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ABSTRACT

The polycomb repressive complex 2 (PRC2) is an important developmental regulator responsible
for the methylation of histone 3 lysine 27 (H3K27). Here, we show that the PRC2 complex
regulates the cell cycle in skeletal muscle cells to control proliferation and mitotic exit.
Depletions of the catalytic subunit of the PRC2 complex, EZH2, have shown that EZH2 is required
for cell viability, suggesting that EZH2 promotes proliferation. We found that EZH2 directly
represses both positive and negative cell cycle genes, thus enabling the PRC2 complex to tightly
control the cell cycle. We show that modest inhibition or depletion of EZH2 leads to enhanced
proliferation and an accumulation of cells in S phase. This effect is mediated by direct repression
of cyclin D1 (Cend1) and cyclin E1 (Ccnel) by the PRC2 complex. Our results show that PRC2 has
pleiotropic effects on proliferation as it serves to restrain cell growth, yet clearly has a function
required for cell viability as well. Intriguingly, we also find that the retinoblastoma protein gene
(Rb1) is a direct target of the PRC2 complex. However, modest depletion of EZH2 is not sufficient
to maintain Rb1 expression, indicating that the PRC2 dependent upregulation of cyclin D1 is
sufficient to inhibit Rb71 expression. Taken together, our results show that the PRC2 complex
regulates skeletal muscle proliferation in a complex manner that involves the repression of Ccnd1
and Ccnel, thus restraining proliferation, and the repression of Rb1, which is required for mitotic
exit and terminal differentiation.
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Introduction Two important protein families involved in the
cell cycle machinery are cyclins and cyclin-
dependent kinases (CDKs). These complexes
orchestrate the advance of the cell cycle through
different phases. In mammals, cyclin D and
E mediate the progression through G1/S phases
[7]. The mitotic cyclins A and B mediate progres-
sion through the S/G2/M phases. D-type cyclins
are short-lived proteins whose synthesis and
assembly with CDK4 or CDK6 are dependent on
mitogenic signaling [8]. Cyclin D drives cell cycle
progression through the phosphorylation of criti-
cal cellular substrates. In addition, D type cyclins
play a kinase-independent role by sequestering the
CDK inhibitors p27°%* and p21“P* [7]. The cyclin
E protein level peaks at the G1/S progression,
followed by an increase in cyclin A levels in
S-phase. CDK2 can form complexes with both
cyclin A and E, whereas CDKI1 can only form
a complex with cyclin A. An increase in cyclin

Skeletal muscle proliferation and differentiation
are closely coordinated and highly regulated pro-
cesses. Myogenesis is a multistep process which
involves the determination of multi-potential
mesodermal cells that give rise to myoblasts; with-
drawal of the myoblasts from the cell cycle and
finally, the differentiation of myoblasts into muscle
fibers [1,2]. A complex network of cell cycle effec-
tor genes goes from highly expressed to perma-
nently silenced as myoblasts differentiate into
myotubes, while another set of genes which are
normally repressed in myoblasts become activated
in myotubes [3]. Skeletal muscle determination
and differentiation are controlled by four highly
related basic-helix-loop-helix (bHLH) transcrip-
tion factors known as the myogenic regulatory
factors (MRFs) which include Myf5 (Myf5),
MyoD (Myodl), myogenin (Myog) and Mrf4
(Myfo) [4-6].
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B levels results in the induction of CDK1 levels at
the G2/M phase. The resultant fluctuation in
expression of cyclins and oscillation of CDKs
activities forms the basis of coordinated cell cycle
progression (reviewed in [3]).

The retinoblastoma protein (pRB) plays
a central role in negatively regulating cell cycle
progression by promoting cell cycle exit and
maintenance of the differentiated state [9,10].
Cell cycle arrest is a critical step for muscle differ-
entiation. pRB maintains cell cycle arrest in part
by regulating the activity of the E2F family of
transcription factors. Activator E2F is repressed
through binding to pocket proteins, a family that
includes pRB as well as related p107 and p130
proteins [11]. Under mitogen rich conditions,
growth factors override the repressive action of
pocket proteins through activation of cyclin D1
and CDK4/6 proteins, which phosphorylate the
pocket proteins, leading to the release of bound
activator E2F transcription factors [12]. This
results in the activation of E2F target cell cycle
genes, including cyclin E, which in complex with
CDK?2 further hyper-phosphorylates pRB proteins,
leading to progression of cells through the G1/S
restriction point [13]. Modification of the chro-
matin environment through the recruitment of
repressor proteins, such as histone deacetylases
(HDAC) and the PRC2 complex, by the pRB
tamily of pocket proteins is an important mechan-
ism by which the pRB family of proteins repress
transcription [10].

Polycomb repressor proteins have important
developmental roles and play essential roles in
skeletal muscle specification. The two major poly-
comb complexes, Polycomb Repressive Complex 1
(PRC1) and Polycomb Repressive Complex 2
(PRC2), are responsible for the ubiquitination of
lysine 119 of histone H2A (H2AK119) [14] and
the methylation of lysine 27 on histone H3 tail
(H3K27), respectively [15-17]. Methylation of
H3K27 recruits PRC1, which then catalyzes the
ubiquitinylation of H2AK119. The methylation of
H3K27 by PRC2 requires one of the enhancer of
zeste proteins, EZH1 or EZH2. Promoters and
enhancers of many lineage-specific genes contain
di- and tri-methylated H3K27, and many of these

genes lose the methylation profile upon differen-
tiation (reviewed in [18]).

The PRC2 complex has been shown to be
required for proliferation in several cell types
[10] and has been implicated in muscle stem cell
(MSC) viability as well [19,20]. In MSCs, the PRC2
complex represses the expression of PAX7,
a transcription factor implicated in control of the
specification [21], renewal [22] and cell cycle exit
of MSCs [23]. In MSCs, PAX7 is repressed by
inflammatory signaling by TNF-X, which activates
p38X and leads to p38X mediated PRC2 repression
[24,25]. Intriguingly, this mechanism only occurs
in MSCs as PAX7 is unresponsive to p38X signal-
ing but constitutively repressed by PRC2 in myo-
tubes [24]. TNF-X has also been shown to repress
Notch-1 through the recruitment of PRC2 and
DNA methyltransferases [26].

The PRC2 complex has also been implicated in
the repression of cyclin D1 (CcndI). Cendl has
been shown to be H3K27 methylated by PRC2 in
neural cells [27] and in leukemia [28]. Ccndl has
also been found to be H3K27 methylated in skele-
tal muscle myotubes when Ccndl is not normally
expressed [10]. PRC2 has also been shown to
repress Ccnel in oocytes [29].

We have recently shown that loss of the PRC2
complex blocks differentiation in C2C12 cells
through modulation of the canonical Wnt signal-
ing pathway [30]. Differentiation and prolifera-
tion are mutually exclusive processes, thus, here
we examined the effect of the PRC2 complex on
the proliferation of skeletal muscle cells.
Unexpectedly, we found that a modest depletion
or inhibition of EZH?2 increased the proliferation
rate and caused the derepression of the positive
cell cycle regulators cyclin D1 and cyclin El,
while the negative cell cycle regulator pRB was
inactivated by phosphorylation and downregu-
lated. Transient depletion of EZH2 led to cells
which either actively proliferated or induced
apoptosis, suggesting a dual effect for EZH2.
Chemical inhibition of EZH2 confirmed that
modest inhibition of EZH2 relieves repression of
cyclin D1 and cyclin E1 and promotes prolifera-
tion, while severe inhibition leads to a reduction
in cell viability. EZH2’s ability to repress



proliferation is dependent on JARID2, which
recruits EZH2 to the promoters of Ccndl and
Ccnel [31]. Thus, PRC2 has a dual role in con-
trolling proliferation in skeletal muscle, and the
overall level of EZH?2 in cells is a profound deter-
minant of cell fate.

Materials and methods
Cell culture

C2C12 cells (ATCC) were grown in Dulbecco’s
modified Eagle medium (DMEM) supplemented
with 10% fetal bovine serum (Hyclone) according
to standard protocols. Proliferating C2C12 myo-
blasts were grown in DMEM supplemented with
10% fetal bovine serum (FBS, Hyclone). Primary
myoblasts were isolated according to standard
protocols [32]. Briefly, hindlimb muscle of the
neonate mice were isolated, digested with
Collagenase Type II (Worthington). The cells
were filtered through sterile 70-micron filter, pla-
ted on gelatin-coated plates in 20% FBS in F-10
basal media with 1X Penicillin-Streptomycin
(Corning) and 2.5 ng/ml DbFGF (gift of
D. Cornelison, University of Missouri). Primary
myoblasts were enriched on every passage after-
ward by pre-platting cells on to uncoated plates
for 30 min before transferring the myoblast sus-
pensions onto collagen-coated plates. It was
repeated until the majority of the cells were pri-
mary myoblasts. Myoblast identity was confirmed
by expression analysis of MRFs, differentiation
assay, and staining. All mouse procedures were
approved by the SIU Institutional Animal Care
and Use Committee.

shRNA knock down

EZH2 was depleted with shRNA constructs
designed by the RNAi Consortium in the
pLOK.1 plasmid (Open Biosystems) as described
[30]. Three constructs targeting murine Ezh2 and
one scrambled control were linearized using the
Scal restriction enzyme (New England Biolabs),
transfected into C2CI12 cells, and selected with
puromycin (2 pg/ml). Individual clones were
selected, propagated, and confirmed by mRNA
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and protein analysis. For the transient depletions,
the shRNA plasmids were transfected using
Turbofect as described earlier without lineariza-
tion. The mRNA and protein were extracted and
assayed at the indicated time points. No drug
selection was used in transient depletion
experiments.

Western blot analysis

Cell extracts were made by lysing PBS washed cell
pellets in radio-immunoprecipitation assay buffer
(RIPA) supplemented with protease inhibitors
(Complete protease inhibitor, Roche
Diagnostics). Following incubation on ice, clear
lysates were obtained by centrifugation. Protein
concentrations were determined by Bradford’s
assay (Bio-Rad). For each sample, 30 pg of pro-
tein was loaded on each gel unless otherwise
specified. Proteins were transferred onto
a PVDF membrane using a tank blotter (Bio-
Rad). The membranes were then blocked with
5% milk in 1X Tris-buffered saline plus tween
20 (TBST) and incubated with primary antibody
overnight at 4°C. Membranes were then washed
with 1X TBST and incubated with the corre-
sponding secondary antibody. Membranes were
again washed with 1X TBST, incubated with che-
miluminescent substrate according to manufac-
turer’s protocol (SuperSignal, Pierce) and
visualized by autoradiography or an iBright
Imaging System. The antibodies used include
anti-EZH2(Cell Signaling), anti-cyclinD1 (DCS-
6, Biolegend), anti- cyclin E1 (SCBT), anti-
CDK2 (ABclonal), anti-CDK4 (ABclonal), anti-

pRB1(LabVision), anti-p21 (ABclonal), anti-
phospho RB1(T821) (ab4787, Abcam), anti-
Tubulin (E7, DSHB) and anti-GAPDH

(Millipore). Protein expression levels were quan-
tified using ImageJ (NIH) or iBright analysis soft-
ware on at least three independent experiments.
Representative images are shown.

Quantitative real-time PCR

RNA was isolated from cells by Trizol extractions
(Invitrogen). Following treatment with DNase
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(Promega), two micrograms of total RNA was
reversed transcribed with MultiScribe™ MuLV
reverse transcriptase (Applied Biosystems). cDNA
equivalent to 40 ng was used for quantitative poly-
merase chain reaction (qPCR) amplification
(Applied Biosystems) with SYBR green PCR mas-
ter mix (Applied Biosystems). Samples in which
no reverse transcriptase was added (no RT) were
included for each RNA sample. qPCR data were
calculated using the comparative Ct method
(Applied Biosystems). Standard deviations from
the mean of the [A] Ct values were calculated
from three independent RNA samples. Primers
are described in Supplemental Table 1. Where
possible, intron spanning primers were used. All
quantitative PCR was performed in triplicate, and
three independent RNA samples were assayed for
each time point. For measurements of relative
gene expression, a fold change was calculated for
each sample pair and then normalized to the fold
change observed at HPRT and/or 18S rRNA.

Chromatin immunoprecipitation assays

ChIP assays were performed as described pre-
viously [33]. The following antibodies were used:
anti-Jarid2 (Cell Signaling), anti-Ezh2 (Cell
Signaling), anti-H3K27me3 (Cell Signaling) and
anti-H3K9me (pan)(Cell Signaling). Rabbit IgG
(SCBT) was used as a mnonspecific control.
Primers are described in Supplemental Table 1.
Primers to detect H3K27 methylation were
designed based on the H3K37 methylation peaks
detected in C2C12 cells using the WashU epigen-
ome browser (https://epigenomegateway.wustl.
edu/). The real-time PCR was performed in tripli-
cate. The results were represented as the percen-
tage of IP over input signal (% Input) with
background signal subtracted. The sample varia-
tion was corrected by normalized values obtained
from 2% input (1/50™) of the input chromatin
(Relative Enrichment (% Input)). All ChIP assays
shown are representative of at least three indivi-
dual experiments. Standard error from the mean
was calculated and plotted as the error bar.

EdU incorporation assay

Cells were assayed using a Click-iT EdU Alexa Flour
488 Imaging Kit according to the manufacture’s
protocol (Life Technologies). C2C12 and primary
myoblast cells were grown in the presence of
10 uM EdU for two and three hours, respectively,
except for Figure 1(d) where C2C12 cells were
grown in presence of EAU for 12 hours. Primary
antibodies for EZH2 (Cell Signaling) and cleaved
caspase-3 (Cell Signaling) were used to perform
the immunofluorescence. Alexa Fluor 594 was
used to detect the immunostained proteins. EAU
and immunostained protein positive nuclei were
counted in at least five random fields on micro-
scopic images taken at 200X and 400X magnifica-
tion using a Leica microscope. The signal intensity
of EAU positive nuclei were measured using Image]
software (NIH) in at least six random fields.

Proliferation assay

An equal number of cells were seeded, and on the
indicated days, cells were harvested using trypsin,
resuspended and counted under a light micro-
scope using a hemocytometer. Cell viability was
determined by trypan blue staining. Cell counting
was performed in duplicate for at least three
blinded biological replicates.

Cell cycle analysis by flow cytometry

Cells were split in 100 mm diameter plate at 1:5
dilution, grown for 48 hours in duplicates in 10%
FBS in 5% CO2 incubator. The cell plates were
washed twice with sterile 1x PBS pH 7.4, harvested
using trypsin, and resuspended in 1x PBS pH 7.4.
Cells were pelleted down at 600x g for 5 min at
room temperature (RT), washed twice with 1X PBS
and were fixed in chilled 70% ethanol overnight at
—-20°C. Cells were washed with 1X PBS pH 7.4,
treated with RNase (10 pg/ml) and stained with
propidium iodide (50 pg/ml) for 2 hours at RT
before running through a BD Accuri C6 flow cyt-
ometer (BD Biosciences, San Jose, CA). Data were
analyzed using FlowJo (FlowJo LLC) software.
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Figure 1. Stable EZH2 depletion results in increased proliferation and DNA synthesis in C2C12 cells.

a. Depletion of EZH2 increases cell proliferation. Proliferation curve for C2C12 cells stably expressing control scrambled shRNA (scr) or
shRNA targeted against EZH2 mRNA (shEzh2). Data plotted are mean (+SEM) (Student t.test, ***p < 0.001, n = 3 biological
replicates).b. Increased DNA synthesis upon depletion of EZH2 in C2C12 cells. Cells as in a. were subjected to EdU (Green)
incorporation assay (left panel). DAPI (Blue) was used to stain nuclei. Scale bars, 100 um. Percent of EdU™ nuclei were counted in
at least five random fields of one representative experiment of two and plotted (right panel). Data plotted are mean (+SEM) (Student
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MTT assay

C2C12 and primary myoblast cells were har-
vested using trypsin and counted using
a hemocytometer after trypan blue staining.
1,000 cells/well (C2C12) and 2,000 cells/well
(primary myoblasts) were seeded in triplicate in
96-well plates for each concentration and time
point. Wells were coated with collagen (0.01%
Collagen Type I, Corning) for primary myo-
blasts. DMSO and GSK126 were serially diluted
to the desired concentration in DMEM with 10%
FBS for C2C12 and F-10 media with 20% FBS
for primary myoblasts for the indicated time
points. On the final day, 68 hours from the
first treatment, MTT reagent was added to each
well (5 mg/ml) concentration, and cells were
incubated for 3 hours at 37°C in 5% CO, incu-
bator. Cells were lysed with DMSO and absor-
bance was read at 560 nm in a multi-well plate
reader (GLOMAX Multi-Detection System,
Promega). GSK126 treated samples were nor-
malized with the DMSO control samples of the
same time point, and the graph was generated
using GraphPad Prism 8.0. The experiment was
repeated three times (n = 3).

Statistics

Data are presented as means + standard errors (S.
E.). Each dot in the bar graph represents an indi-
vidual data point. Statistical comparisons were
performed using the wunpaired two-tailed
Student’s t-test or the ANOVA test followed by
Tukey’s multiple comparisons test (Figure 1(f)).
Samples not sharing an alphabet are statistically
significant. A probability value of <0.05 was taken
to indicate significance.

Results
Modest depletion of EZH2 enhances proliferation

In a previous study, we established stable cell lines
depleted for EZH2 with three independent shRNA
constructs in C2C12 cells, a well established
in vitro differentiation model [30]. In that work,
we found that the loss of PRC2 dependent repres-
sion of a Wnt antagonist, SFRPI, resulted in
impaired differentiation [30]. Here, we sought to
understand the function of EZH2 in skeletal mus-
cle proliferation. EZH2 has been shown to be
required for the viability of several cell types [34]
and ablation of Ezh2 in skeletal muscle precursors
led to reductions in the MSC pool [19]. Thus, we
sought to determine how EZH2 controls cell pro-
liferation in myoblasts. All described experiments
were performed in cell lines depleted with two
independent shRNA constructs (shEZH2-1 and
shEZH2-3), and the results were consistent.
Confirmation of the depletions at the RNA and
protein levels are shown in Supplemental Figure 1.
For clarity, only the results for one shRNA con-
struct (ShEZH2-1) are shown. We assayed for the
proliferation rate of these cells, and we found that
C2C12 cells depleted for EZH2 proliferated signif-
icantly faster than cells with the scrambled control
(Figure 1(a)). To determine if the enhanced pro-
liferation was correlated with increased DNA
synthesis, we utilized an EdU incorporation assay
and found that the number of cells with active
DNA synthesis marked by EdU incorporation
was significantly higher in EZH2 depleted cells
(Figure 1(b)). To understand how enhanced pro-
liferation and DNA synthesis correlated with
changes in the cell cycle, we assessed the cell
cycle state. We found that EZH2 depleted cells

were highly enriched in S phase with

t.test, **p < 0.01, n = 2 biological replicates).c. Asynchronously growing C2C12 cells as in a. were sorted using flow cytometer after
propidium iodide staining and were analyzed for cell cycle phase distribution using FlowJo software (Fig S2). Data shown are mean
(£SEM) (Student t.test, *p < 0.05, **p < 0.01, n = 3 biological replicates).d-e. Cells as in a. were subjected to EdU (Green)
incorporation assay (d) for 12 hours (untreated). EdU was washed away, and the cells were treated with either DMSO or the CDK4/6
inhibitor (iCDK4/6), palbociclib at 400 nM, for another 72 hours. DAPI (Blue) was used to stain nuclei. Scale bars, 50 pm. Percent of
EdU™ nuclei were counted in at least six random fields of one representative experiment of two and plotted (e). Data plotted are
mean (£SEM).f. EdU fluorescence intensity from at least six random fields from cells in d. were measured and plotted. Data plotted
are mean (+SEM). (ANOVA test followed by Tukey's multiple comparisons test; Samples not sharing an alphabet are statistically

significant, p < 0.01)



a corresponding reduction in the Go/G; pool com-
pared to cells with the scrambled control (Figure 1
(c) and Supplemental Figure 2). To determine if
the cells in S-phase could reenter the cell cycle and
continue proliferating, we incubated EZH2 and scr
depleted C2C12 cells with EdU for 12 hours to
label as much of the cell population as possible.
EdU was then removed and cells were allowed to
continue proliferating, which would be indicated
by a reduction in the EdU signal (Figure 1(d)).
Cells were also allowed to proliferate in the pre-
sence of a CDK4/6 kinase inhibitor (iCDK4/6),
palbociclib (Figure 1(d)). The percentage of EdU
positive cells was quantitated (Figure 1(e)). Even
after 12 hours of EdU incubation, the EZH2
depleted cells show an enhanced percentage of
EdU positive cells (Figure 1(e)), consistent with
our earlier data. Next, the EAU signal intensity in
cells was quantitated (Figure 1(f)). We found that
for both scr and EZH2 depleted cells, a significant
reduction in EdU signal intensity was observed,
confirming that these cells were reentering the
cell cycle. Intriguingly, for EZH2 depleted cells,
this reduction was blocked by iCDK4/6, indicating
this effect was kinase dependent.

EZH2 represses cyclin D1 to regulate the G,/S
transition

To understand how EZH2 was promoting prolif-
eration and regulating the G,/S transition, we
examined the expression of factors that mediate
this transition, including the gene encoding cyclin
D1 (Ccndl). Cyclin D1 has been shown to be
methylated at histone H3 lysine 27 in C2CI12
cells in a PRC2 dependent manner upon differen-
tiation [10]. We found that Ccndl mRNA was
upregulated (Figure 2(a)) in cells depleted for
EZH2, and the upregulation of cyclin D1 was
confirmed at the protein level as well (Figure 2
(b)). We next examined cyclin E1 (Ccnel), which
functions in concert with cyclin D1. We found that
cyclin El, like cyclin D1, was also upregulated at
the level of mRNA (Figure 2(c)) and protein
(Figure 2(d)). CDK4/6 and CDK2 are the cyclin-
dependent kinases (CDK) that partner with cyclin
D1 and cyclin El, respectively. Thus, we also
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examined the expression of CDK4 and CDK2
and found that they were upregulated at the
mRNA level (Figure 2(e)) as well as the protein
level (Figure 2(f)).

Our cell cycle analysis had shown an increase
of cells in S phase and a reduction of cells in the
G2/M phase (Figure 1(c) and Supplemental
Figure 2). Thus, we also examined the expression
of the cyclins and cyclin dependent kinase that
mediate the S/G2/M transitions. We assayed for
mRNA expression of cyclin A2 (Ccna2) (Figure 2
(g)), cyclin Bl (Ccnbl) (Figure 2(h)) and their
partner cyclin dependent kinase, Cdkl (Figure 2
(1)), in scr and EZH?2 depleted cells and found no
significant change in mRNA expression of any of
these factors. As Pax7 has shown to by repressed
by PRC2, we also examined the expression of
Pax7 mRNA and found no significant change in
expression (Figure 2(j)), suggesting that the
depletion of EZH2 is insufficient to reactivate
Pax7 in myoblasts.

Taken together, our data strongly suggested that
the effect on proliferation observed were through
the upregulation of cyclin D1 and E1. To confirm
that Ccndl and Ccnel were direct targets of the
PRC2 complex, we examined the EZH2 enrich-
ment and histone modifications associated with
the Ccndl and Ccnel promoters by chromatin
immunoprecipitation (ChIP) assays. To identify
promoter regions that could be a target of EZH2,
we examined the trimethylation of H3K27
(H3K27me3) global enrichment profile in C2C12
cells available in the WashU Epigenome browser
(https://epigenomegateway.wustl.edu/).  Primers
were designed according to the methylation
peaks detected in this analysis. We found that
H3K27 was methylated on the Ccndl promoter,
and the depletion of EZH2 reduced this modifica-
tion (Figure 2(k)). In cardiac cells, Ccndl has been
shown to be repressed by H3K9 methylation [35].
Thus, we examined the methylation of H3K9 at
the Ccndl promoter in cells depleted for EZH2
and found no change in the H3K9 methylation
profile upon EZH2 depletion, indicating that
EZH2 does not play a role in directing this mod-
ification in skeletal muscle (Figure 2(1)). We found
that EZH2 was associated with the Ccndl
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a-b. Cyclin d1 is repressed by EZH2. Scrambled (scr) and shRNA expressing (shEzh2) C2C12 cells were assayed for cyclin d1 by qRT-
PCR (a) and western blotting (b). Blots in b. were quantified, normalized to GAPDH and labeled below the blot. Data shown are
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promoter, and this enrichment was reduced when
EZH2 was depleted (Figure 2(m)). EZH2 has pre-
viously been shown to bind to the Ccndl promoter
in myotubes [10], but we show here that this can
also be detected in myoblasts. We also asked if
JARID2 was associated with the Ccndl promoter.
We found that JARID2 was bound to the promoter
and this enrichment was diminished upon EZH2
depletion (Figure 2(n)).

We next asked if Ccnel was also a direct target
of the PRC2 complex. We found that H3K27
methylation could be detected at the Ccnel pro-
moter, and this enrichment was reduced upon
EZH2 depletion (Figure 2(o)). EZH2 was found
to be associated with the Ccnel promoter, and
EZH2 depletion reduced this association (Figure
2(p)). We also found that JARID2 was recruited to
the Ccnel promoter and this recruitment was
dependent on the presence of EZH2 (Figure 2
(q)). As a positive control for our ChIP experi-
ments, we also examined the enrichment of
H3K27me3 at the Hoxb7 promoter (Figure 2(r)),
a well-characterized target of PRC2 [36]. To com-
pare enrichments on the Hoxb7 and Ccndl pro-
moters, we also plotted the data as percent input
(Supplemental Figure 3). By this analysis, it can be
seen that H3K27me3 is more enriched at the
Hoxb7 locus. However, the depletion of EZH2
did not reduce H3K27me3 at the Hoxb7 promoter,
indicating that the methylation of Ccndl is a more
dynamic modification.

Cyclin D1 regulates the cell cycle by inhibiting
the function of pRB (Rb1) through direct phosphor-
ylation [37]. RBI is required for the irreversible cell
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cycle exit associated with the arrest of myoblasts
and myogenic differentiation [9,10]. Thus, we
examined the protein expression of RB1 and
found that RB1 expression was inhibited when
EZH2 was depleted (Figure 3(a)). We also exam-
ined the phosphorylation of RB1 and found that
RBI1 was heavily phosphorylated in EZH2 depleted
cells. Our results show that RBI is strongly inhib-
ited both by phosphorylation and overall expression
in EZH2 depleted cells where cyclin D1 is upregu-
lated. The phosphorylation of RBI also confirms
that cyclin D1 and associated cyclin dependent
kinases are active in these cells (Figure 3(a)).

To understand if the inhibition of RB1 was
directly mediated by the PRC2 complex or
a result of cyclin D1 overexpression, we examined
the Rb1 promoter for the presence of EZH2. We
found that EZH2 was associated with the RbI
promoter (Figure 3(b)). Correspondingly, we also
found that H3K27me3 was enriched on the RbI
promoter, and this enrichment was decreased
upon EZH2 depletion (Figure 3(c)). We also
examined the methylation of H3K9 but observed
no change in the enrichment upon the depletion of
EZH2 (Figure 3(d)). The presence of JARID2 was
also examined, and we found that JARID2 was
associated with the Rbl promoter in an EZH2
dependent manner (Figure 3(e)). Thus, RbI is
a direct target of the PRC2 complex. However,
our data clearly show that relieving PRC2
mediated inhibition is not sufficient to activate
Rb1I in the presence of cyclin D1

We also examined the expression of p21
(Cdknla), which is also required for cell cycle

labeled below. Data shown are mean (+SEM) (Student t.test, *p < 0.05, **p < 0.01, n = 4(c) and 3(d) biological replicates)E-f. Cyclin-
dependent kinases (Cdk) are upregulated upon EZH2 depletion. Cells as in a. were assayed for mRNA levels of Cdk2 and Cdk4 by gRT-
PCR (e) and protein by western blot assays (f). Blots in f. were normalized to GAPDH and labeled below the blot. Data shown are
mean (£SEM) (Student t.test, *p < 0.05, n = 3 biological replicates).g-l. Cyclin A2 (Ccna2), Cyclin B1 (Ccnb1) and Cdk1 are unaltered
upon EZH2 depletion. Cells as in a. were assayed for mRNA levels of Ccna2 (g), Ccnb1 (h) and Cdk1 (1) by gRT-PCR. Data shown are
mean (£SEM) (Student t.test, ns represents “not significant”, n = 3-5 biological replicates).j. Pax7 is not upregulated upon EZH2
depletion. Cells as in a. were assayed for mRNA levels of Pax7 by qRT-PCR. Data shown are mean (+SEM) (Student t.test, ns
represents “not significant”, n = 3-5 biological replicates).K-n. Cyclin D1 (Ccnd7) is directly repressed by the PRC2 complex. ChIP
assays for H3K27me3 (k), H3K9me (l), EZH2 (m) and JARID2 (n) enrichment on Ccnd1 promoter in cells as in a. Igg background signals
were subtracted from IP signals. Data shown are mean (+SEM) (Student t.test, ns represents “not significant”, *p < 0.05, **p < 0.01,
n = 3-4 biological replicates).o-r. Cyclin e1 is also directly repressed by the PRC2 complex. ChIP assay for H3K27me3 (o), EZH2 (p)
and JARID2 (q) enrichment on the Ccnel promoter in cells as in a. Primers spanning Hoxb7 locus (R) was used as a positive control
for H3K27me3 enrichment. IgG background signals were subtracted from IP signals. Data shown are mean (+SEM) (Student t.test, ns
represents “not significant”, *p < 0.05, **p < 0.01, ***p < 0.001, n = 3 biological replicates).
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Figure 3. Negative cell cycle regulators are also directly requlated by the PRC2 complex.

a. RB1 is inhibited in EZH2 depleted cells. Proliferating, asynchronous scrambled (scr) and EZH2 depleted (shEzh2) C2C12 cells were
assayed by western blot assays (a). Blot was quantified, normalized, and labeled below the blot. Data shown are mean (+SEM)
(Student t.test, *p < 0.05, n = 3 biological replicates).b-e. RB1 is directly regulated by the PRC2 complex. ChlIP assays were performed
on cells as in a. with antibodies against EZH2 (b), H3K27me3 (c), H3K9me dand JARID2 (e) and primers spanning the Rb7 promoter.
Igg background signals were subtracted from IP signals. Data shown are mean (+SEM) (Student t.test, ns represents “not significant”,
*p < 0.05, ***p < 0.001, n = 3 biological replicates).f-g. Cdkn1a mRNA is downregulated upon EZH2 depletion. Cells in a. were
assayed for p21 at mRNA level (f) and protein level (g) by gRT-PCR and western blotting, respectively. Blots in g. were normalized to
Tubulin, and labeled below the blot. Data shown are mean (+SEM) (Student t.test, ns represents “not significant”, *p < 0.05, n =3
biological replicates).h-i. ChIP assays were performed on cells as in a. with antibodies against H3K27me3 and primers spanning the
Cdkn1a promoter (h) and intron 1 (i). IgG background signals were subtracted from IP signals. Data shown are mean (+SEM) (Student
t-test; *p-value <0.05, ***p < 0.001, n = 3-5 biological replicates).

exit. We found that Cdknla mRNA expression was ~ p21 and found that the expression was relatively
modestly inhibited upon EZH2 depletion (Figure 3 ~ unchanged (Figure 3(g)). Importantly, neither the
(f)). We also examined the protein expression of mRNA or protein analysis of p21 showed an



upregulation of p2l1 and instead, suggested
a modest inhibition of p21 that would be expected
in proliferating cells. To determine if Cdknla was
a direct target of the PRC2 complex, we examined
the histone methylation of two previously identi-
fied regions of the Cdknla promoter associated
with H3K27me3. The depletion of EZH2 reduced
the H3K27me3 detected at both the Cdknla pro-
moter (Figure 3(h)) and the first intron region
(Figure 3(i)). Thus, our data show that Cdknla is
a direct target of the PRC2 complex. However, like
RbI, the loss of H3K27me3 is not sufficient to
activate Cdknla in the presence of cyclin D1.
These results were highly surprising given that
the PRC2 complex has been shown to be required
for cell viability in multiple systems, including
skeletal muscle. To rectify our findings with pre-
vious work, we transiently depleted EZH2 in
C2C12 cells, similar to the approach used to
show that EZH2 was required for viability in
human cells [34]. We utilized this approach in
a previous study, where we showed that transient
depletion of EZH2 in C2C12 cells led to an upre-
gulation of Myog [30], as has been observed by
other studies [36,38-40]. Here, we used the same
approach to examine proliferation and Ccndl
expression. C2C12 cells were transiently trans-
fected with the shRNA constructs used for the
stable cell line generation. In this approach, we
observed no enhancement of proliferation and
instead, a slight decrease in proliferation (Figure
4(a)). Down-regulation of EZH2 was confirmed by
mRNA and protein expression (Figure 4(b)). To
correlate this with our previous findings, we exam-
ined the expression of Ccndl and found that
Ccndl mRNA was upregulated 24 hours after
transfection, but the levels quickly returned to
baseline 48 hours after transfection (Figure 4(c)).
As a control for our assay, we assayed myogenin
mRNA expression, which has been previously
shown to be directly regulated by the PRC2 com-
plex [36]. Like Ccndl, we observed a transient
upregulation of Myog by 24 hours post transfec-
tion (Figure 4(d)). The protein expression of cyclin
D1 was also examined at 24 and 48 hours post-
transfection and no upregulation of cyclin DI
could be seen at either time point (Figure 4(e)).
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We also examined mRNA levels of Ccna2 (Figure
4(1)), Cenbl (Figure 4(g)) and CdkI (Figure 4(h))
and found a modest elevation in the expression of
each of these factors required for the S/G2/M
transition, consistent with the mild decrease in
proliferation observed in the cells.

Together these results confirm that our experi-
mental approach could recapitulate what has been
previously reported, but highlight the profound
differences obtained from a transient versus stable
depletion of EZH2. To understand the mechanistic
basis for this effect, we turned to primary myoblast
cells. C2C12 cells are known to have a deletion in
the Ink4a locus that prevents expression of
PI19ARF. Thus, in C2CI2 cells, suppression of
Rb1 is sufficient to induce S phase reentry [41].
Given that we showed that RB1 was inactivated in
EZH2 depleted cells, it was unclear if the absence
of PI9ARF in C2CI12 cells was contributing to the
cell cycle effects observed.

EZH2 is required for viability but promotes
proliferation in primary myoblasts

To understand the effect of EZH2 depletion in
primary myoblasts, we transiently transfected
shEZH2 into freshly isolated primary myoblasts
and assessed cell proliferation. Consistent with
prior studies, we found that the depletion of
EZH2 led to a sharp decrease in cell proliferation
(Figure 5(a)). The depletion of EZH2 was con-
firmed at the level of mRNA (Figure 5(b)) and
protein (Figure 5(c)). The cell cycle profile was
analyzed by flow cytometry. We found that many
of the cells were non-viable upon EZH2 depletion,
again consistent with prior work. However, sur-
prisingly, in the viable cell population, EZH2
depleted cells were more highly enriched in
S phase (Figure 5(d) and Supplemental Figure 4).
To confirm this result, primary myoblasts transi-
ently depleted for EZH2 were also examined for
EZH2 expression and EdU incorporation by
immunofluorescence. We found that the overall
level of EZH2 was reduced in the EZH2 depleted
cells and that an increase in EdU positive cells
could be observed (Figure 5(e)). These results
strongly suggested that the depletion of EZH2



2384 A. ADHIKARI AND J. K. DAVIE

Ezh2 mRNA
® scr scr shEzh2
kokk skk
B shEzh2 ] 2] 2] ]
° ° £ < £ £
| ¥ © ¥ ®
R N <

WD Sy v - EZH2
95KDa—
1 0.41* 0.43*

34KDa — NS a————— GAPDH

[

a b
C2C12
4x105
c 127
=@~ scr 2
3x105+ §
- - shEzh2 =
c 2 1.0
3 it
O 2x105- Transfection %
] ) g
2
1%10°- =
e
0.6
o T T T T
-24 (1] 24 48

Time (Hours)

Ccnd1 mRNA
8-

-]
1

® scr
m shEzh2

dokok AFokok

6=

4

2 ns
1

0

(-2
1

N
1

Relative Fold Expression
Relative Fold Expression
F-N
L

[*1

(=]

myog mRNA

T 1
24hr 48hr
Time (Post-transfection)

® scr
B shEzh2

34KDa — s < s amm. CyclinD1
ns 0.84ns 0.91ns 1 1

M

34KDa — --;--».-—---..GAPDH

T
24hr 48hr 24hr

Time (Post-transfection)

f Ccna2 mRNA g

ns
[ —

N
=
]

Relative Fold Expression
g 5
L

Relative Fold Expression

kokok

i

® scr
m shEzh2

-
CJ
L

—

o
CJ
L

Ccnb1 mRNA

T
48hr

Time (Post-transfection)

h Cdk1 mRNA

ns %%k
—
" escr

m shEzh2

i

N
o
J

® scr
m shEzh2

-
(3,
1

Relative Fold Expression
g

o
=)
o

T T
24hr 48hr 24hr

Time (Post-transfection)

Time (Post-transfection)

24hr

48hr
Time (Post-transfection)

48hr

Figure 4. Transient transfection of shEzh2 in C2C12 mildly decreases cell proliferation.

a. Cell proliferation assay in C2C12 cells either transfected with scrambled control (scr) or shRNA against EZH2 (shEzh2) as indicated.
Data plotted are mean (£SEM) (n = 3 biological replicates).b. Confirmation of EZH2 depletion in C2C12 cells in a. by qRT-PCR (left)
and western blot (right). Data plotted are mean (£SEM) (Student t.test, **p < 0.01, ***p < 0.001, n = 3 biological replicates).c.-d.
Cend1 () and Myog (d) are transiently upregulated upon transient loss of EZH2 in C2C12 cells. Cells in a. were assayed for mRNA
expression by qRT-PCR. Data plotted are mean (£SEM) (Student t.test, ns represents “not significant”, ***p < 0.001, n = 3 biological
replicates).e. Cells in a. were assayed at the protein level for cyclin d1 by western blot. The blots were quantified, normalized to
GAPDH and labeled below the blot (Student t.test, *p < 0.05, n = 3 biological replicates).F-H. Ccna2 (f), Ccnb1 (g) and Cdk1 (h) are
transiently upregulated upon transient loss of EZH2 in C2C12 cells. Cells in A. were assayed for mRNA expression by gRT-PCR. Data
plotted are mean (£SEM) (Student t.test, ns represents “not significant”, *p < 0.05, **p < 0.01, ***p < 0.001, n = 3 biological

replicates).

could either promote cell death or enhance prolif-
eration. To confirm this potential dual effect, we
examined the expression of cleaved caspase-3 to
detect apoptotic cells and EdU to detect

proliferation in EZH2 depleted cells. We found
both an increase in the EAU positive population
and the cleaved caspase-3 positive cell population
upon EZH2 depletion (Figure 5(F) and
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Figure 5. Transient loss of EZH2 in primary myoblasts decreases cell viability and also has increased proliferative cell population.

a. Transient loss of EZH2 in primary myoblasts shows decreased cell viability. Cell proliferation assay in primary myoblast cells either
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biological replicates).d. Increased s-phase cell population among viable cells upon transient EZH2 depletion. Primary myoblasts in
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Supplemental Figure 5). We found that EZH2
depleted cells were either EAU positive or cleaved
caspase-3 positive, indicating that cells either
initiated apoptosis or increased DNA synthesis.
These results strongly suggested that there were
two distinct cell populations, likely correlated
with the level of EZH2 depletion.

We next examined gene expression in the pri-
mary myoblasts transiently depleted for EZH2,
and found that the results largely confirmed what
we found with a transient approach in C2Cl2
cells. In primary myoblasts transiently depleted
for EZH2, both Myog (Figure 6(a)) and Myodl
(Figure 6(b)) were upregulated upon transient
EZH?2 depletion. Consistent with the high degree
of non-proliferative cells observed in this approach
(Figure 5(a)), we found that Ccndl (Figure 6(c))
and Ccnel (Figure 6(d)) were downregulated, as
were Cdk2 (Figure 6(e)) and Cdk4 (Figure 6(F)).
We found that Cdknla (p21) was upregulated
(Figure 6(g)). Cdkn2a (corresponding to both
p19** and p16™"**) was downregulated (Figure
6(h)), suggesting that the loss of this locus in
C2C12 cells likely did not contribute to our earlier
results. We also examined Ccnal and Ccnbl
expression and found that both cyclins were mod-
estly upregulated (Figure 6(i,j)). Pax7 mRNA
expression was unaffected (Figure 6(k)). The
downregulation of cyclin D1 and associated cyclin
dependent kinases and a modest upregulation of
p21 were confirmed by western blot analysis
(Figure 6(1)). We also examined two markers of
apoptosis, Bax and Bcl2. Bax is considered a pro-
apoptotic marker, while Bcl2 is an anti-apoptotic
marker. We found that Bax mRNA was upregu-
lated (Figure 6(m)), while Bcl2 mRNA was not
significantly changed (Figure 6(n)).

Together, these results showed that transient
depletion of EZH2 in primary myoblasts leads to
upregulation of negative cell cycle genes, such as
p21, suppression of positive cell cycle genes, and
an upregulation of the pro-apoptotic Bax gene.
The cyclins responsible for the G1/S transition,
cyclin D and cyclin E, were downregulated, while
the cyclins for the S/G2/M transition, cyclin A and
cyclin B, were upregulated.

Our results suggested that there were two popu-
lations of cells upon EZH2 depletion; one which
promoted entry into S phase and enhanced prolif-
eration and one which exited the cell cycle and
initiated apoptosis. We hypothesized that the level
of EZH2 in cells might underlie this difference.
Cells with modestly reduced EZH2 would upregu-
late Ccndl and proliferate, while severe EZH2
depletion would inhibit proliferation and result
in cell death. To test this hypothesis, we used
a chemical inhibitor of EZH2, GSK126 [42].
Primary myoblasts were treated with varying con-
centrations of GSK126, and we found that low
concentrations indeed enhanced proliferation,
while higher concentrations inhibited cell growth
(Supplemental Figure 6). Enhanced proliferation
in the presence of a low concentration of
GSK126 is also shown in Figure 7(a). To correlate
these changes with the gene expression results we
had seen, primary myoblasts were treated with low
concentrations of GSK126 and harvested for RNA
analysis (Figure 7(b)). Consistent with our initial
results from the stable, modest depletion of EZH2
in C2C12 cells, we found that Ccndl and Ccnel
were upregulated, as were Cdk2 and Cdk4.
Intriguingly, RbI was also upregulated in this
approach while Cdknla was downregulated.
Proliferating cell nuclear antigen (Pcna), which is

A. were sorted at 48 hours post-transfection of scrambled control (scr) or shEzh2 using flow cytometer after propidium iodide
staining and analyzed using FlowJo software (Fig. S5). Data plotted are mean (+SEM) (Student t.test, ns represents “not significant”,
*p < 0.05, **p < 0.01, n = 2 biological replicates).E. EZH2 depletion has increased DNA synthesis. Primary myoblasts as in a. were
subjected to EdU incorporation assay. EdU (Green) and EZH2 (Red) were stained. DAPI (Blue) was used to stain the nuclei (e, left
panel). Scale bars, 100 um. Percent of EJU* nuclei were counted in at least ten random fields and plotted (right panel). Data plotted
are mean (+SEM) (Student t.test, *p < 0.05, n = 3 biological replicates).f. Both proliferative and apoptotic cell populations increase on
EZH2 loss in primary myoblast cells. Cells as in a. were subjected to EdU (Green) incorporation assay. Cleaved Caspase-3 (Red,
Arrowhead) was stained for apoptotic cells. DAPI (Blue) was used to stain nuclei. Scale bars, 100 pm. Percent of EdU* and Cleaved-
Caspase 3" nuclei were counted in at least five random fields and plotted (right panel). Data plotted are mean (xSEM) (Student t.

test, *p < 0.05, n = 2 biological replicates).
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Figure 6. Transient loss of EZH2 in primary myoblasts leads toincreased MRF and negative cell cycle gene expression while positive
cell cycle genes are downregulated.

a-b. Myog and Myod1 expression are upregulated upon loss of EZH2 in primary myoblasts. Primary myoblast cells transiently
transfected with scramble control (scr) or shEzh2, 48 hours post-transfection, were assayed for mRNA expression of Myog (a) and
Myod1 (b) by qRT-PCR. Data plotted are mean (+SEM) (Student t.test, ***p < 0.001, n = 3 biological replicates).C-J. Cell cycle genes
are deregulated upon loss of EZH2. Cells in a. were assayed for mRNA expression of Ccnd1 (c), Ccnel (d), Cdk2 (e), Cdk4 (f), Cdknla
(G), Cdkn2a (h), Ccna2 (i) and Ccnb1 (J),by gRT-PCR. Data plotted are mean (£SEM) (Student t.test, *p < 0.05, **p < 0.01,
***p < 0.001, n = 3-5 biological replicates).k. PAX7 is not upregulated upon depletion of EZH2 in primary myoblasts. Cells in
A were assayed for mRNA expression by qRT-PCR. Data plotted are mean (+SEM) (Student t.test, ns represents “not significant”,
n = 3-5 biological replicates).l. Western blot analysis of cells in a. for cyclin D1, cyclin E1, CDK4, CDK2 and p21. GAPDH was used as
a loading control. A representative blot of three biological replicate experiments is shown. Blots in |. were quantified, normalized to
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required for DNA replication and a marker for
S phase, was also highly upregulated.
Importantly, we found that the mRNA expression
of p16™*** and p19*** were unchanged, suggest-
ing again that the absence of this locus does not
underlie the effects on proliferation we observed in
C2C12 cells. We also examined the protein expres-
sion of cell cycle factors in the presence of low
concentrations of GSK126 and found that the
upregulation of cyclin D1, CDK4 and CDK2
could be observed at the protein level (Figure 7
(c)). We also saw an upregulation of RB1, but the
change in p21 was not significant (Figure 7(c)). As
a control for the study, we also examined MYOG,
a well characterized target of the PRC2 complex
and found, as anticipated, that it was upregulated
(Figure 7(c)).

This experiment was repeated in C2C12 cells
and we found similar results, although the absolute
concentrations of the drugs required to see the
effects  differed between the cell lines
(Supplemental Figure 6). For C2C12 cells, a low
concentration of GSK126 again enhanced cell pro-
liferation (Figure 8(a)). mRNA expression analysis
showed an upregulation of Ccndl, Ccnel, Cdk2
and Cdk4 (Figure 8(b)). Pcna was also upregulated.
We found that RbI was upregulated while CdknIA
was unchanged in expression, as were Myog and
MpyoD1. Cyclin D1 and CDK4 expression were also
examined at the protein level, and we found that
cyclin D1 and CDK4 were indeed upregulated
upon modest inhibition of EZH2 (Figure 8(c)).
Finally, we performed a ChIP analysis for
H3K37me3 enrichment in C2C12 cells exposed
to a low concentration of GSK126. We found
that reductions in H3K27me3 enrichment were
observed on the Ccndl, Ccnel, Myog, Rbl and
Cdknla promoters (Figure 8(d)), consistent with
the ChIP results shown for the modest, stable
depletion of EZH2 in C2CI12 cells and confirma-
tion that the low dose of GSK126 did inhibit EZH2
activity.

Discussion

In this work, we show that the PRC2 complex has
the unexpected function to restrain proliferation
by repressing the pro-proliferative cell cycle regu-
lators, Ccndl and Ccnel, in skeletal muscle.
Intriguingly, the PRC2 complex also represses
negative cell cycle genes such as Rbl and
Cdknla, the repression of which prevents mitotic
exit and terminal differentiation. Thus, the normal
function of the PRC2 complex in skeletal muscle
appears to be restraining the rate of proliferation
while also preventing mitotic exit by directly
repressing both positive and negative cell cycle
regulators as summarized in Figure 8(e). Our
work shows that positive cell cycle regulators
appear to be more sensitive to PRC2 repression
compared to negative regulators, suggesting that
cells may have a certain threshold level of EZH2
that is maintained during myoblast proliferation
until they receive a cue for cell cycle exit and
differentiation.

It is interesting that the PRC2 complex directly
regulates both cyclin D1 and cyclin E1 to maintain
control of the cell cycle. The dual regulation serves
to maintain control of two central regulators of
S phase. Our results suggest that the PRC2 com-
plex has many divergent roles in skeletal muscle
cells that requires a fine balance of EZH2 expres-
sion throughout the progression of proliferation
and differentiation. In the stable C2C12 EZH2
depletion cell line characterized here, the loss of
inhibition of cyclin D1 clearly dominates the
potential derepression of RbI. This effect was not
observed in the time course of treatment with low
concentrations of GSK126, where both Ccndl and
Rb1 were upregulated, which suggests that it is the
sustained modest depletion of EZH2 that leads to
the upregulation of Ccndl and the cyclin D1
dependent repression of Rb1.

The PRC2 complex plays many roles in mediat-
ing the cell fate transitions that occur during

GAPDH and labeled below the blots. Data shown are mean. (Student t.test, ns represents “not significant”, *p < 0.05, n = 3 biological
replicates).m-n. Pro-apoptotic gene expression is increased upon EZH2 depletion. Cells in a. were assayed for mRNA expression of
the pro-apoptotic gene, Bax (m) and anti-apoptotic gene, Bc/2 (n) by qRT-PCR. Data plotted are mean (+SEM) (Student t.test, ns

represents “not significant”, **p < 0.01, n = 3 biological replicates).
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Figure 7. Catalytic inhibition of EZH2 by GSK126 at low concentrations enhances proliferation in primary myoblasts.

a. Cell proliferation curve of primary myoblast cells upon treatment with 0.03% DMSO control and 0.66 uM EZH2 inhibitor, GSK126.
Data plotted are mean (+SEM) (Student t.test, **p < 0.001, n = 4 biological replicates).B. Cell cycle genes are deregulated on
inhibition of EZH2 activity by GSK126. Primary myoblast cells as in A. were treated with DMSO control and 0.66 pM GSK126 for
72 hours. mRNA expression of cell cycle genes and myogenic regulatory factors (MRFs) were assayed by qRT-PCR. Data plotted are
mean (+SEM) (Student t.test, ns represents “not significant”, **p < 0.01, ***p < 0.001, n = 3 biological replicates).C. The protein level
of cell cycle gene expression was assayed in primary myoblast cells treated with DMSO control and GSK126 (left panel). The samples
were loaded at 15 and 30 pg protein concentration. Blots in C. were quantified, normalized to GAPDH and plotted (right panel). Data
shown are mean (£SEM) (Student t.test, ns represents “not-significant”, *p < 0.05, n = 3 biological replicates).
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Figure 8. EZH2 inhibition by low concentration of GSK126 in C2C12 cells recapitulates increased cell proliferation.

A. Cell proliferation curve of C2C12 cells upon treatment with 0.06% DMSO control and 1.25 uM EZH2 inhibitor, GSK126. Data plotted
are mean (+SEM) (Student t.test, *p < 0.05, n = 3 biological replicates).B. Cell cycle genes are deregulated on inhibition of EZH2
activity by GSK126. C2C12 cells as in A. were treated with DMSO control and 1.25 pM GSK126 for 48 hours. mRNA expression of
various cell cycle genes, myogenic regulatory factors (MRFs) were assayed by qRT-PCR. Data plotted are mean (+SEM) (Student t.test,



myogenesis. While the inflammatory signaling
mediated repression of Pax7 was known to occur
only in MSCs, Pax7 was known to be constitu-
tively repressed by PRC2 in myotubes [24]. Our
results show that depletion of EZH2 is insufficient
to derepress Pax7 in committed myoblasts. It is
highly likely that additional repression mechan-
isms function to maintain Pax7 silencing in
myotubes.

Polycomb group proteins are antagonistic to the
Trithorax group of proteins and the balance
between these complexes is thought to govern
normal gene regulation, with perturbations to
this balance leading to pathogenesis and disease
[43]. PRC2 also localizes to replication forks and
loss of function affects the progression of DNA
replication forks [44]. Consistent with other data
supporting a role for EZH2 in proliferation
[19,34], we found that transient expression of
shEZH2 did lead to reductions in cell viability.
However, the cells that were viable showed accu-
mulations in S phase. Modest chemical inhibition
of EZH2 also led to enhanced proliferation, while
severe chemical inhibition leads to growth reduc-
tion and cell death. It is worth noting that we used
five individual shRNA constructs against EZH2 to
generate the stable EZH2 depletion cell lines and
all constructs generated either no or modest deple-
tions. Characterization of the modest EZH2 deple-
tion cell lines we recovered showed enhanced
proliferation and stable enhanced expression of
cyclin DI1. In this work, we identified two indivi-
dual shRNA constructs that resulted in significant
EZH2 depletion so we also generated stable cell
lines with pooled shRNA constructs but found no
additional depletion of EZH2. These data strongly
suggest that cells can only tolerate a modest
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depletion of EZH2 and that more significant
depletions of EZH2 result in a loss of viability.

Our data support a model where the PRC2 com-
plex acts to tightly control cellular growth by repres-
sing both positive and negative cell cycle regulators,
yet also maintains other critical functions in the cell.
The loss of EZH2 triggers cell death, and the upre-
gulation of positive cell cycle regulators such as
cyclin D1 and cyclin E1 are quickly lost. The results
with RbI are intriguing. It has been shown that
inhibition of RbI is sufficient to induce S phase
reentry in C2C12 cells, but primary myoblasts
require suppression of both RbI and PI9ARF for
S phase reentry [41]. In our study, modest inhibition
of EZH2 induced S phase reentry by upregulating
Ccndl, irrespective of the upregulation of RbI.
P19ARF locus expression was unchanged, indicating
that suppression of the locus is not required for
S phase reentry with the EZH2 dependent upregula-
tion of Ccndl and Ccnel.

It is interesting that the MRFs are known to
regulate several genes critical for cell cycle progres-
sion [45] and the PRC2 complex controls both
MRF expression and the cell cycle machinery.
This interplay profoundly regulates the fate of
a myogenic cell by controlling the decision to
proliferate or exit the cell cycle to initiate
differentiation.

EZH2 has been implicated as both an onco-
gene and a tumor suppressor in cancer [46], and
our results support how EZH2 could promote or
suppress proliferation depending on the overall
levels and co-factors present in the cell. Our
results show that loss of H3K27me3 on
a promoter is not sufficient for the expression
of a given gene, and it is likely the cellular con-
text and the other transcription factors available

ns represents “not significant”, *p < 0.05, ***p < 0.001, n = 3 biological replicates).C. Expression of EZH2, cyclin D1 and CDK4 were
assayed at the protein level by western blot after 24 and 48 hours of DMSO and GSK126 treatment. GAPDH was used as loading
control. Blots in C. were quantified, normalized to GAPDH and labeled below the blots. Data shown are mean. (Student t.test, ns
represents ‘not significant”, *p < 0.05, n = 3 biological replicates).D. H3K27me3 is reduced on cell cycle genes in C2C12 cells treated
with the EZH2 inhibitor, GSK126. ChIP assays for H3K27me3 enrichment on the promoters of cyclin D1 (CcndT), cyclin E1 (Ccnel),
myogenin (Myog), Rb1 and intron 1 of p21 (CdknTa) in C2C12 cells treated with 0.06% DMSO control and 1.25 pM GSK126 cells for
48 hours. 1gG background signals were subtracted from IP signals. IP signals below background was zeroed. Data plotted are mean
(£SEM) (Student t.test, *p < 0.05, **p < 0.01, ***p < 0.001, n = 3 biological replicates).E. A schematic model showing the regulation
of both positive and negative requlators of the cell cycle by the PRC2 complex to balance skeletal muscle proliferation and

differentiation.



2392 (&) A. ADHIKARI AND J. K. DAVIE

govern which genes are expressed. Both Myog
and RbI are examples of this. While both are
targets of EZH2 and show immediate upregula-
tion upon depletion or inhibition of EZH2, their
expression is determined by the cellular context.
In the case of Myog, the loss of Wnt signaling
leads to the inhibition of MpyodI, which is
needed to activate Myog [30]. For RbI, our
results show that the sustained expression of
cyclin D1 and cyclin E1 leads to the phosphor-
ylation and inactivation of Rb1. Clearly, the roles
of JARID2 and the PRC2 complex are complex
in skeletal muscle and serve to both inhibit and
activate several steps of the myogenic program.
The direct repression of Ccndl and Ccnel by the
PRC2 complex in skeletal muscle is especially
relevant given that conditional expression of
Cdk4/cyclin D1 was recently shown to expand
neural stem cells and increase neurogenesis [47].
The authors suggest that this approach could be
applied to any tissue to control the expansion of
somatic stem cells. In other work, it has also
been shown that a combination of cell cycle
regulators that includes Ccndl induces cytokin-
esis in adult postmitotic cardiac cells, revealing
that expression of these genes could allow pro-
liferation in cells that had exited the cell cycle
and stimulate cardiac regeneration [48]. Our
work shows that modulating EZH?2 activity reg-
ulates Cdk4/cyclin D1, suggesting that this could
be used to expand the muscle stem cell pool and
enhance skeletal muscle repair and regeneration.
Elucidating the multifaceted roles of the PRC2
complex in skeletal muscle contributes to our
understanding of normal myogenesis, repair,
and disease.
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