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Differentiation and activation of T cells require the activity of numerous histone lysine methyltransferases (HMT) that 
control the transcriptional T cell output. One of the most potent regulators of T cell differentiation is the HMT Ezh2. Ezh2 
is a key enzymatic component of polycomb repressive complex 2 (PRC2), which silences gene expression by histone H3 di/
tri-methylation at lysine 27. Surprisingly, in many cell types, including T cells, Ezh2 is localized in both the nucleus and the 
cytosol. Here we show the presence of a nuclear-like PRC2 complex in T cell cytosol and demonstrate a role of cytosolic 
PRC2 in T cell antigen receptor (TCR)–mediated signaling. We show that short-term suppression of PRC2 precludes TCR-
driven T cell activation in vitro. We also demonstrate that pharmacological inhibition of PRC2 in vivo greatly attenuates 
the severe T cell–driven autoimmunity caused by regulatory T cell depletion. Our data reveal cytoplasmic PRC2 is one of the 
most potent regulators of T cell activation and point toward the therapeutic potential of PRC2 inhibitors for the treatment 
of T cell–driven autoimmune diseases.
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Introduction
Polycomb repressive complex 2 (PRC2) is a multiprotein com-
plex that is best known for its contribution to transcriptional 
gene silencing (Margueron and Reinberg, 2011). This function of 
PRC2 is mediated by the lysine methyltransferases Ezh1 or Ezh2, 
which catalyze the di/tri-methylation of lysine 27 of histone H3 
(H3K27me3; Cao and Zhang, 2004; Margueron and Reinberg, 
2011). In T cells, the relative contribution of Ezh1 and Ezh2 to 
PRC2 function differs between resting and dividing cells. Ezh1 
expression levels are very similar in resting and dividing T cells, 
whereas Ezh2 expression significantly increases after mitotic 
stimulation (Fig. 1, G and H). The gene regulatory function of 
PRC2 has been implicated in many aspects of T cell develop-
ment, differentiation, and activation (Dobenecker et al., 2015; 
Yang et al., 2015). However, the interpretation of these findings 
is rather controversial because of the multiplicity of the histone 
H3–independent Ezh2 protein substrates (He et al., 2012; Lee et 
al., 2012; Kim et al., 2013b; Gunawan et al., 2015). One of the least 
understood aspects of the histone H3–independent PRC2 func-
tions concerns Ezh2’s role in signaling (Su et al., 2005; Su and 
Tarakhovsky, 2006). Our earlier studies showed the presence 
of Ezh2 in the T cell cytosol, where it contributes to TCR-driven 
actin polymerization (Su et al., 2005). The signaling capacity 

of Ezh2 was further underscored by the identification of the 
membrane associated protein talin-1, which plays an important 
role in adhesion, as a cytosolic Ezh2 substrate in dendritic cells 
(Gunawan et al., 2015). Here we describe the composition of 
the cytoplasmic PRC2 (cPRC2) complex in T cells. We show that 
although the cytoplasmic and nuclear PRC2 share common sub-
units, cPRC2 is uniquely associated with key signaling proteins 
that control TCR signaling and T cell activation. Using short-
term pharmacological PRC2 suppression, we show that cPRC2 is 
required for TCR-mediated activation of MAPK/Erk and expres-
sion of IL2 and IL2RA, which support T cell proliferation. We also 
show that pharmacological suppression of PRC2 in vivo leads to 
immunosuppression, characterized by greatly diminished T cell 
responses. We demonstrate that pharmacological PRC2 inhi-
bition could be used for the treatment of severe autoimmune 
inflammation caused by excessive T cell activation.

Results and discussion
We found that Ezh1 and Ezh2 as well as other known components 
of the PRC2 complex such as Eed, Suz12, RbAp48, and Jarid2 are 
present in the cytosol of peripheral mouse T cells (Fig. 1, A–D). 
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Immunofluorescence analysis showed that Ezh2 could be detected 
both in the nucleus and in the cytoplasm of activated T cells, 
where Ezh2 appears to be proximal to TCRβ (Fig. 1 B). Immuno-
precipitation of Ezh2 from the cytoplasmic fraction of naive or 
activated T cells shows that the PRC2 components are assembled 
into a complex (cPRC2; Fig. 1, C and D). Previously we showed 
association of cytoplasmic Ezh2 with the protein Vav1 (Su et al., 
2005). Vav1, which has GTP/GDP exchange activity, also functions 
as an adapter for numerous proteins (Katzav, 2007; Bustelo, 2014), 
and a recent study highlighted the functional significance of this 
Ezh2-Vav1 interaction (Gunawan et al., 2015). In our current 
studies we observed association of Ezh2 with both Vav1 and the 
Vav1-associated protein Nck (Fig. 1 E), which play major roles in 
multiple protein–protein interactions and facilitate assembly of 
signaling complexes downstream of the TCR (Davis, 2002; Barda-
Saad et al., 2005). In support of the possible direct role of cPRC2 in 
TCR signaling, we found that cPRC2 also binds to CD3ε (Fig. 1 F). 
The interaction between CD3ε and Ezh2 was independent of 
TCR stimulation in ex vivo isolated peripheral T cells (Fig. 1 F) 
and could also be detected in thymocytes (not depicted). Of note, 
treatment with the PRC2 inhibitor UNC1999 had no impact on the 
CD3ε-Ezh2 association, showing that CD3e binding to cPRC2 does 
not require its methyltransferase activity (not depicted).

The association of PRC2 with the TCR points toward a role 
for PRC2 in TCR-mediated signaling. To test this hypothesis, we 
used genetic models that ablate Ezh1, Ezh2, or both enzymes in T 
cells. Ezh1-deficient mice are viable and healthy with a WT-like 
immune system, including T cells (Fig. S1). To generate PRC2-de-
ficient T cells, we combined germline Ezh1 deficiency with a con-
ditional inactivation of Ezh2 in CD4+CD8+ double-positive thy-
mocytes that give rise to CD4+ or CD8+ peripheral T cells. Overall, 
peripheral PRC2-deficient T cells that lack both Ezh1 and Ezh2 
(hereafter defined as PRC2-deficient) show no changes in the 
expression of characteristic T cell surface–expressed differen-
tiation or activation markers and are present in secondary lym-
phoid organs in slightly reduced numbers compared with control 
mice (Fig. S1). Despite the overall WT-like phenotype, PRC2-de-
ficient T cells fail to proliferate in response to TCR triggering in 
vitro (Fig. 2, A and B). This proliferative defect was associated 
with greatly reduced TCR-induced transcription of IL2 and 
IL2RA (Fig. 2, C and D). Additionally, treatment with exogenous 
IL2 could not rescue the proliferation defect of PRC2-deficient 
T cells (Fig. 2 A), suggesting that the reduced IL2RA expression 
may at least partially explain this defect. The failure of PRC2-de-
ficient T cells to express IL2 and IL2RA is unlikely to reflect an 
altered transcriptional state of the mutant cells, as PRC2 defi-
ciency impacts neither gene expression nor levels or pattern of 
H3K27me3 at PRC2 target genes in naive T cells (Fig. 3). However, 
deficiency in PRC2 is associated with diminished TCR-mediated 
activation of Erk, which plays a key role in IL2 and IL2RA activa-
tion (Whitehurst and Geppert, 1996; Fig. 4 A). The effect of PRC2 
deficiency on Erk activation is rather selective as PRC2 deficiency 
has no obvious impact on TCR-induced calcium mobilization or 
the phosphorylation of numerous key components of the TCR 
signaling pathway, including PLCγ1, Zap70, and Vav1 (Fig. S2, A 
and B). We also found no evidence for PRC2 involvement in NF-κB 
or p38 activation (not depicted).

The signaling function of PRC2 was underscored by our exper-
iments that showed very potent suppression of the TCR-me-
diated Erk activation by pharmacological PRC2 inhibition. We 
used two Ezh2 small molecule inhibitors, GSK503 (Béguelin et 
al., 2013) and UNC1999 (Konze et al., 2013). GSK503 suppresses 
both human EZH1 and EZH2 activity, although at different IC50s 
(633 nM and 8 nM, respectively; Béguelin et al., 2013). UNC1999 
suppresses the activity of Ezh1 and Ezh2 at very similar concen-
trations (2 nM and 45 nM, respectively). We found that treatment 
of T cells with GSK503 at a concentration that has the potential to 
inhibit both Ezh1 and Ezh2, as judged by the intracellular accu-
mulation of the inhibitor (Fig. S2, C and D), leads to a drastic 
reduction in TCR-mediated Erk phosphorylation (Fig. 4 B). The 
inhibitory effect of GSK503 on Erk activation in T cells could be 
observed after 1 h preincubation with the compound on ice. The 
selective effect of GSK503 on TCR-mediated Erk phosphorylation 
is exemplified by the overall unaltered pattern of TCR-mediated 
protein tyrosine phosphorylation in general and of PLCγ1 in par-
ticular in GSK503-treated naive and TCR-triggered T cells even 
at very high concentrations (Fig. S2, E and F). Importantly, the 
PRC2 inhibitor has no impact on Erk phosphorylation induced 
by PMA (Fig. 4 C), a phorbol ester derivative analogous to diacyl-
glycerol that directly activates RasGRP and PKCs (Coudronniere 
et al., 2000; Dower et al., 2000). The specificity of PRC2-depen-
dent Erk phosphorylation was further supported by the lack of 
an Erk phosphorylation defect in T cells treated with the inac-
tive control compound GSK2792600 (Fig. 4 D). Finally, the Ezh2 
and Ezh1 inhibitor UNC1999 (Konze et al., 2013) was also able to 
nearly abolish TCR-mediated Erk phosphorylation in TCR-trig-
gered CD4+ T cells, whereas its control compound UNC2400 
did not decrease the level of TCR-induced Erk phosphorylation 
(Fig. 4, F and G). In addition to TCR signaling in peripheral T 
cells, the dependence of TCR-mediated Erk phosphorylation on 
PRC2 methyltransferase activity was also observed in thymo-
cytes (not depicted). The timing of the inhibitory effect of these 
pharmacological agents argues strongly in favor of a direct PRC2 
involvement in Erk activation. Decreased TCR-mediated activa-
tion of Erk by PRC2 inhibitors suggests that cytoplasmic PRC2 
could regulate signaling processes upstream of Erk. Indeed, we 
found that PRC2 inhibition causes reduced phosphorylation of 
Mek1/2 at S217/221 upon TCR stimulation (Fig. 4 E). Importantly, 
the PRC2 inhibitors affect neither the kinetics of Erk phosphory-
lation (Fig. S3 A) nor the phosphorylation of Mek1 at S298, which 
is mediated by PAK1 in response to TCR triggering (Rouquette-
Jazdanian et al., 2012; Fig. S3 B). Mek1/2 phosphorylation at 
S217/221 is mediated by Raf kinase, which is controlled by Ras. 
Ras activity, as measured by Ras-GTP loading, is not affected by 
PRC2 inactivation or inhibition (Fig. 4, H and I). We also found 
no evidence for direct modification of Raf by cPRC2. Incubation 
of B-Raf or of C-Raf, purified from HeLa cells, with a minimal 
PRC2 complex did not result in Raf methylation in vitro (not 
depicted). Collectively, these data point to a novel mechanism of 
TCR-mediated Ras-Raf-Erk1/2 regulation where PRC2 controls 
the function of an unknown component downstream of Ras and 
upstream of Erk.

In agreement with the reduced Erk activation and impaired 
IL2/IL2RA expression, treatment of ex vivo isolated peripheral 
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Figure 1. Composition of the cytoplasmic PRC2 complex. (A) Expression levels of the individual PRC2 components in T cell nuclei and cytosol in naive and 
TCR-activated splenic T cells were measured by Western blotting. Lamin B or cofilin were used as loading controls for the nuclear and cytoplasmic extracts, 
respectively. The asterisk indicates an unspecific band. Results from one of more than three independent experiments are shown. (B) Ezh2 is present in the 
cytosol of activated T cells. Cells were stained with fluorescently labeled antibodies against Ezh2 (green) and TCRβ (red), and chromatin was stained with DAPI 
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T cells with GSK503 greatly reduces TCR-driven T cell prolifera-
tion, similar to TCR-triggered PRC2-deficient T cells (Fig. S3 C). 
It should be noted that neither PRC2 deficiency nor inhibition of 
PRC2 affect T cell proliferation induced by TCR-independent T 
cell activation with PMA in combination with ionomycin, under-
scoring the selective role of PRC2 in TCR-driven T cell activation.

The failure of PRC2 inhibitor–treated T cells to respond to 
TCR stimulation suggests the possibility of pharmacological T 
cell immunosuppression by PRC2 inhibition in vivo. To address 
the immune-suppressive potential of PRC2 inhibition, we chose 
an experimental model that incorporates many of the clinically 
relevant aspects of aggressive T cell activation. It is well estab-
lished that activation of T cells in vivo is governed by both cell 
intrinsic and extrinsic mechanisms, including immune suppres-
sor regulatory T (T reg) cells (Josefowicz et al., 2012). Deficiency 
in T reg cells causes severe fatal T cell–driven autoimmunity in 
humans and mice (Bennett et al., 2001; Brunkow et al., 2001). 
In our experiments, we used inducible T reg deficiency in mice 
where Foxp3+ T reg cells, expressing a diphtheria toxin receptor 
transgene under the control of the Foxp3 locus (Foxp3DTR), could 
be rapidly and selectively eliminated by diphtheria toxin (DTx) 
administration in vivo (Kim et al., 2007). As reported, injection 
of 10 mg/kg DTx in Foxp3DTR mice results in rapid decline in T reg 
cell numbers followed by severe autoimmunity. The hallmarks 
of autoimmunity in the absence of T reg cells include spleno-
megaly, lymphadenopathy, and accumulation of activated lym-
phoid and myeloid cells in peripheral lymphoid organs within 
days (Fig. 5, A and B). Injection of the PRC2 inhibitor GSK503 
at the dose of 150 mg/kg could not only prevent (Fig. 5, A and B) 
but, most important, cure (Fig. 5 C) the ongoing autoimmunity 
caused by T reg depletion. In each group, T reg cells were com-
parably and successfully depleted upon DTx treatment (Fig. 5 D). 
In the most illustrative case, administration of GSK503, to mice 
that already displayed signs of systemic autoimmunity including 
splenomegaly and lymphadenopathy, was able to reverse the dis-
ease (Fig. 5 C). The total numbers of cells in secondary lymphoid 
organs and inflammatory immune cells such as T cells, B cells, 
granulocytes, and macrophages were significantly decreased 
upon GSK503 treatment (Table  1), indicating that GSK503 
treatment ameliorated T reg depletion–induced inflammation. 
Importantly, GSK503 had no effect on nonactivated T cells, but 
greatly reduced the frequency of dividing Ki67-positive cells in 
the peripheral lymphoid organs of GSK503-treated and T reg–
depleted mice (Fig. 5 F). The negative effect of pharmacological 
inhibition of PRC2 on T cell activation in vivo most likely reflects 

the signaling function of cPRC2, as failure to proliferate in the 
absence of functional PRC2 would not give PRC2-deficient T cells 
the chance to undergo division-associated epigenetic changes 
that could be linked to the nuclear function of PRC2. On the other 
hand, the observed effects of PRC2 inhibition could be attributed 
to cell types other than T cells. Although this scenario is possible, 
we argue that the immune suppressive effect of PRC2 inhibition 
largely depends on suppression of T cell–mediated immunity. 
We found that selective genetic ablation of PRC2 in T cells alone 
precludes T cell activation caused by T reg depletion and the 
resulting autoimmune syndrome (Fig. 5, A and B). Therefore, it 
is likely that most of the therapeutic effects of the PRC2 inhib-
itor are related to the inhibitory effect on T cell activation and 
not other cell types. Our data also suggest that exclusively cyto-
plasmic inhibitors of PRC2 will allow for efficient and possibly 
nontoxic immunosuppression during autoimmunity caused by 
excessive T cell activation, including those that occur during can-
cer immunotherapy by checkpoint blockade inhibitors.

Materials and methods
Mice
Ezh2fl/fl mice were generated in our laboratory and have been 
described before (Su et al., 2003, 2005). They were crossed with 
Ezh1−/− mice, which were generated by D. O’Carroll (Thomas 
Jenuwein Lab, MPI-IE, Freiburg, Germany), to give rise to Ezh1−/−; 
Ezh2fl/fl; CD4-Cre mice on B6/129 background. Foxp3DTR knock-in 
mice (Kim et al., 2007), a gift from A. Rudensky (Memorial 
Sloan-Kettering Cancer Center, New York, NY), were bred with 
Ezh2fl/fl; CD4-Cre mice to generate Ezh2fl/fl; CD4-Cre; Foxp3DTR 
mice. To obtain a large number of cells for biochemical assays, 
C57BL/6 mice were used for harvesting lymph nodes and spleens. 
Mice were housed under specific pathogen-free conditions, and 
experimental protocols were approved by the Rockefeller Univer-
sity Institutional Animal Care and Use Committee.

Antibodies
For coimmunoprecipitations, Ezh2 (D2C9; Cell Signaling Tech-
nologies), Nck1/2 (C-19; Santa Cruz Biotechnology), and Vav1 
(C-14; Santa Cruz Biotechnology) were used. For Western blot 
analysis, Ezh2 (Clone 11; BD Biosciences), Suz12 (P-15; Santa Cruz 
Biotechnology), Vav1 (05–219; Millipore), Nck (Clone 108; BD Bio-
sciences), RbAp48 (11G10; Abcam), and Jarid2 (ab48137; Abcam) 
were used. The Eed and Ezh1 antibodies were provided by D. 
Reinberg (New York University, New York, NY). For measuring 

(blue). Experiments were performed twice. (C and D) Ezh2 binds to the core PRC2 components in T cell cytosol. Ezh2 was immunoprecipitated from nuclear 
or cytoplasmic extracts derived from naive or activated T cells. Western blotting of the immunoprecipitates revealed the indicated Ezh2-associated proteins. 
Immunoprecipitation with IgG was used as control. Lamin B and tubulin or histone 3 (H3) were used as loading controls for the nuclear and cytoplasmic extracts, 
respectively. Results from one of more than three independent experiments are shown. (E) Nck1 is associated with Ezh2 and Vav1 in naive and activated CD4+ 
T cells. The cytosolic lysates were immunoprecipitated using an Nck-specific antibody followed by Western blot analysis of Nck, Vav1, and Ezh2. Tubulin was 
used as a loading control for the input. Results from one of more than three independent experiments are shown. (F) Ezh2 and Suz12 as well as Vav1 and Nck1 
bind to CD3ε before and after TCR stimulation. CD3ε was immunoprecipitated with SA beads before and after TCR cross-linking for 2 min. Western blotting 
of the immunoprecipitates revealed the indicated associated proteins. Results from one of more than three independent experiments are shown. (G and H) 
Expression levels of Ezh1 and Ezh2 in whole cell lysate from naive and TCR- (G) or PMA/ionomycin– (H) activated CD4+T cells were measured by Western 
blotting. Ezh1 and Ezh2 levels were normalized to lamin B, and numbers indicate the relative abundance in comparison to naive cells. Results from one of two 
independent experiments are shown. Molecular mass is indicated in kilodaltons.
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global levels of H3K27me3 and chromatin immunoprecipitation 
(ChIP)–sequencing experiments, H3K27me3 (07–449; Milli-
pore) and H3K4me3 (17–614; Millipore) were used. For examin-
ing TCR-induced phosphorylation, PLCγ1 (05–163; Millipore), 
phospho-PLCγ1 (Y783, 2821; Cell Signaling Technologies), Vav1 
(C-14, sc-132; Santa Cruz Biotechnology), phospho-Vav1 (Y174, 
sc-16408; Santa Cruz Biotechnology), Zap70 (29, 610239; BD 
Transduction Laboratories), phospho-Zap70 (Tyr319, 2701; Cell 
Signaling Technologies), JNK (C-17; Santa Cruz Biotechnology), 
phoshpo-JNK (T183/Y185, 9251; Cell Signaling Technologies), Akt 
(C67E7; Cell Signaling Technologies), phospho-Akt (Ser473, D9E; 
Cell Signaling Technologies), p38 (D13E1; Cell Signaling Technol-
ogies), phopho-p38 (D3F9; Cell Signaling Technologies), NF-κB 
p65 (L8F6; Cell Signaling Technologies), phospho-p65 (93H1; 
Cell Signaling Technologies), pan-phospho-tyrosine (4G10; Mil-
lipore), phospho-Mek1/2 (9121; Cell Signaling Technologies), 
phospho-Mek1 S298 (9128; Cell Signaling Technologies), Mek1 
(61B12; Cell Signaling Technologies), and Mek1/2 (L38C12; Cell 
Signaling Technologies) were used.

CFSE labeling and stimulation of T cells
CD4+ T cells were isolated from spleen and lymph nodes by MACS 
purification. Purified CD4+ T cells were washed with PBS two 
times and labeled with CFSE at the final concentration of 2.5 µM 
for 10 min at 37°C. Labeling was stopped by complete medium, 
and cells were washed three times with PBS. Labeled cells were 
stimulated on 96-well plates coated with 10 µg/ml of anti-CD3 
and 2.5 µg/ml anti-CD28 antibodies or with 5 ng/ml of PMA plus 
0.3 µg/ml of ionomycin in a humidified 37°C, 5% CO2 incubator. 
Cells were harvested after overnight and 3 d after stimulation.

Cell fractionation and Western blot
Purified CD4 T cells were lysed with 0.5% NP-40 containing 
TMSD lysis buffer (40 mM Tris-HCl, pH 7.9, 5 mM MgCl2, 250 mM 
sucrose, 1  mM DTT, 0.5% NP-40 [IGE PAL], protease cocktails 
[Sigma-Aldrich], and phosphatase cocktails [Millipore]) on ice 
for 15 min. The subcellular fractions were prepared by first cen-
trifugation at 800g for 10 min, to remove nuclei. The superna-
tant was spun down a second time to remove residual cell and 

Figure 2. PRC2 is essential for TCR-mediated T cell proliferation and transcription of IL2 and IL2RA in vitro. (A) The histograms show the pattern of 
CFSE dilution between WT or mutant splenic CD4+ T cells triggered by indicated stimuli for 72 h. The histograms marked in gray and blue show amount of CFSE 
in nonstimulated cells or stimulated cells, respectively. (B) The amounts of viable T cells at different time points after stimulation with anti-CD3/anti-CD28 
or PMA/ionomycin (Iono) are shown. (C and D) The expression levels of IL-2 (C) and IL-2RA (D) in TCR-triggered WT and PRC2-deficient splenic T cells were 
measured by qPCR at different time points after T cell stimulation. All data are representative of three independent experiments (n = 3–6) and significance was 
determined by the unpaired Student’s t test: *, P ≤ 0.05; **, P ≤ 0.01; and ***, P ≤ 0.001. Error bars show mean ± SEM. 
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nuclear fragments. This supernatant was used as cytosolic frac-
tion. The nuclei were washed twice with TMSD lysis buffer and 
then incubated with high-salt lysis buffer (50 mM Tris-HCl, pH 
7.9, 420 mM NaCl, 20 mM NaF, 1 mM EDTA, 1 mM EGTA, 1.5 mM 
MgCl2, 10% glycerol, protease cocktails [Sigma-Aldrich], and 
phosphatase cocktails [Millipore]) for 10 min on ice. The nuclear 
extracts were sonicated for 10 cycles (30 s per cycle; Bioruptor 
Diagenode), followed by centrifugation at 13,000 rpm for 15 min, 
to obtain the final nuclear extract. Protein concentrations were 
determined by standard BCA assay. The extracts or whole cell 
lysates were separated by SDS-PAGE and transferred to a poly-
vinylidene difluoride membrane. The membrane was blocked, 
incubated with primary antibodies followed by horseradish per-
oxidase–conjugated secondary antibodies, and developed with 
ECL systems according to the manufacturer’s instructions.

Immunoprecipitation
Fractionated lysates or lysates obtained by using ODG lysis buf-
fer (2% N-octyl-β-d-glucopyranoside, 50 mM Tris-HCl, pH 7.9, 
150  mM NaCl, 20  mM NaF, 1  mM EDTA, 1  mM EGTA, 1.5  mM 
MgCl2, 10% glycerol, protease cocktails [Sigma-Aldrich], and 
phosphatase cocktails [Millipore]) were incubated with anti-
bodies cross-linked to protein G dynabeads. The cross-linking 
of antibodies to beads was achieved by using BS3 cross-linker 

(Pierce). Immunoprecipitates were washed with lysis buffer and 
eluted by boiling in sample loading buffer. Coimmunoprecipi-
tates were detected by Western blot analysis.

Erk phosphorylation assay
Purified CD4 T cells were incubated with 10 µg/ml of anti-CD3 anti-
body and 2.5 µg/ml of anti-CD28 antibody on ice for 20 min, followed 
by cross-linking with 20 µg/ml of anti–Armenian hamster IgG sec-
ondary antibody for 2 min or 10 min at 37°C. For PMA stimulation, 
cells were incubated with prewarmed media containing 5 ng/ml of 
PMA for 10 min at 37°C. For stimulation of thymocytes, thymocytes 
were incubated with 10 µg/ml of anti-CD3 biotinylated antibody 
and 10 µg/ml of anti-CD4 biotinylated antibody for 20 min on ice, 
followed by cross-linking with 20 µg/ml of streptavidin. Cells were 
washed with cold HBSS and then lysed with 0.5% of NP-40 lysis 
buffer (50 mM Tris-HCl, pH 7.9, 150 mM NaCl, 20 mM NaF, 1 mM 
EDTA, 1 mM EGTA, 1.5 mM MgCl2, 10% glycerol, 0.5% NP-40, and 
protease cocktails [Sigma-Aldrich]) containing phosphatase inhib-
itory cocktail (Millipore) for 15 min on ice. Lysates were obtained 
by centrifugation at 13,000 rpm for 15 min to remove insolubles. 
Phosphorylated Erk1/2 and total Erk were detected by Western blot 
analysis using rabbit anti–phospho-Erk1/2 (T202/Y204) antibody 
(D13.14.4E; Cell Signaling Technologies) and mouse anti-Erk anti-
body (L34F12; Cell Signaling Technologies), respectively.

Figure 3. PRC2 deficiency in naive T cells does not affect H3K27me3 level and gene expression. (A) The levels of H3K7me3 in nuclear extracts of WT 
control and indicated mutant splenic CD4+ T cells were measured by Western blot analysis. Total histone H3 was used as a loading control. Results from one of 
more than three independent experiments are shown. Molecular mass is indicated in kilodaltons. (B) Top: Scatter plots show identical pattern of the genome-
wide H3K27me3 association with individual genes in control and indicated mutant T cells. The pattern and levels of H3K27me3 were determined by ChIP 
sequencing analysis of the H3K27me3 associated chromatin. Bottom: Scatter plots show WT-like individual mRNA expression in mutant cells. (C) Representative 
examples of the H3K27me3 distribution at individual gene loci. The HoxA cluster represents known targets of PRC2, whereas Il10 and Cd62L correspond to 
silent or actively transcribed genes in naive T cells.
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Ras activation assay
Ras activation assay was performed using a Pan-Ras activation 
kit (Cell Biolabs) according to the manufacturer’s instructions. 
In brief, the cells were stimulated and lysed with the lysis buffer 
(25 mM Hepes, pH 7.5, 150 mM NaCl, 1% NP-40, 10 mM MgCl2, 
1 mM EDTA, and 2% glycerol) supplemented with the protease/
phosphatase inhibitor cocktails previously used. As control 
samples, cell lysates were incubated with GTPγS and GDP at 
30°C for 30 min, followed by addition of MgCl2. Cell lysates 
were incubated with Raf1-RBD GST–conjugated agarose beads 
for 1 h at 4°C, followed by washing. Raf1-RBD–bound proteins 
were eluted by 2× sample loading buffer, and coprecipitated Ras 
protein was detected by Western blot analysis.

Differential salt wash
Coimmunoprecipitates were incubated with Tris-HCl, pH 
7.9, 0.2 mM EDTA, 5% glycerol, 5 mM DTT, and different con-
centrations of NaCl (150  mM to 600  mM) for 30 min three 
times. Coimmunoprecipitates were further washed twice 
with 150  mM NaCl buffer and eluted by boiling in sample 
loading buffer.

Statistical analysis
Statistical analysis was performed in Prism (Graphpad Software) 
with the unpaired t test for total cell numbers and frequencies (*, 
P < 0.05; **, P < 0.01; and ***, P < 0.001).

Standard ChIP assays and ChIP-seq
ChIP was performed as previously described (Lee et al., 2006; 
Goldberg et al., 2010). In brief, 107 cells were cross-linked with 
0.5% formaldehyde at room temperature for 10 min. Chroma-
tin was sonicated to 300–500 bp in RIPA buffer with 0.3 M 
NaCl. 5–10 mg antibodies were preincubated with Dynabead 
Protein A/G (Invitrogen) for at least 8 h before incubating with 
sonicated chromatin overnight. After overnight incubation, 
beads were washed in modified RIPA wash buffer (100  mM 

LiCl) and 1× in TE. After overnight cross-link reversal at 65°C, 
RNase digestion, and proteinase K digestion, ChIP DNA and 
input DNA were purified using the Quiaquick PCR purifica-
tion kit. For regular ChIP and for validation of ChIP-Seq, ChIP 
DNA was analyzed via qPCR using SYBR Green PCR Master 
Mix and the LightCycler 480. Primer sequences are avail-
able upon request.

For ChIP-Seq, 30 µl of ChIP DNA were used to generate blunt-
ended DNA using reagents supplied with the Epicenter DNA 
EndRepair kit (Epicenter Biotechnologies) according to the 
manufacturer’s instructions. The end-repaired DNA was puri-
fied using the Quiaquick PCR purification kit. Using Klenow 
Fragment (3′ to 5′ exo-, NEB), “A” bases were added to the DNA. 
The DNA was purified using the MinElute kit. T4 DNA ligase 
(NEB) was used for ligation of Illumina/Solexa adapters to the 
DNA fragments. The adaptor-ligated DNA was purified with the 
MinElute kit. The DNA fragments were subjected to 18 cycles of 
PCR using the Illumina/Solexa primers 1.0 and 2.0 to generate 
the ChIP-Seq libraries. The ChIP-Seq libraries were purified with 
the MinElute kit.

Samples were sequenced on the Illumina Hiseq2000 plat-
form for 50 cycles, and raw sequencing data were processed 
using the CAS AVA_v1.8.2 software to generating fastq files. 
Sequencing reads were aligned to the mouse genome (mm9) 
using Bowtie v0.12.7 (Langmead et al., 2009). Reads were kept 
if they aligned with two errors or fewer and did not align to 
more than one location in the genome. A 25-bp density coverage 
map was created by extending each read for 100 bp to account 
for mean library fragment length and mapping the number 
of reads per 25 bp bin using igvtools (Thorvaldsdóttir et al., 
2013). Values in each sample were normalized to fpkm values 
by calculating the fraction of mapped reads per bin in one mil-
lion total reads.

For comparative analysis of promoter regions, the number of 
aligned reads in the area surrounding the transcriptional start 
site (±3 kb) of each gene was used.

Figure 4. PRC2 regulates TCR-mediated Mek-Erk1/2 phosphorylation. (A) Phosphorylation of Erk1/2 (pErk1/2) in naive and TCR-triggered WT and indi-
cated mutant CD4+ T cells were measured and normalized to the total amount of Erk1/2. Cells were stimulated by a combination of anti-CD3 and anti-CD28 
antibodies for the indicated time periods. The bar graph shows the quantification of these measurements. Results from one of three independent experiments 
are shown. (B and C) Phosphorylation of Erk1/2 (pErk1/2) in naive and TCR-triggered WT CD4+ T cells in the absence (DMSO) or presence of the indicated 
amounts of the Ezh2 inhibitor GSK503 was measured and normalized to the total amount of Erk1/2. Cells were stimulated by a combination of anti-CD3 and 
anti-CD28 antibodies (B) or PMA (C) for the indicated time periods. The bar graphs show the quantification of these measurements. Results from one of three 
independent experiments are shown. (D) Phosphorylation of Erk1/2 (pErk1/2) in naive and TCR-triggered WT CD4+ T cells in the absence (DMSO) or presence 
of the indicated amounts of the control compound GSK2792600 (GSK2600) was measured and normalized to the total amount of Erk1/2. Cells were stimu-
lated by a combination of anti-CD3 and anti-CD28 antibodies for the indicated time periods. The bar graph shows the quantification of these measurements. 
Results from one of three independent experiments are shown. (E) WT CD4+ T cells were stimulated with anti-CD3 and anti-CD28 antibodies in the absence 
(DMSO) or presence of 10 µM UNC1999. The levels of pMek1/2 (S217/221) were measured and normalized to the total amount of Mek1. The bar graph shows 
the quantification of these measurements. Results from one of three independent experiments are shown. (F) Phosphorylation of Erk1/2 (pErk1/2) in naive and 
TCR-triggered WT CD4+ T cells in the absence (DMSO) or presence of the indicated amounts of the Ezh2 inhibitor UNC1999 was measured and normalized to the 
total amount of Erk1/2. Cells were stimulated by a combination of anti-CD3 and anti-CD28 antibodies for the indicated time periods. Results from one of three 
independent experiments are shown. (G) Phosphorylation of Erk1/2 (pErk1/2) in naive and TCR-triggered WT CD4+ T cells in the absence (DMSO) or presence 
of the indicated amounts of control compound UNC2400 was measured and normalized to the total amount of Erk1/2. Cells were stimulated by a combination 
of anti-CD3 and anti-CD28 antibodies for the indicated time periods. The experiments were performed independently three times, and significance, when 
calculated, was determined by the unpaired Student’s t test: *, P ≤ 0.05; **, P ≤ 0.01; and ***, P ≤ 0.001. (H) GTP-bound Ras in naive and TCR-stimulated WT 
and indicated mutant CD4+ T cells was detected by Raf1-RBD pulldown assay. (I) WT CD4+ T cells were treated with 10 µM UNC1999 or DMSO and stimulated 
with anti-CD3 and anti-CD28 antibodies. Ras-GTP pulldown assay was performed. Data from one representative of two independent experiments are shown 
for H and I. Molecular mass is indicated in kilodaltons. Error bars show mean ± SEM.
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Figure 5. Treatment of T cell autoimmunity by pharmacological Ezh2 inhibition reverses autoimmunity caused by T reg depletion. (A) The color scheme 
shows timing for the DTx-mediated T reg depletion (red) and treatment with the Ezh2 inhibitor (green). Each box represents a day of treatment. The photograph 
shows sizes of spleen and lymph nodes of Foxp3-DTR mice (wt), Foxp3-DTR mice treated with DTx (WT, DTx) or Foxp3-DTR mice that started to receive GSK503 
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Data availability
Sequencing data generated for this study are available through 
the GEO database: H3K27me3 ChIP-sequencing and RNA-Seq 
(accession no. GSE110598).

Preparation of libraries for RNA sequencing
2 µg total RNA were used per sample, ribosomal RNA was removed 
with the Ribo-Zero Magnetic kit (Epicentre), and libraries were 
prepared with the ScripSeq v2 RNA-Seq Library Prepapration 
kit (Epicentre) following the manufacturer’s instructions. In 
brief, the library preparation consisted of the following steps: 
fragmentation, cDNA synthesis, terminal tagging, and pream-
plification. Samples were sequenced in the same manner as the 
ChIP-seq samples but using 100 cycles instead of 50. Fastq reads 
were aligned to the mouse reference genome mm9 using Tophat 
(Kim et al., 2013a) to account for splicing and alternative pro-
moter usage as well as insertions and deletions. Subsequently, the 
cufflinks RNA-seq analysis tool cuffdiff (Trapnell et al., 2013) was 
used to assess differential gene expression, alternative promoter 
usage, and splicing variation between experimental datasets. 
The resulting fpkm values were used for further data analysis 
and visualization.

Quantitative PCR
Total RNA was extracted using an RNeasy Mini kit (Qiagen) 
according to the manufacturer’s protocol. RNA was DNase-treated 
using an RNase free DNase set (Qiagen), and cDNA was synthe-
sized using reagents supplied with a first-strand cDNA synthe-
sis kit (Roche). Quantitative real-time PCR was performed using 
SYBR Green (Roche) on a Roche Lightcycler 480. Primer sequences 
are available upon request. Data are presented as mean ± SD.

Preparation of GSK600
To a solution of 6-bromo-1-isopropyl-3-methyl-1H-indole-4-car-
boxylic acid (the synthesis of 6-bromo-1-isopropyl-3-methyl- 
1H-indole-4-carboxylic acid has been previously described; 
Béguelin et al., 2013; 1; 140 mg, 0.473 mmol) in dimethyl sulfoxide 
(10 ml) was added (2-methoxy-4,6-dimethylpyridin-3-yl) meth-
anamine (98 mg, 0.591 mmol), 1-hydroxy-7-azabenzotriazole 
(129 mg, 0.945 mmol), EDC (181 mg, 0.945 mmol), and N-methyl- 

morpholine (0.208  ml, 1.891 mmol). The reaction was main-
tained at room temperature for 16 h, at which time water (25 ml) 
was added. The mixture was stirred for 10 min and filtered. The 
solids were dissolved in dichloromethane and washed with 
water. They were dried over MgSO4 and concentrated to furnish 
6-bromo-1-isopropyl-N-((2-methoxy-4,6-dimethylpyridin-3-yl)
methyl)-3-methyl-1H-indole-4-carboxamide (2; 217 mg, 0.488 
mmol) as a white solid. 1H NMR (400 MHz, DMSO-d6) d 1.38 (d, 
6 H), 2.09 (s, 3 H), 2.32 (s, 3 H), 2.34 (s, 3 H), 3.82 (s, 3 H), 4.42 
(d, J = 4.80 Hz, 2 H), 4.73 (quin, J = 6.63 Hz, 1 H), 6.68 (s, 1 H), 6.98 
(d, J = 1.52 Hz, 1 H), 7.32 (s, 1 H), 7.76 (d, J = 1.77 Hz, 1 H), 8.43 (t, J 
= 4.93 Hz, 1 H). MS(ES) [M+H]+ 444.2, 446.2.

1-Isopropyl-N-((2-methoxy-4,6-dimethylpyridin-3-yl)methyl)-3-
methyl-6-(6-(4-methylpiperazin-1-yl)pyridin-3-yl)-1H-indole-4-
carboxamide (GSK600)
A mixture of 6-bromo-1-isopropyl-N-((2-methoxy-4,6-dimeth-
ylpyridin-3-yl)methyl)-3-methyl-1H-indole-4-carboxamide (200 
mg, 0.450 mmol), 1-methyl-4-(5-(4,4,5,5-tetramethyl-1,3,2-di-
oxaborolan-2-yl)pyridin-2-yl)piperazine (164 mg, 0.540 mmol), 
sodium carbonate (0.675 ml, 1.350 mmol), 1,2-dimethoxyethane 
(3 ml), and water (1 ml) in a microwave vial was degassed for 10 
min. The mixture was charged with 1,1'-bis(diphenylphosphino)
ferrocene-palladium(II)dichloride dichloromethane complex 
(29.4 mg, 0.036 mmol) and heated in a microwave at 140°C for 
10 min. The reaction was diluted with water and extracted with 
dichloromethane. The combined dichloromethane extracts were 
washed with water, dried (MgSO4), and concentrated. The resi-
due was purified by reverse-phase HPLC (Gemini 5u C18 110A, 
AXIA, 50 × 30 mm 5 microncolumn; 40% acetonitrile/water/0.1% 
NH4OH to 90% acetonitrile/water/0.1% NH4OH) to give 1-isopro-
pyl-N-((2-methoxy-4,6-dimethylpyridin-3-yl)methyl)-3-meth-
yl-6-(6-(4-methylpiperazin-1-yl)pyridin-3-yl)-1H-indole-4-car-
boxamide (GSK600; 129 mg, 0.239 mmol) as an off-white foam. 
1H NMR (400 MHz, CDCl3) d 1.50 (d, 6 H), 2.23 (s, 3 H), 2.36 - 2.44 
(m, 6 H), 2.47 (s, 3 H), 2.62 (d, J = 5.31 Hz, 4 H), 3.65 (br. s., 4 H), 
3.90 (s, 3 H), 4.57 - 4.83 (m, 3 H), 6.32 (t, J = 5.68 Hz, 1 H), 6.60 
(s, 1 H), 6.74 (d, J = 8.84 Hz, 1 H), 7.03 (s, 1 H), 7.46 (d, J = 1.26 Hz, 
1 H), 7.77 (dd, J = 8.84, 2.53 Hz, 1 H), 8.47 (d, J = 2.27 Hz, 1 H). 
MS(ES) [M+H]+ 541.4.

on day 8 after the initiation of DTx treatment (WT, DTx+Res). (B) The frequency of Foxp3+ regulatory T cells in spleen of Foxp3-DTR mice (left), Foxp3-DTR mice 
treated with DTx (middle, +DTx) and Foxp3-DTR mice that started to receive GSK503 on day 8 after DTx treatment (right, +DTx +Res). (C) The total number of 
lymphoid cells in lymph nodes of Foxp3-DTR mice that receive indicated treatments are shown (untreated, white symbols; DTx injection, red symbols; DTx + 
GSK503 [Inh] treatment, orange symbols; and DTx + GSK503 [Res] treatment, green symbols. “Inh” indicates that the mice received GSK503 simultaneously 
with the DTx treatment whereas “Res” indicates that the mice started to receive GSK503 on day 8 after the initiation of DTx treatment). (D) The percentages of 
Ki67+ dividing CD19+ B and CD4+ or CD8+ T cells in lymph nodes of mice that receive indicated treatments are shown (untreated, white symbols; DTx injection, 
red symbols; DTx and GSK503 [Res] treatment, green symbols). Each symbol represents one mouse. Results from one of two representative experiments are 
shown (n = 4–15). Prevention of T cell autoimmunity by PRC2 inhibition or genetic deletion of Ezh2. (E) The color scheme shows timing for the DTx-mediated 
T reg depletion (red) and treatment with the Ezh2 inhibitor (green). Each box represents a day of treatment. The photograph shows sizes of spleen and lymph 
nodes derived from FoxP3-DTR mice (WT), FoxP3-DTR mice treated with vehicle (WT, V), FoxP3-DTR mice treated with PRC2 inhibitor GSK503 (WT, Inh), 
FoxP3-DTR mice treated with DTx (WT, DTx), FoxP3-DTR mice treated with DTx and with PRC2 inhibitor GSK503 (WT, DTx+Inh), Ezh2fl/fl; CD4-cre; FoxP3-DTR 
mice (Ezh2−/−), and Ezh2fl/fl; CD4-cre; FoxP3-DTR mice treated with DTx (Ezh2−/−, DTx). The total cell number in lymph nodes of mice that receive vehicle (V), 
DTx, or inhibitor (Inh) treatment are indicated. Each symbol represents a single mouse. All data are representative of two independent experiments (n = 3–8). 
(F) The percentage of Ki67+ dividing CD19+ B and CD4+ or CD8+ T cells in lymph nodes of mice that received indicated treatments is shown (white symbols, 
untreated; red symbols, DTx injection; green symbols, DTx and GSK503 (Res) treatment). Each symbol represents one mouse. Results from one of two rep-
resentative experiments are shown, and significance was determined by unpaired Student’s t test: **, P ≤ 0.01; ***, P ≤ 0.001. Error bars show mean ± SEM.
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Table 1. Analysis of cell subsets in response to T reg elimination and PRC2 inhibition

Parameter FoxP3DTR FoxP3DTR Fold change FoxP3DTR Fold change FoxP3DTR Fold change

+DTx +DTx +DTx

+GSK503 +Rescue

Lymph nodes

Total cell no. 1.18E+08 8.28E+08 7.01 3.40E+08 0.41 3.54E+08 0.43

±SEM 6.51E+06 7.53E+07 *** 4.62E+07 *** 4.80E+07 **

No. CD4+TCRb+ 3.90E+07 2.50E+08 6.40 1.04E+08 0.42 9.90E+07 0.4

±SEM 3.11E+06 2.53E+07 *** 1.85E+07 *** 1.20E+07 *

No. CD8+TCRb+ 3.72E+07 2.10E+08 5.66 8.94E+07 0.43 8.11E+07 0.39

±SEM 2.49E+06 1.80E+07 *** 1.03E+07 *** 1.25E+07 **

No. CD19+B220+ 2.66E+07 1.72E+08 6.48 4.97E+07 0.29 1.40E+08 0.81

±SEM 5.30E+06 3.92E+07 ** 1.23E+07 * 2.29E+07 NS

No. GR1hiCD11b+ 5.92E+05 1.77E+07 29.9 3.84E+06 0.22 7.65E+06 0.43

±SEM 2.14E+05 3.29E+06 *** 1.04E+06 ** 1.75E+06 NS

No. F4/80+ CD11c− 1.10E+06 1.11E+07 10.11 2.53E+06 0.23 6.32E+06 0.57

±SEM 3.91E+05 1.90E+06 *** 9.77E+05 ** 2.75E+06 NS

Spleen

Total cell no. 1.22E+08 6.41E+08 5.26 2.04E+08 0.32 2.36E+08 0.37

±SEM 1.34E+07 5.82E+07 *** 3.48E+07 *** 9.25E+07 **

No. CD4+TCRb+ 1.90E+07 1.40E+08 7.36 3.62E+07 0.26 7.00E+07 0.5

±SEM 2.67E+06 1.45E+07 *** 8.52E+06 *** 2.62E+07 *

No. CD8+TCRb+ 1.86E+07 1.13E+08 6.09 2.71E+07 0.24 4.94E+07 0.44

±SEM 1.61E+06 1.45E+07 *** 6.61E+06 *** 2.23E+07 NS

No. CD19+B220+ 4.93E+07 1.09E+08 2.22 3.58E+07 0.33 6.94E+07 0.64

±SEM 9.86E+06 1.65E+07 * 1.01E+07 ** 2.48E+07 NS

No. GR1hiCD11b+ 2.99E+06 5.95E+07 20.56 3.44E+07 0.58 2.48E+07 0.42

±SEM 1.21E+06 1.19E+07 *** 5.72E+06 NS 1.14E+07 NS

No. F4/80+CD11c− 2.06E+06 5.57E+07 27.12 3.13E+07 0.56 2.19E+07 0.39

±SEM 4.42E+05 1.14E+07 ** 1.24E+07 NS 9.71E+06 NS

Significance was determined by unpaired Student’s t test: *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001.

D
ow

nloaded from
 http://jem

.rupress.org/jem
/article-pdf/215/4/1101/1759159/jem

_20170084.pdf by guest on 24 April 2024



Dobenecker et al. 
Cytosolic PRC2 controls T cell stimulation

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20170084

1112

(2-Methoxy-4,6-dimethylpyridin-3-yl)methanamine
Lithium aluminum hydrate (2 M in tetrahydrofuran; 308 ml, 
617 mmol) was added dropwise over 30 min to a cooled (ice/
water bath) suspension of 2-methoxy-4,6-dimethylnicotino-
nitrile (3; 50  g, 308 mmol) in diethyl ether (1,000  ml). The 
reaction was stirred for 60 min, at which time the ice bath 
was removed. The reaction was stirred at ambient tempera-
ture for 20 h. The reaction was recooled (ice/water bath) and 
quenched dropwise with water (25 ml), followed by 3 M NaOH 
(25 ml) and more water (75 ml). The cooling bath was removed, 
the mixture was allowed to warm to room temperature, and 
Mg2SO4 (10 heaping scoops) was added. The mixture was 
stirred for 1 h, at which time it was filtered through Celite. The 
solids were washed with ether, and the mother liquors were 
concentrated to give a yellow oil, which solidified upon freez-
ing. The residue was dried under vacuum (hivac) for 2 h to give 
(2-methoxy-4,6-dimethylpyridin-3-yl)methanamine (4; 50 g, 
301 mmol). MS(ES) [M+H]+ 167.0.

Online supplemental material
Fig. S1 shows a detailed FACS analysis of WT and mutant mice 
with a focus on T cell development and peripheral populations. 
Fig. S2 shows unchanged activation of several signaling molecules 
downstream of the TCR and unchanged Ca2+-flux as well as mass 
spectrometry analysis of intracellular concentrations of GSK503 
and normal total tyrosine phosphorylation and PLCγ1 activation 
after TCR cross-linking even in the presence of high amounts of 
GSK503. Fig. S3 shows unaltered kinetics of Erk activation, unal-
tered Mek phosphorylation at serine 298, and decreased prolifer-
ation after TCR cross-linking but not after stimulation with PMA 
and ionomycin, in the presence of PRC2 inhibitor.
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