
Myc Regulates the Transcription of the PRC2 Gene To Control the
Expression of Developmental Genes in Embryonic Stem Cells

Francesco Neri,a,b Alessio Zippo,a Anna Krepelova,a,b Alessandro Cherubini,a Marina Rocchigiani,a and Salvatore Olivieroa,b
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Myc family members are critical to maintain embryonic stem cells (ESC) in the undifferentiated state. However, the mechanism
by which they perform this task has not yet been elucidated. Here we show that Myc directly upregulates the transcription of all
core components of the Polycomb repressive complex 2 (PRC2) as well as the ESC-specific PRC2-associated factors. By express-
ing Myc protein fused with the estrogen receptor (Myc-ER) in fibroblasts, we observed that Myc, binding to the regulatory ele-
ments of Suz12, Ezh2, and Eed, induces the acetylation of histones H3 and H4 and the recruitment of elongating RNA polymer-
ase II at their promoters. The silencing of both c-Myc and N-Myc in ESC results in reduced expression of PRC2 and H3K27me3
at Polycomb target developmental regulators and upregulation of genes involved in primitive endoderm differentiation. The
ectopic expression of PRC2 in ESC, either silenced for c-Myc and N-Myc or induced to differentiate by leukemia inhibitory factor
(LIF) withdrawal, is sufficient to maintain the H3K27me3 mark at genes with bivalent histone modifications and keep repressed
the genes involved in ESC differentiation. Thus, Myc proteins control the expression of developmental regulators via the upregu-
lation of the Polycomb PRC2 complex.

Mouse embryonic stem cells (ESC) pluripotency and their self-
renewing capabilities rely on independent regulatory networks

(2, 7, 17). Recent reports have provided compelling evidence that
Myc plays an important role in ESC homeostasis as well as in cell
reprogramming toward the pluripotent state. The ectopic expression
of Myc in ESC is able to promote their self-renewal and to maintain
pluripotency also in the absence of the cytokine leukemia inhibitory
factor (LIF) signaling (5) produced by feeder cells while inhibition of
the expression of Myc proteins (c-Myc and N-Myc) induces loss of
pluripotency and the spontaneous differentiation of ESC into prim-
itive endoderm (41, 46). Myc overexpression in adult cells can block
differentiation and cooperates with Oct3/4, Sox2, and Klf4 to repro-
gram adult differentiated cells into induced pluripotent stem cells
(iPS), which are virtually indistinguishable from ESC (44). Genome-
wide chromatin immunoprecipitation analyses of these factors both
in ESC and during the reprogramming process (7, 15, 17, 42) pointed
out that Myc is distinguished from Oct3/4, Sox2, and Nanog as it
binds to a different subset of genes. These analyses showed that most
of the Myc bound genes are involved in cell cycle progression and
metabolism. However, Myc also binds to chromatin regulators, sug-
gesting it might also indirectly regulate genes involved in cell differ-
entiation. In agreement with this hypothesis, it has been shown that
during the reprogramming process Myc promotes not only cell rep-
lication but also the repression of fibroblast-specific genes (42).

Myc is a master regulatory transcription factor that has been
estimated to bind to over 10% of cellular promoters in different
cellular types (10, 16, 22–24, 27, 49), modulating the expression of
thousand genes. The mechanism by which Myc activates tran-
scription has been studied in detail. Myc is a weak transcriptional
activator that acts by recruiting to the chromatin modifier en-
zymes that open the chromatin or lead to the release of the RNA
polymerase II by directly or indirectly recruiting to the promoters
the transcription elongating factor b (P-TEFb) (8, 9, 26, 51). Much
less is known about Myc-dependent transcription repression (13).
Myc can negatively regulate transcription via its direct interaction
with the transcription factors Myc interacting zinc protein 1
(Miz-1) (43) or SP1 (12), but a large number of developmental

genes appear to be repressed by Myc independently from this
mechanism.

Polycomb repressive complex 2 (PRC2) core complex is
formed by three components: Suppressor of Zeste 12 (Suz12),
Enhancer of Zeste Homolog 2 (Ezh2), and Embryonic Ectoderm
Development (Eed) (39). Polycomb proteins in Drosophila have
been shown to be required to maintain stem cell and differentiated
cell identity (35). The PRC2 complex also contains several other
subunits, including factors preferentially expressed in ESC like
Jarid2, esPRC2p48, and Pcl2 (19, 21, 25, 31, 32, 37, 47, 50). In ESC,
PRC2 catalyzes histone H3 methylation of lysine 27 at promoters
of developmental regulators whose expression is required later in
development, suggesting that PRC2 contributes to maintain ESC
pluripotency by keeping repressed several developmental regula-
tors (1, 3, 20, 25). The actual role of Polycomb in ESC differenti-
ation has not been fully clarified. Suz12, Ezh2, or Eed null ESC can
actually be established, demonstrating that these genes are dis-
pensable for the establishment and maintenance of ESC (6, 30,
38). However, this appears to be accomplished either by direct
complementation of Ezh2 enzymatic activity by Ezh1 (38) or by
compensatory regulations that overcome PRC2 function in main-
taining ES cells undifferentiated. In fact, Suz12 and Eed mutants
ES cells have been shown to express higher levels of several ESC-
specific genes, including Nanog, Oct 3/4, and Sox2, which could
maintain the cells in the undifferentiated state trough a network of
gene regulatory circuits (38, 45, 47).

Here we show that Myc contributes to maintain ESC undiffer-
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entiated by upregulating the transcription of PRC2 genes. We ob-
served that Myc binds to the E box elements of PRC2 genes, where
it recruits chromatin modifier enzymes, inducing the increase of
active RNA polymerase II on their promoters. Silencing of Myc
proteins in ESC leads to inhibition of the expression of all the
components of the PRC2 complex, resulting in a global reduction
of H3K27me3, derepression of developmentally regulated PRC2
target genes, and expression of regulators of primitive endoderm.

MATERIALS AND METHODS
Cell culture condition. 3T3 and 3T3-MycER fibroblast cells were cul-
tured in growth medium (Dulbecco modified Eagle medium [DMEM]
high glucose with 10% fetal calf serum [FCS]). For time course experi-
ments, cells were starved for 36 h with 0.2% fetal bovine serum and in-
duced with 10% of FCS and with or without 4-hydroxytamoxifen (OHT)
(100 nM) for the indicated time. Cycloheximide was added 1 h before
induction at a concentration of 10 �g/ml. R1 mouse ES cells, expressing
MycT58AER (5) kindly provided by S. Dalton, and E14 mouse ES cells were
cultured in ESC medium (DMEM high glucose with 15% fetal bovine
serum [FBS], NNEA1x, NaPyr1x, 0.1 mM 2-mercaptoethanol, and 1,500
U/ml LIF).

Transfection. Transfection of 3T3 cells and ES cells was performed
using Lipofectamine 2000 transfection reagent according to the manufac-
turer’s protocol using an equal amount of each plasmid in multiple trans-
fections. To obtain a 3T3-MycER stable line, transfected cells were plated
as single cells and cultured for 2 weeks in growth medium with 1 mg/ml
puromycin and then drug-resistant clones were picked, grown, and ana-
lyzed.

DNA constructs and shRNA. Suz12, Ezh2, and Eed expression vectors
were purchased from AddGene (pCMVHA constructs deposited by K.
Helin). Short hairpin RNA (shRNA) constructs were purchased by
OpenBiosystems: c-Myc shRNA 1 (TRCN0000086913), c-Myc shRNA 2
(TRCN0000086916), N-Myc shRNA 1 (TRCN0000020694), N-Myc
shRNA 2 (TRCN0000020696). MycER (Myc protein fused to estrogen
receptor alpha) expression vector was purchased from ADDGENE (Plas-
mid 19128: pBabepuro-myc-ER). This Myc-ER-expressing retroviral
vector was generated by inserting human c-Myc into the pBabepuro3:
hbERTAM vector in frame with the tamoxifen-sensitive hormone binding
domain of the estrogen receptor (34).

ChIP assay. Each chromatin immunoprecipitation (ChIP) experi-
ment was performed in at least three independent biological samples and
performed as described previously (28). Briefly, 1 � 106 cells were cross-
linked by adding formaldehyde 1% for 10 min at room temperature,
quenched with 0.125 M Glycina for 5 min at room temperature, and then
washed twice in phosphate-buffered saline (PBS) before freezing. Pellets
were resuspended in 0.2 ml SDS lysis buffer, stored in ice for 10 min,
sonicated for 15 min at 4°C, and then centrifuged at 14,000 rpm for 10 min
at 4°C. Supernatants were diluted 10-fold with ChIP dilution buffer (1%
were kept as input) and incubated overnight in gentle rotation at 4°C with
1 �g of antibody. Then 10 �l of preblocked protein A beads were added
and incubated for 1 h in the same conditions. After five washes (one in
low-salt wash buffer, one in high-salt wash buffer, one in LiCl salt wash
buffer, and two in TE buffer), the complexes were eluted by adding 0.25
ml of elution buffer for 15 min in rotation at room temperature. After
RNase and proteinase K treatment, DNA was purified by phenol-
chloroform extraction followed by ethanol precipitation. Starting sites of
genes coding for PRC2 subunits were designed according to previously
published papers (28). DNA was analyzed by quantitative real-time PCR
(RT-qPCR) by using the SYBR GreenER kit (Invitrogen). All experiment
values were normalized to those obtained with a nonimmune serum (IgG)
and divided by input (or by pan-H3 values), using the procedure previ-
ously described (18). The data are expressed as percentages of the DNA
inputs or pan-H3. Oligonucleotide sequences are indicated in the supple-
mental material.

RNA analysis. RNA samples were extracted directly from cultured
cells using TRIzol reagent (Gibco) followed by isopropanol precipitation.
RNA was analyzed by quantitative real-time PCR using the Superscript III
platinum one-step qRT-PCR system kit (Invitrogen). For analysis of the
heterogeneous nuclear RNA (hnRNA), RNA was treated with DNase I for
2 h and then analyzed with specific primers. Oligonucleotide sequences
are indicated in the supplemental material.

FACS analysis. Cultured cells were harvested after incubation with
dissociation buffer (Gibco) under gentle agitation and incubated for 30
min in phosphate-buffered saline (PBS)-5% FBS on ice to block unspe-
cific binding. Cells were then incubated with primary antibodies for 30
min in PBS-1% bovine serum albumin (BSA) and after three washes were
stained with conjugated secondary antibodies. Cells were analyzed by
fluorescence-activated cell scan (FACS).

Immunostaining. Cells were plated on coated cover glasses, fixed with
4% paraformaldehyde in PBS for 20 min at room temperature, washed
twice, and incubated with the blocking buffer (PBS, 1% BSA, 0.1% Triton
X-100). The fixed cells were incubated with primary antibody in blocking
buffer for 1 h at room temperature followed by three washes and incuba-
tion with conjugated secondary antibodies in blocking buffer for 1 h at
room temperature. For nuclear staining, cells were incubated for 5 min at
room temperature with ToPro reagent. Images were performed with Leica
TCS SP2 confocal microscopy (Heidelberg, Germany).

Western blotting. Cells were harvested, resuspended in F buffer, and
sonicated for three pulses. Extracts were quantified by bicinchoninic acid
(BCA) assay (BCA protein assay kit; catalog no. 23225; Pierce). Histone
acidic extraction was performed as described previously (11). Samples
were run in SDS-polyacrylamide gels at different percentages and then
transferred to nitrocellulose membranes.

Antibodies. The antibodies used in this work were purchased from
Santa Cruz Biotechnology (anti-c-MYC sc-764 for ChIP experiments,
anti-PIM1 sc-7856, anti-MAX sc-197, anti-Pol II sc-899, anti-HBO1 sc-
25379, anti-TIP60 sc-5725, anti-OCT3/4 sc-5279, anti-N-MYC sc56729,
anti-E2F1 sc-193, anti-GCN5 sc-6303, anti-P300 sc-584, anti-ER sc-544),
from Covance (anti-Pol II, Ser2 H5, anti-polymerase II Ser5 H14), from
Upstate (anti-histone H3 06-755, anti-acetyl histone H3 06-599, anti-
phospho [Ser10]-histone H3 05-817, anti-acetyl histone H4 Lys16 06-762,
anti-acetyl histone H4 Lys12 07-595, anti-acetyl histone H4 Lys8 07-328,
anti-acetyl histone H4 Lys5 07-327, anti-acetyl histone H4 06-598, anti-
trimethyl-histone H3 Lys4 07-473, anti-trimethyl-histone H3 Lys27 07-
449, anti-EED clone AA19, 05-1320, anti SOX1 071673), from Abcam
(anti-histone H4 ab7311, anti-acetyl histone H3 Lys9 ab10812, anti-acetyl
histone H3 Lys14 ab52946, anti-c-MYC ab11917 for Western blotting
experiments), from Cell Signaling (anti-SUZ12 3737, anti-EZH2 3147),
from Bethyl Laboratories (anti-MOF A300-994A), from Sigma (anti-�-
actin A5441), from Chemicon (anti-SSEA1 MAB4301), and from Zymed
(anti-ECAD ECCD2).

Viability assay and cell cycle analysis. A flow cytometry experiment
was performed using LIVE/DEAD cell viability assays from Invitrogen
according to the manufacturer’s protocol. Two-dimensional cell cycle
analysis of the mouse ESC was performed using Click-iT EdU assays from
Invitrogen according to the manufacturer’s protocol with 1 h of EdU
pulse.

One-dimensional cell cycle analysis of the 3T3-MycER cells was per-
formed by fixing cells in Et-OH 70% and staining with propidium iodide
(PI) solution (0.1%Triton, 200 mg/ml RNase, 20 mg/ml PI in PBS) for 30
min at room temperature.

Both experiments were performed using Becton Dickinson FACSCalibur
and FACScan and analyzed by FACS FlowJo Software.

Cell trace analysis. Flow cytometry cell trace analysis was performed
using a CellTrace CFSE cell proliferation kit from Invitrogen according to
the manufacturer’s protocol. The experiment was performed using Bec-
ton Dickinson FACSCalibur and FACScan and analyzed by FACS FlowJo
Software.
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AP staining. Cells were plated as single cells and after 3 days were fixed
with 4% paraformaldehyde for 2 min and then stained with alkaline phos-
phatase (AP) solution (Vector Red alkaline phosphatase substrate kit I;
catalog no. SK-5100).

Histone methylation quantification. Histones were extracted using
an EpiQuik total histone extraction kit (Epigentek). Quantification of
trimethylated H3K4 and H3K27 was performed using the EpiQuik global
tri-methyl histone H3-K4 quantification kit (Colorimetric) and EpiQuik
global tri-methyl histone H3-K27 quantification kit (Colorimetric), re-
spectively (Epigentek). Data were normalized on total histone H3 quan-
tified using the EpiQuik total histone H3 quantification kit (Colorimet-
ric). Data are presented as the mean � standard deviation (SD) of results
from three independent experiments.

A histone methyltransferase assay (HMT) was performed on nuclear
extracts as previously described (51). HMT assays of H3K4 and H3K27
were performed using, respectively, the EpiQuik histone methyltrans-
ferase activity/inhibition assay kit (H3K4) and the EpiQuik histone meth-
yltransferase activity/inhibition assay kit (H3K27).

RESULTS
Myc regulates the transcription of the genes coding for the PRC2
complex. Analysis of Myc target genes by genome-wide chroma-

tin immunoprecipitations (ChIP) in ESC reveals that, in addition
to genes involved in metabolism and cell growth, Myc also binds
to a number of genes coding for chromatin modifier enzymes,
including some members of the Polycomb PRC2 complex (7, 14,
15). We therefore verified whether Myc regulates the expression of
genes coding for the core components Suz12, Ezh2, and Eed of the
PRC2 complex. To analyze the actual contribution of Myc in
PRC2 regulation, we generated mouse fibroblast stable clones ex-
pressing Myc-ER fusion protein that could be activated by cell
treatment with 4-hydroxytamoxifen (OHT). Activation of the
Myc-ER fusion protein by nuclear translocation induced the ex-
pression of the unprocessed heterogeneous nuclear RNA
(hnRNA) as well as the mature transcript of all three core compo-
nents of PRC2 at 2 h and in the presence of the inhibitor of protein
synthesis cycloheximide (CHX) (Fig. 1A), which inhibited cell
cycle progression (see Fig. S1 in the supplemental material). Thus,
excluding that the induction observed was an indirect effect due to
the cell cycle progression. Western blot analysis showed a signifi-
cant increase of Suz12, Ezh2, and Eed proteins in cells treated with
OHT (Fig. 1B), confirming the induction at the protein level.

FIG 1 Myc associates to regulatory elements of PRC2 core genes and activates their transcription. (A) Expression of PRC2 genes Suz12, Ezh2, and Eed hnRNA
(top panel) and mRNA (bottom panel) in mouse NIH-3T3 fibroblasts expressing ectopic Myc-ER protein. Cells arrested by serum starvation were treated for the
indicated time with 10% FCS with or without OHT in the absence or presence of cycloheximide. Data are presented as the mean � SD of at least three
independent experiments. Statistical analysis was performed with respect to uninduced samples. *, P value � 0.01. **, P value � 0.05. (B) Western blot analysis
of mouse NIH-3T3 fibroblasts expressing exogenous Myc-ER protein after OHT treatment at the times indicated. Cells arrested by serum starvation were treated
for the indicated times with 10% FCS with or without OHT in the absence or presence of cycloheximide. (C) Schematic representation of Suz12, Ezh2, and Eed
promoter regions. Arrows indicate the transcription start sites (TSS). Squares represent the putative Myc binding sites (E boxes). Circles represent E2F binding
sites (E2F). Convergent small arrows under each gene represent the positions of the regions analyzed by ChIP at the TSS, at Myc binding sites for each gene, or
at 5 kb upstream of Suz12 as a Myc-negative control. (D) ChIP analysis on E-box regions of the PRC2 genes in mouse 3T3-MycER fibroblasts arrested by serum
starvation and stimulated for 2 h with FCS with or without OHT using the anti-Myc (Myc) or anti-estrogen receptor (ER) antibodies to detect the binding of
Myc-ER fusion protein. Purified rabbit IgG was used as a negative control. As a control for Myc-specific binding, we used a region that has been shown not to bind
c-Myc or N-Myc by ChIP sequence analysis (7, 15); this region, located 5 kb upstream of the Suz12 gene, is shown. Statistical analysis was performed with respect
to uninduced cells. *, P value � 0.01. **, P value � 0.05. (E) ChIP analysis on promoter regions (TSS) of the PRC2 genes as described for panel D. The antibody
used is specified in each panel. Statistical analysis was performed with respect to uninduced samples. *, P value � 0.01. **, P value � 0.05.
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To verify the direct binding of Myc to PRC2 genes, we per-
formed chromatin immunoprecipitation (ChIP) assays. All three
genes contain a conserved canonical E box element in proximity
to the promoter (Fig. 1C), as well as an E2F binding site at their
transcriptional start site (TSS) (4). Quantitative ChIP analysis re-
vealed that within 2 h after OHT treatment Myc-ER was recruited
at the E box of each of these genes, while no binding was observed
in a negative-control region 5 kb upstream of the Suz12 gene (Fig.
1D). Two hours of OHT treatment also induced an increase of
association to the promoter of the RNA polymerase II phosphor-
ylated at Ser5 and Ser2 in its C-terminal domain (Fig. 1E). It is
worth noting that, at 2 h after OHT treatment, we could not detect
an increase in E2F1 binding at Suz12, Ezh2, or Eed TSS (Fig. S1B)
and that at this time point the retinoblastoma protein (Rb) was
not yet phosphorylated (see Fig. S1C in the supplemental mate-
rial), confirming that we were observing a direct effect of Myc on
these genes.

Taken together, these results demonstrate that Myc binding to
the E box elements of Suz12, Ezh2, and Eed induces their tran-
scriptional activation.

Myc activates the transcription of PRC2 genes by recruiting
chromatin modifier enzymes to their E box elements. Next, we
analyzed the mechanism by which Myc activates the transcription
of Suz12, Ezh2, and Eed by the identification of histone modifier
enzymes and the analysis of histone modifications that followed
Myc binding to the E box elements. Following Myc binding to
Suz12, Ezh2, and Eed E box elements, we observed an increase of
H3 acetylation at K9 and K14, which correlated with the recruit-
ment of the Myc cofactor GCN5 to these three genes (Fig. 2).
Suz12 and Ezh2 E box elements also showed the recruitment of the
acetyltransferase HBO1, which correlated with an increase of H4
acetylation at K5 and K12. At the E box element of Suz12 we also
observed the recruitment of PIM1 and an increase of H3S10 phos-
phorylation. No difference was observed for E2F1, Tip60, or Mof
on PRC2 E box elements (for the positive controls of these factors,
see Fig. S1B and D in the supplemental material). Taken together,

these data suggest that Myc activates the transcription of the genes
coding for the core components of the PRC2 complex by Myc-
dependent recruiting of chromatin modifier enzymes to their reg-
ulatory elements.

Myc maintains ES cells in the undifferentiated state. To ana-
lyze the role of Myc in the regulation of PRC2 in mouse ES cells, we
performed Myc silencing experiments. In ESC, both c-Myc and
N-Myc are highly expressed and LIF withdrawal determines the
decline of both proteins (Fig. 3A), while the silencing of either one
resulted in the increase of the transcriptional (not shown) and
protein levels of the other (Fig. 3B). Therefore, to inhibit the ex-
pression of both c-Myc and N-Myc we performed a double knock-
down (dKD) each with two independent shRNAs (Fig. 3B) (see
Fig. S2A in the supplemental material).

Myc dKD increased the cell doubling time with an expansion
of G1 and early S phases (Fig. 3C) (see Fig. S2B to D in the supple-
mental material). We did not observe a reduction of cell viability
by dKD (see Fig. S2E in the supplemental material). The down-
regulation of both Myc proteins led to a reduction of most char-
acteristics of self-renewal, including ESC symmetric division, AP
staining, and the ability to form single-cell colonies as dKD cells
grew in a monolayer in a fibroblast-like manner (Fig. 3D to F) (see
Fig. S2F to H in the supplemental material). In addition, dKD cells
were larger than controls, mirroring the size increase obtained by
LIF withdrawal, and showed a reduced expression of the stemness
markers SSEA1 and E cadherin (see Fig. S3 in the supplemental
material). We also observed a significant reduction of the key reg-
ulators of ESC Nanog, Rex1, and Esrrb but not of Oct3/4, Sox2,
Cripto, and Fgf4 (Fig. 3G). Myc double-silenced ESC also showed
an increased expression of early differentiation markers, including
the endoderm markers Gata4, Gata6, FoxA2, and Sox17 and to a
lesser extent the mesoderm marker Brachyury and the ectoderm
markers Fgf5 and Olig1 (Fig. 3H). These findings suggest that
Myc, in addition to its contribution to the enhancement of cell
cycle progression, also contributes to the maintenance of ES cells
in the undifferentiated state, as its expression is required to express

FIG 2 Analysis of Myc-dependent chromatin modifications at E boxes of Polycomb PRC2 genes. (A to C) ChIP analysis of the E box elements of Suz12, Ezh2,
and Eed in mouse 3T3-MycER fibroblasts arrested by serum starvation and then stimulated for 2 h with FCS with or without OHT using the antibodies indicated
in each panel. Purified rabbit IgG were used as negative control. Statistical analysis was performed with respect to uninduced cells. *, P value � 0.01. **, P value �
0.05.
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FIG 3 Role of c-Myc and N-Myc in mouse stem cell stemness. (A) Western blot analysis of c-Myc and N-Myc levels in mouse ESC E14 cultured without LIF for
the time indicated. (B) Western blot analysis of c-Myc and N-Myc levels in control mouse ESC E14 or ESC silenced with the constructs indicated. (C) Mean time
of cell replication in double c-Myc/N-Myc knockdown (dKD#1) ESC. The data are the mean results of three independent experiments. (D) Flow cytometry cell
trace analysis using dye dilution. Red lines indicate the control (shGFP) stem cell proliferative tracing at the times indicated. The blue lines indicate stem cell
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key regulators of ES cell stemness and to keep repressed genes
involved in ESC differentiation.

All of the genes coding for the PRC2 complex and its associ-
ated factors are bound and regulated by c-Myc and N-Myc in
ESC. Next, we analyzed the role of Myc proteins in the regulation
of the PRC2 complex and its associated factors in ESC. To this end,
we measured by quantitative ChIP analysis the recruitment of
endogenous c-Myc, N-Myc, and their dimerization partner Max
to PRC2 genes. Both Myc proteins and Max associated to all three
genes coding for the core PRC2 Suz12, Ezh2, and Eed as well as to
the E box elements of the PRC2-associated factors YY1, Jarid2,
Rbbp4, Rbbp7, Ezh1, Hdac2, Aebp2, esPRC2, and Pcl2 (Fig. 4A)
known to be expressed in ESC (21, 31, 32, 37, 47, 48, 50). The
specificity of c-Myc and N-Myc antibodies was confirmed by ChIP
analysis in single and double KD (see Fig. S1E in the supplemental
material). To verify whether Myc proteins contribute to the ex-
pression of these genes, we performed RT-qPCR in mock and
dKD ES cells. The silencing of both c-Myc and N-Myc resulted in
a significant reduction of the expression of all PRC2 components
(Fig. 4B).

As in the absence of LIF, Myc proteins are downregulated (Fig.
3A), we further analyzed whether the ectopic expression Myc pro-
teins could upregulate the expression of PRC2 after LIF with-
drawal. For this reason we used an ES cell line expressing a stable
mutant of Myc-ER protein (5). LIF depletion determined a reduc-
tion of endogenous Myc binding to the E box elements and a
reduction of the transcripts of all PRC2 genes analyzed but Ezh1
(Fig. 4C and D). The treatment of ESC with OHT, in the absence
of LIF, induced the association of Myc-ER to the E boxes (Fig. 4C)
and a significant increase in the expression of all mRNA subunits
(Fig. 4D) but Ezh1. Taken together, these results suggest that Myc
coordinately regulates the expression of all PCR2 subunits (yet
known) expressed in ESC.

Myc proteins, by modulating PRC2 level, maintain H3K27
methylated at bivalent genes in ES cells grown in the absence of
LIF. The results described above demonstrate that Myc directly
controls the transcription of PRC2 in ESC. We then analyzed
whether Myc-dependent regulation of PRC2 contributes to main-
tain ES cells in the undifferentiated state in the absence of LIF. We
therefore activated Myc-ER by OHT treatment (which mediates
the MycER translocation in the nuclei of ES cells) (see Fig. S4B in
the supplemental material) in the absence of the LIF and analyzed
ESC morphology. Active Myc-ER could maintain ES cells in their
typical colony morphology and alkaline phosphatase activity (Fig.
5A and B) (see Fig. S4A and B). Significant inhibition of ES cells
and a loss of colony formation and AP staining were also obtained
by cotransfection of the constructs expressing the three PRC2
core proteins Suz12, Ezh2, and Eed (Fig. 5A and B) (see Fig.
S4A and B).

The analysis of the levels of H3K27me3 and of H3K27 methyl-
transferase activity in ESC nuclei revealed a general reduction of
H3K27me3 in ESC grown in the absence of LIF compared to con-

trol cells. The activation of Myc-ER by OHT treatment, or the
ectopic expression of the core proteins of the PRC2 complex, sig-
nificantly inhibited the reduction of the H3K27me3 mark as well
as H3K27 methyltransferase activity in ESC nuclei grown in the
absence of LIF (Fig. 5C and D). In contrast, we did not detect
significant differences in the H3K4me3 mark under these condi-
tions (see Fig. S4C and D in the supplemental material).

Next, we analyzed the binding of the PRC2 complex (measured
as binding of the Suz12 subunit) and the H3K27me3 modification
to the promoter regions of a subset of developmentally regulated
“bivalent” genes that in ESC show H3K27me3 and H4K4me3
double marks. These experiments revealed that following LIF
withdrawal, the binding of Suz12 was significantly reduced and
increased again after Myc-ER activation by OHT treatment (Fig.
5E). The binding of Suz12 on these genes correlated with the level
of H3K27me3 (Fig. 5F), whereas we could not observe a signifi-
cant variation in the level of H3K4me3 (see Fig. S4D in the sup-
plemental material). Similar results could be obtained by the
coexpression of the core PRC2 proteins (Fig. 5E and F). Thus,
modulation of PRC2 abundance in ESC, either by Myc or by ec-
topic expression of the core PRC2 proteins, is sufficient to reverse
the chromatin status induced by LIF depletion at these Polycomb
target genes. Analysis of the transcripts by RT-qPCR showed that
the absence of LIF induced the upregulation of most genes ana-
lyzed (Fig. 5G). Thus, the activation of Myc-ER by OHT, or the
constitutive expression of PRC2, was sufficient to keep in the OFF
state the genes that are upregulated by LIF withdrawal. These re-
sults demonstrate that Myc-dependent regulation of PRC2 pro-
teins maintains the silence of the bivalent genes involved in devel-
opmental programs in ESC.

Myc proteins are required to inhibit expression of bivalent
developmental genes in ESC via PRC2 upregulation. Next, we
analyzed whether Myc expression is required to keep develop-
mental genes in the OFF state via PRC2. ES cells silenced for the
expression of Myc proteins showed, by Western blotting, a re-
duced expression of the core components of the PRC2 complex
(Fig. 6A) (see Fig. S5A in the supplemental material). The ES cells
subjected to dKD could no longer form AP-positive colonies
and showed a significant reduction of H3K27me3 signal and
H3K27me3 methyltransferase activity, but they did not show a
significant reduction of H4K4me3 and H3K4me3 methyltrans-
ferase activity (Fig. 6B to F) (see Fig. S5). The ectopic expression of
the PRC2 complex, by transfection of the expression vectors, par-
tially inhibited the H3K27me3 reduction and loss of ESC mor-
phology induced by Myc dKD (Fig. 6). In contrast, the ectopic
expression of PRC2 could not rescue the cell cycle phenotype in-
duced by Myc dKD (see Fig. S4F and G in the supplemental ma-
terial). Thus, depletion of Myc activity in ESC affects the general
level of H3K27me3 and ES cell morphology and these phenotypes
can be counteracted, at least in part, by PRC2 constitutive expres-
sion in dKD cells.

We then analyzed whether this effect could be seen at the level

proliferative tracing without LIF (left panels) or stem cell proliferative tracing c-Myc and N-Myc dKD (right panels). (E) Alkaline phosphatase (AP) staining of
ESC colonies. The cells were plated as single cells to measure the capacity to form AP� colonies in control cells (sh GFP) or in double knockdown (dKD #1). Two
different magnifications are shown (scale bar: top panels, 50 �m; bottom panels, 200 �m). (F) Quantification of AP� colonies in control cells (sh GFP) and in
double silenced cells (dKD #1). �, P value � 0.01. (G) Expression analysis, by quantitative RT-PCR, of mRNAs in control ESC or in Myc double knockdown (dKD
#1) cells as indicated. Data are presented as the means � SD of results from three independent experiments. �, P value � 0.01. (H) Expression analysis, by
quantitative RT-PCR, of developmental genes in control ESC or in Myc double knockdown (dKD #1) as indicated. Data are presented as the means � SD of
results from three independent experiments. �, P value � 0.01.
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FIG 4 All the components of the Polycomb complex are bound and regulated by c-Myc and N-Myc in embryonic stem cells. (A) ChIP analysis of Polycomb gene
promoters in ESC using the antibodies indicated. Purified rabbit IgG (black columns) was used as a negative control. As a control for Myc specific binding was
used a region that has been shown not to bind c-Myc or N-Myc by ChIP-sequence analysis (7, 15). (B) Expression analysis of mRNA of Polycomb genes in control
ESC (sh GFP) or double silenced ESC (dKD #1). The levels of the transcripts were normalized against �-actin mRNA. Data are presented as the means � SD of
results from three independent experiments. *, P value � 0.01. (C) ChIP analysis of Polycomb gene E boxes in mouse ESC grown in the presence of LIF, in the
absence of LIF for 72 h, or in the absence of LIF but treated with 4-OHT. ChIP experiments were performed using the indicated antibodies. Purified rabbit IgG
was used as a negative control. Statistical analysis of ESC � LIF was performed with respect to control ESC, while statistical analysis of ESC � LIF � OHT was
performed with respect to ESC � LIF. *, P value � 0.01. **, P value � 0.05. (D) Analysis of transcripts by quantitative PCR of Polycomb genes in ESC grown in
the same conditions as above. The levels of each transcript were normalized against their levels in ESC. Data are presented as the means � SD of results from three
independent experiments. Statistical analysis was performed as in panel C.
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FIG 5 Myc or PRC2 maintain ESC undifferentiated and developmental genes in the OFF state in the absence of LIF. (A) Alkaline phosphatase (AP) staining of ESC
colonies. The cells were plated as single cells to measure the capacity to form AP� colonies of ESC grown in the presence of LIF, in the absence of LIF, or in the absence
of LIF expressing either activated Myc-ER by OHT or ectopic PCR2 by transfection of CMV driven expression vectors (scale bar, 50 �m). (B) Quantification of AP�

colonies of ESC as in panel A. Data are presented as the means � SD of results from three independent experiments. *, P value � 0.01. (C) Western blot analysis of ESC
grown as in panel A. Histone H3 was used as a loading control. Numbers under first panel indicate the H3K27me3 blot quantification performed using ImageJ software.
(D) H3K27 methyltransferase activity assays in ESC grown as in panel A. Data are presented as the means � SD of results from three independent experiments. *, P
value � 0.01. (E and F) ChIP analysis of the promoter regions of the indicated bivalent gene in ESC grown as in panel A using the antibodies indicated in each panel.
Purified rabbit IgG were used as a negative control. Data are presented as the means � SD of results from three independent experiments. Statistical analysis of ESC �
LIF was performed with respect to ESC, while statistical analysis of ESC � LIF � OHT or ESC � LIF � PRC2 was performed with respect to ESC � LIF. *, P value � 0.01.
**, P value � 0.05. (G) Expression analysis, by quantitative RT-PCR, of developmental genes in ESC grown as in panel A. Data are presented as the means � SD of results
from three independent experiments. Statistical analysis was performed as above.
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of single developmental bivalent genes. Analysis of Suz12 binding
and H3K27me3 mark at a group of bivalent developmental genes
involved in germ layer specification in dKD cells showed a signif-
icant reduction of PRC2 complex in these genes as well as a reduc-

tion of the H3K27me3 mark in all genes analyzed (Fig. 7A and B).
The reduction of PRC2 association and H3K27me3 induced by
the depletion of Myc proteins could be inhibited by the ectopic
expression of PRC2 core proteins (Fig. 7A and B). No significant

FIG 6 Ectopic PRC2 expression sustains the level of H3K27me3 that are downregulated by c-MYC and N-MYC double knockdown ESC. (A) Western blot
analysis of Myc and PRC2 proteins in control ESC (sh GFP), in double knockdown cells (dKD #1), or in double knockdown cells expressing ectopic core PRC2
proteins. �-Actin was used as a loading control. (B) Alkaline phosphatase (AP) staining of ESC colonies as indicated. (C) Quantification of AP� colonies of ESC
as indicated. Data are presented as the means � SD of results from three independent experiments. *, P value � 0.01. (D) Western blot analysis of ESC grown as
in panel A. Histone H3 was used as a loading control. Numbers under first panel indicate the H3K27me3 blot quantification performed using ImageJ software.
(E) H3K27 (top panel) and H3K4 (bottom panel) trimethylation quantification by colorimetric quantification assay (see Materials and Methods) in mouse ESC
grown as indicated. Data are presented as means � SD of results from three independent experiments. Statistical analysis of dKD #1 was performed with respect
to control samples (sh GFP). dKD #1 � PRC2 was performed with respect to control samples (dKD #1). *, P value � 0.01. **, P value � 0.05. (F) H3K27 (left
panel) and H3K4 (right panel) methyltransferase activity assays in ESC grown as in panel A. Data are presented as the means � SD of results from three
independent experiments. Statistical analysis was performed as above.
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variations of H4K4me3 were observed by depletion of Myc pro-
teins or ectopic expression of PRC2 in double-silenced cells (Fig.
7C). Analysis of the expression of these bivalent genes revealed
that some were significantly upregulated. Importantly, the ectopic

expression of PRC2 in the double-silenced cells was sufficient to
keep all of these genes in the OFF state (Fig. 7D). It is worth to note
that the depletion of Myc proteins in ESC resulted in the induction
of expression of only a subset of the bivalent genes, although Myc

FIG 7 Ectopic PRC2 expression maintains H3K27me3 at bivalent developmental genes in ESC keeping them in the repressed state. (A to C) ChIP analysis at the
promoter regions of the indicated genes in control E14 ESC (sh GFP), in double-silenced cells (dKD #1), and in dKD cells expressing ectopic PRC2. The
antibodies used are indicated above each panel. Purified rabbit IgG was used as a negative control. Data are presented as the means � SD of results from three
independent experiments. Statistical analysis was performed as Fig. 6E. (D) Transcriptional levels of the indicated genes in control ESC (sh GFP), in double-
silenced cells (dKD #1), and in dKD cells expressing ectopic PRC2. The levels of transcripts were normalized against �-actin mRNA levels. Data are presented as
the mean � SD of results from three independent experiments. Statistical analysis was performed as in Fig. 6E.
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depletion derepressed all bivalent genes (compare Fig. 7A, B, and
D). Taken together, these results strongly suggest that Myc pro-
teins, by controlling the level of PRC2, regulate the level of
H3K27me3 and the expression of PRC2 target genes, contributing
to maintaining ESC in their undifferentiated state.

DISCUSSION

Myc expression is required to maintain ESC in the undifferenti-
ated state and significantly enhances the reprogramming of adult
cells into induced pluripotent cells. By modulating the expression
of Myc in fibroblasts and ESC, we here demonstrated that Myc
upregulates the transcription of the Polycomb PRC2 complex
both in adult and in stem cells. This regulation, contributing to
keep silent bivalent genes, plays an important role in maintaining
ES cells in the undifferentiated state.

Our experiments demonstrated that the direct binding of Myc
to the PRC2 genes activates their expression by recruiting to their
E box elements chromatin modifier enzymes, which results in the
increase of active RNA polymerase II on their promoters. Previous
analysis of PRC2 gene expression showed that these genes are
regulated by the pRB-E2F pathway during the cell cycle progres-
sion (4). By analyzing PRC2 transcriptional regulation mediated
by the Myc-ER chimera before E2F activation and by blocking the
cell cycle progression, we could dissect the specific contribution of
Myc in the transcription of these genes. Although we here dem-
onstrated that Myc proteins directly upregulate the transcription
of PRC2, it is worth mentioning that Myc can also regulate PRC2
indirectly (29, 36), thus, suggesting that Myc finely tunes PRC2
levels by positive and negative feedback mechanisms and corrob-
orating the model by which the level of PRC2 is critical for ESC
homeostasis. The PRC2 complex is formed by several subunits,
some of which are preferentially expressed in ESC (25, 50).

Previous genome-wide ChIP analyses unveiled that Myc, be-
sides binding to genes involved in cell cycle progression and me-
tabolism, also binds to some members of the PcG family, although
no functional studies were performed to confirm the actual bind-
ing and define the regulatory role of Myc on these genes. We have
now demonstrated by ChIP analysis that Myc actually binds to all
genes coding for the PRC2 complex and its binding results in their
transcriptional activation both in ESC and in differentiated fibro-
blasts. This suggests that Myc acts as a regulator of the whole
complex and not of some individual subunits, as suggested by the
genome-wide analyses. Only Ezh1, which has been described to be
more expressed in differentiated cells (50), was not upregulated by
Myc in ESC, suggesting that Myc proteins not only regulate the
levels of PRC2 but might also contribute to define the composi-
tion of the PRC2 complex in different cellular contexts.

In ES cells, Myc plays a dual role: it contributes to ESC self-
renewal, by promoting cell cycle progression and metabolism, as
well as to maintenance of ES cells in the undifferentiated state, as
Myc-depleted ESC start to express developmental genes and spon-
taneously differentiate into primitive endoderm (5, 40, 41). We
observed that, in the absence of LIF or in ESC silenced for Myc
proteins, the downregulation of PRC2 results in the derepression
of bivalent genes involved in ESC differentiation. Interestingly,
the downregulation of PRC2 as a consequence of Myc reduction,
differently from LIF withdrawal, did not result in the activation of
all derepressed bivalent genes but induced mainly genes involved
in primitive endoderm specification, suggesting that the derepres-
sion of developmental genes obtained by Myc depletion is not

sufficient per se to activate positive regulators of mesoderm and
ectoderm specification. Thus, the derepression of developmental
genes does not induce the differentiation of ES cells as previously
shown by Suz12�/�, and Eed mutant ES cells can still be main-
tained in culture, although they are impaired in their correct dif-
ferentiation program (6, 30).

In ESC depleted for Myc proteins or grown in the absence of
LIF, the ectopic expression of PRC2 is sufficient to keep the devel-
opmental genes in the OFF state and therefore able to inhibit the
differentiation of the cells. Therefore, in ESC the level of PRC2 is
critical and the reduced expression of Myc proteins, in response to
differentiating signals, modulates this equilibrium, allowing cells
to express developmental genes to start their differentiation pro-
grams. On the other hand, the ectopic expression of PRC2 alone
could not restore the Myc-dependent regulation of the cell cycle
progression, confirming that Myc is a pleiotropic factor that acts
on independent pathways, one of which is inhibition of cell dif-
ferentiation via PRC2.

A recent in-depth analysis proposed that three distinct subsets
of regulated genes operate in ES cells; these include a core module
determined by Oct3/4, Sox2, and Nanog, a Polycomb module, and
a Myc module, which does not overlap with the Core or the Poly-
comb modules (17). Our data, showing that Myc actually regu-
lates PRC2 in ESC, make a link between Myc and Polycomb mod-
ules, demonstrating that a major interconnection exists in ESC
between these modules that increase the complexity of the net-
works in these cells.

The silencing of both c-Myc and N-Myc in ESC determines a
general reduction of H3K27me3 mark, while we could not detect
variations of the levels of H3K4me3 modification. These data dif-
fer from results of previous experiments in which Myc silencing
was shown to induce a decrease of H3K4 but not H3K27 methyl-
ation (23). However, in the previous report only c-Myc was si-
lenced while in our experiments we silenced both c-Myc and
N-Myc, as in our cells, the silencing of c-Myc alone induced the
overexpression of N-Myc.

It has been demonstrated, in ESC-mediated reprogramming
experiments, that PcG-dependent repression is required for the
conversion of adult differentiated B cells toward pluripotency (33)
and that overexpression of PcG subunits, preferentially expressed
in stem cells, enhances Oct3/4-, Sox2-, and Klf4-dependent cell
reprogramming (50). Moreover, it was recently observed that in
partially reprogrammed iPS a large number of developmental
genes are repressed by methylation of H3K27 and almost none of
these genes were direct targets of the four reprogramming factors
(42). This finding supports the hypothesis that Myc contributes
also to cell reprogramming by indirectly inhibiting the expression
of genes involved in the differentiation via the upregulation of
PRC2 complex.

As both Myc and PRC2 are both deregulated in a wide range of
human cancers, our data might contribute to a better understan-
dig of which regulatory programs are shared between stem cells
and cancer cells.
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