZH2 in MPNST precursor cells. Combined loss of
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both enzymes leads to gene expression changes that are in-
distinguishable from those induced by loss of SUZ12. These
findings strongly suggest that the signature of PRC2 mutations in
MPNST, that is, the absence of mutations in EZH2/EZH1, stems
from the high redundancy between the two enzymes. In this
context, the probability of inactivating PRC2 through biallelic
mutation of EZH1 and EZH2 (four alleles) would be far smaller
than mutation of SUZ12 or EED (two alleles only at most; one
allele of SUZ12 often being inactivated simultaneously with the driving
mutation in NF1 by a large deletion encompassing both genes).
Our analyses also show that the rate of cell proliferation,

which positively controls the expression of EZH2 but not EZH1,
is a key parameter modulating the redundancy between the two
enzymes, explaining why mutations in EZH2 are favored in high
proliferating tumor types. Nonetheless, other independent cues
are also likely to participate in modulating the balance between
EZH2 and EZH1 as recently shown for EZH1 expression during
male germ cell development (31). As in the case of PRC2, mu-
tations in genes encoding subunits of other chromatin-modifying
complexes such as SWI/SNF and COMPASS show a certain
degree of tumor type specificity (33, 34). It will be interesting to
investigate whether similar context-dependent redundancies
within these chromatin-modifying complexes underlie such mu-
tation patterns. In conclusion, our study addresses key issues
regarding canonical activities of the PRC2 complex and provides
insights into the characteristic spectrum of PRC2 mutations
found in different cancers.

Materials and Methods
Cell Culture. SUZ12 mutated 88-14 and SUZ12 wild-type STS26T cell lines
were kindly provided by Nancy Ratner, Cincinnati Children’s Hospital Med-
ical Center, Cincinnati. The LNCaP-abl cell line was kindly provided by Zoran
Culig, Innsbruck Medical University, Innsbruck, Austria. ipNF05.5 plexiform
neurofibroma cell line and immortalized Schwann cell line are described in
ref. 29. HAP1 cells were kindly provided by T. Brummelkamp, Oncode In-
stitute, Amsterdam. OVCAR8 cells were kindly provided by Fatima Mechta-
Grigoriou, Institut Curie, Paris. Additional details cell culture conditions,

transfection, constitutive knockouts, proliferation assays, and downstream
biochemical analyses are provided in SI Appendix, Supplementary Methods.

RNA Extraction, RT-qPCR, Digital Droplet PCR, RNA Sequencing, and Data
Analysis. Total RNA was isolated using TRIzol-chloroform extraction and
isopropanol precipitation. Additional details on RT-qPCR, digital droplet
PCR, RNA sequencing, and data analysis are provided in SI Appendix,
Supplementary Methods.

Chromatin Immunoprecipitation. Chromatin immunoprecipitation (ChIP) was
performed as described previously (3). Additional details on ChIP sequencing
and data analysis are provided in SI Appendix, Supplementary Methods.

Patients and Samples. All patients provided informed consent, and the study
was approved by institutional review board and local ethical committees.
Project ID CPP17/79, A0296746, and 2015-08-11DC were reviewed by Cochin
Hospital institutional review board and CPP Ile-de-France 2 ethics committee
APHP, Paris, and project ID BS#2017-311 by the Groupe Thématique de
Travail–Hematology Section, Institut Curie, institutional review board and
ethics committee of the Hospital Group, Institut Curie, Paris. Additional details
on patient samples are provided in SI Appendix, Supplementary Methods.

Data Access. Next-generation sequencing (NGS) data have been deposited in
the GEO database (accession no. GSE118186). Mass spectrometry data have
been deposited to the ProteomeXchange Consortium via the PRIDE partner
repository with the dataset identifier PXD012547.
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