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The histone methyltransferase activity of PRC2 is central to the formation of H3K27me3-decorated facultative
heterochromatin and gene silencing. In addition, PRC2 has been shown to automethylate its core subunits, EZH1/
EZH2 and SUZ12. Here, we identify the lysine residues at which EZH1/EZH2 are automethylated with EZH2-K510
and EZH2-K514 being the major such sites in vivo. Automethylated EZH2/PRC2 exhibits a higher level of histone
methyltransferase activity and is required for attaining proper cellular levels of H3K27me3. While occurring inde-
pendently of PRC2 recruitment to chromatin, automethylation promotes PRC2 accessibility to the histone H3 tail.
Intriguingly, EZH2 automethylation is significantly reduced in diffuse intrinsic pontine glioma (DIPG) cells that
carry a lysine-to-methionine substitution in histone H3 (H3K27M), but not in cells that carry either EZH2 or EED
mutants that abrogate PRC2 allosteric activation, indicating that H3K27M impairs the intrinsic activity of PRC2.
Our study demonstrates a PRC2 self-regulatorymechanism through its EZH1/2-mediated automethylation activity.
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Inmammals, the catalysis of methylation on Lys27 of his-
tone H3 (H3K27) is central to the formation of Polycomb-
repressive chromatin domains associated with gene
silencing. Polycomb-repressive complex 2 (PRC2) is the
only knownmammalianmethyltransferase that catalyzes
mono-, di-, and trimethylation of H3K27 (H3K27me1/
me2/me3). The PRC2 core complex comprises EED,
SUZ12, and two mutually exclusive and interchangeable
catalytic subunits, EZH1 and EZH2. In isolation, the cat-
alytic SET domain of EZH1 or EZH2 is in an autoinhibi-
tory state (Wu et al. 2013), but EZH1/2 interaction with
EED and SUZ12 relieves this autoinhibition, thereby fos-
tering its histone methyltransferase (HMT) activity (Cao
et al. 2002; Kuzmichev et al. 2002; Jiao and Liu 2015 ; Jus-
tin et al. 2016). Upon assembly of this minimally active
PRC2 core complex, PRC2 engages in a positive feedback
mechanismwhereby its EED subunit binds to the product
of PRC2 catalysis, H3K27me3, inducing an allosteric acti-

vation of the complex that significantly promotes EZH2
catalytic activity (Margueron et al. 2009). This “write
and read” mechanism constitutes the molecular basis by
which PRC2 forms extensive chromatin domains com-
prising H3K27me2/me3 that foster gene repression upon
each cycle of cell division (Hansen et al. 2008; Oksuz
et al. 2018; Reinberg and Vales 2018). Disruption of this
feedback loop by point mutations in the key regions of
EZH2 and EED results in a global loss of H3K27me2/me3
and notably, these mutations were found in human path-
ological conditions including developmental diseases and
cancer (Imagawa et al. 2017; Lee et al. 2018b).

In addition to the allosteric activation deficient muta-
tions, many other loss-of-function mutations in the
PRC2 core subunits are frequently found to abrogate cel-
lular levels of H3K27me3 in specific cancer subtypes,
such as T-cell acute lymphoblastic leukemia (T-ALL)
and malignant peripheral nerve sheath tumors (MPNST)
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(Ntziachristos et al. 2012; Lee et al. 2014). In contrast,
gain-of-function mutations in the catalytic pocket of
the SET domain of EZH2, which specifically promote
the conversion of H3K27me2 to H3K27me3 (Morin
et al. 2010; McCabe et al. 2012), were shown to be onco-
genic drivers of diffuse large B-cell lymphoma (DLBCL)
and follicular lymphoma (Morin et al. 2010; McCabe
et al. 2012). More recently, a lysine-to-methionine muta-
tion (H3K27M) of the PRC2 substrate, H3K27, was found
to function as a dominant-negative mutant against PRC2
activity, leading to a global loss in H3K27me2/me3 in dif-
fuse intrinsic pontine glioma (DIPG), a subtype of high-
grade pediatric glioma (Chan et al. 2013; Lewis et al.
2013). Strikingly, biochemical studies demonstrate that
after contact with and release from H3K27M, PRC2 man-
ifests a decreased catalytic activity, indicating that
H3K27M exerts a persistent, long-lasting inhibitory effect
on PRC2 (Stafford et al. 2018). The mechanistic basis of
this effect is yet to be determined and may prove pivotal
to understanding the pathogenesis of DIPG.
In addition to genetic mutations that dysregulate PRC2

activity, several different proteins have been reported to
associate with PRC2 and regulate its activity. Recent ad-
vances provide insights into the roles of some of the
PRC2 accessory factors, such as AEBP2 (Lee et al.
2018a), JARID2 (Son et al. 2013; Sanulli et al. 2015), and
Polycomb-like (PCL) proteins (Li et al. 2017; Oksuz et al.
2018), which stimulate PRC2 activity and/or facilitate
its recruitment to chromatin. However, the function(s)
of other accessory factors including EPOP/C17ORF96
(Beringer et al. 2016; Liefke et al. 2016), C10ORF12 (Alek-
seyenko et al. 2014), and PALI (LCOR and C10ORF12 fu-
sion protein) (Conway et al. 2018) remains poorly
understood. As these candidates have been isolated from
transformed or ES cells, it is important to examine further
their potential cell-type specific roles in postdevelopmen-
tal lineages (Yu et al. 2019).
Among these regulatory factors, JARID2 stands alone as

being itself subject to PRC2-mediated methylation, spe-
cifically at its Lys116 residue (JARID2-K116me). Similar
to H3K27me3, JARID2-K116me3 binds to the EED aro-
matic cage and elicits an allosteric activation of PRC2
(Sanulli et al. 2015). Intriguingly, PRC2 also exhibits an
automethyltransferase activity directed towards its own
core subunits, EZH2 and SUZ12 (Müller et al. 2002;
Wang et al. 2017, 2019). Notably, this automethylation
occurs intramolecularly (Wang et al. 2019). Asmany other
enzymes harbor intrinsic regulatorymechanisms through
self-modification (e.g,. autophosphorylation or autome-
thylation) (Wang and Wu 2002; Chin et al. 2007; Dillon
et al. 2013), we examined the functional impact of PRC2
automethylation in this study.

Results

Human PRC2 automethylates EZH1/2 and SUZ12
in vitro

To begin investigations into the role of PRC2 automethy-
lation, we first performed an in vitro methyltransferase

(MT) assay using recombinant human PRC2 complex
composed of EZH2, SUZ12, EED, and RBAP48 (Supple-
mental Fig. 1A) and monitored the efficiency of this reac-
tion after the addition of the methyl donor [3H]-SAM. In
agreement with previous findings (Müller et al. 2002;
Wang et al. 2017), PRC2 methylates EZH2 and SUZ12 in
the presense or absence of nucleosomal substrates (Fig.
1A; Supplemental Fig. 1B). Based on recent findings
showing that this methylation occurs intramolecularly
(Wang et al. 2019), we also indicate this catalysis as
automethylation hereafter. While PRC2 can comprise ei-
ther an EZH1 or EZH2 homolog, previous findings show
that PRC2-EZH1 exhibits a considerably weaker HMT ac-
tivity relative to that of PRC2–EZH2 (Margueron et al.
2008; Son et al. 2013; Lee et al. 2018a). Unsurprisingly,
automethylation of EZH1 is considerably weaker than
that of its EZH2 counterpart (Fig. 1A; Supplemental Fig.
1A,B). Nonetheless, the addition of the PRC2 accessory
factor, AEBP2, or an allosteric activator, H3K27me3-
peptide, increased EZH2 automethylation (Fig. 1B, lanes
3–6) in accordance with their respectively distinctive
stimulatory effects on PRC2 HMT activity (Lee et al.
2018a). SUZ12 methylation was also enhanced by the
H3K27me3-peptide, but surprisingly, was dampened by
AEBP2 (Fig. 1B, lanes 3–6). Based on recent structural stud-
ies (Kasinath et al. 2018), the latter result could be due to
the steric occlusion of potential SUZ12 methylation site
(s) from the catalytic pocket when AEBP2 is complexed
with PRC2 (Chen et al. 2018). In contrast to the stimulato-
ry effect ofAEBP2onEZH2automethylation, the presence
of JARID2 led to a reduction (Fig. 1C, cf. lanes 1,2 and 3,4),
likely due to a competition between these two nonhistone
substrates, JARID2-K116 (Sanulli et al. 2015) and EZH2
automethylation sites, within the same complex.
Having established the conditions for PRC2 automethy-

lation,wenext examined the levels of EZH2 automethyla-
tion in the presence of oligonucleosomes (Fig. 1B, lanes
7–12). The addition of oligonucleosomes had little impact
on EZH2 automethylation but surprisingly, dampened
automethylation of EZH2 and SUZ12 in the presence of
H3K27me3-peptide, suggesting that allosterically activat-
ed PRC2 shifts its substrate preference toward nucleo-
somes as a consequence of substrate competition (Fig.
1B, cf. lanes 5,6 and 11,12). Collectively, these results cor-
roborated that PRC2 automethylates its core subunits,
EZH2 and SUZ12. We found that EZH1 is also subject to
automethylation and that while, in principle, PRC2 auto-
methylation correlates with its levels of HMT activity,
distinct PRC2 subcomplexes exhibit different levels of
automethylation (Fig. 1D).

Automethylation of EZH1/2 resides in a key regulatory
region between its SANT2L and CXC domains

To better understand the functional role of PRC2-EZH1/2
automethylation, we purified PRC2 from mouse embry-
onic stem cells (mESCs) using Flag-based affinity purifica-
tion (Fig. 2A; Supplemental Fig. 2A) from a previously
constructed EED-deficient mESC line wherein N-ter-
minally Flag-tagged EED was ectopically expressed
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(Lee et al. 2018b). Purified endogenous PRC2 from mESC
was then subjected to Arg-C protease digestion and MS
analysis to better preserve the lysine modifications. We
identified three methylated lysine residues, all of which
are conserved in EZH1 and EZH2, including EZH2-
K510, EZH2-K514, and EZH2-K515, corresponding to
EZH1-K511, EZH1-K515, EZH1-K516 (Fig. 2B; Supple-
mental Fig. 2B,C). These residues reside in an unstruc-
tured loop between the SANT2L and CXC domains of
EZH1/2 (Fig. 2C). Notably, these lysine residues can be
in close proximity to the substrate binding pocket of the
SET domain (Fig. 2C), supporting the notion that EZH2
automethylation occurs in cis as shown in a recent study
(Wang et al. 2019). Remarkably, 96% of EZH2-K514 and
67% of EZH2-K510 was either mono-, di-, or trimethy-
lated (me1, me2, and me3, respectively) (Fig. 2B). Howev-
er, only 6% of EZH2-K515 was methylated (Fig. 2B),
indicating that K510 and K514 are the major sites of
EZH2 automethylation. Furthermore, methylation of
EZH2-K510 and EZH2-K515 was detected only in the
presence of K514-methylation in cis (Fig. 2B; Supplemen-
tal Fig. 2B,D), suggesting thatmethylation of K514 is a pre-
requisite for that of K510 and K515.

To corroborate that these residues are bonafide auto-
methylation sites, we performed an MT assay on purified
recombinant PRC2-EZH2 complexes that contain muta-
tions of each EZH2 automethylation residue. We sub-
stituted each lysine (K) with either an alanine (A) or
arginine (R), as the side chain of arginine preserves a
positive charge similar to that of lysine but cannot be
methylated by PRC2. While PRC2–EZH2K510A/R dis-
played little impact on overall automethylation signals,
PRC2–EZH2K514A/R showed a dramatic reduction in auto-
methylation (Fig. 2D). Surprisingly, PRC2–EZH2K515A/R

exhibited increased automethylation (Fig. 2D), suggesting
that K515 mutants enhance automethylation efficiency
on K510 and K514. Thus, the primary sites of automethy-
lation in EZH2 are K514 and K510, and K515 automethy-
lation occurs concomitantly with K514 automethylation.

Automethylated EZH2 residues are critical for
H3K27me3 catalysis, but not for PRC2 recruitment
to chromain

Next, we purified and examined the impact of EZH2 auto-
methylation mutants on the HMT activity of PRC2 in
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Figure 1. PRC2 subunits can be automethylated. (A–C ) Methyltransferase (MT) assays showing EZH1/2, SUZ12, and histone H3 are
methylated; see the Materials and Methods for MT assay conditions. (Left) Coomassie blue staining of SDS-PAGE gels containing nucle-
osomes or PRC2 components was used to visualize the relative concentration of each component present in each reaction. (Right) The
corresponding autoradiography image was shown for quantification. The relative levels of EZH2 automethylation were quantified and
indicated at the top of the gel image (highlighted in red). (A) MT assays containing 30 or 60 nM PRC2-EZH2 or PRC2–EZH1, 2 µM
3H-SAM, and 300 nM oligonucleosomes. (B) MT assays with 30 or 60 nM PRC2–EZH2, PRC2–EZH2–AEBP2, or PRC2–EZH2 with 3
µMH3K27me3 peptide and incubatedwith 2 µM 3H-SAM in the absence (lanes 1–6) or presence (lanes 7–12) of 300 nMoligonucleosomes.
(C ) MT assayswith 0 or 60 nMPRC2–EZH2–AEBP2 or PRC2–EZH2–AEBP2–JARID2 and incubatedwith 2 µM 3H-SAM in the presence of
300 nM oligonucleosomes.
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complex with AEBP2 (Supplemental Fig. 3A), a common
accessory factor found in many cell types (Kim et al.
2009). Intriguingly, while in the context of PRC2–
AEBP2, both EZH2K510A and EZH2K514A had a partial ef-
fect on EZH2 automethylation, and the EZH2K510A;K514A

doublemutant exhibited an undetectable level of autome-
thylation (Fig. 3A, left and middle), affirming that K510
and K514 are the predominant sites of automethylation
in EZH2 (Fig. 2B), and suggesting that PRC2 association
with accessory proteins regulates the substrate preference
between these two sites. Importantly, the histone MT
(HMT) activity of PRC2–AEBP2–EZH2K510A, PRC2–
AEBP2–EZH2K514A, or PRC2–AEBP2–EZH2K510A;K514A

was consistent and reflective of their intrinsic automethy-
lation activity, with EZH2K510A and EZH2K514A manifest-
ing a partial reduction and EZH2K510A;K514A displaying a
synergistic and more profound defect in their respective
HMT activity (Fig. 3A, middle). To further dissect the
H3K27 methylation status under these assay conditions,
we performed immunoblotting on aliquots of theHMTas-
says using antibodies specific to H3K27me1, H3K27me2,
or H3K27me3. The PRC2–AEBP2 complex containing
EZH2K510A, EZH2K514A, or EZH2K510A;K514A showed sim-
ilarly modest reductions in H3K27me1 and H3K27me2
levels compared with wild-type PRC2–AEBP2 (Fig. 3A,
right). However, a more prominent loss in H3K27me3

was observed in the HMT assay using PRC2–AEBP2–
EZH2K510A;K514A relative to EZH2K510A or EZH2K514A

(Fig. 3A, right).
To ascertain whether these automethylation mutants

exhibit a similar pattern of H3K27 methylation in vivo,
we adopted a previously established system in which all
H3K27 methylation is depleted in C57BL/6J (B6) mouse
embryonic stem cells (mESCs) containing a knockout
(KO) of both EZH1 and the SET domain of EZH2 (EZH1-
KO/EZH2ΔSET, referred to here as EZH1/2 dKO) (Lee
et al. 2018a). We rescued these EZH1/2 dKO mESCs
with either EZH2WT or the EZH2 automethylation mu-
tants by lentiviral transduction. As expected, EZH1/2
dKO mESCs showed a complete loss in H3K27me (Fig.
3B, lane 2), the levels of which were nearly fully restored
upon rescue with EZH2WT (Fig. 3B, lane 3), consistent
with our previous study (Lee et al. 2018a). Surprisingly,
there was no reduction in H3K27me2/me3 upon rescue
with either EZH2K510A or EZH2K514A (Fig. 3B, cf. lanes 3–
5), in contrast to results from our in vitro HMT assays
(Fig. 3A). Despite the restoration of H3K27me2 upon res-
cue with EZH2K510A;K514A, H3K27me3 remained very
low (Fig. 3B, cf. lanes 3 and 6). Interestingly, a similar res-
cue experiment performed in 293T-Rex cells in which
EZH2 was knocked down (KD), showed that H3K27me3
was partially restored by EZH2K510A and EZH2K514A,
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Figure 2. Identification of EZH2 methyla-
tion sites in mouse embryonic stem cells.
(A,B) PRC2 complex was purified from
Flag-tagged-EED E14 mouse embryonic
stem cells (mESCs) to identify EZH2 auto-
methylation site(s); see the Materials and
Methods for purification details. (A) Purified
PRC2 complex is shown in Coomassie blue-
stained SDS-PAGE gel. (B) Mass spectrome-
try (MS) analysis of EZH2 methylation after
Arg-C protease digestion (see the Materials
and Methods). Illustration of EZH2 lysine
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the percentages of their mono-, di-, and tri-
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region shows overall percentages of
methylation at the EZH2 lysine residues in-
dicated. (C, top) Sequence alignment of hu-
man EZH1 and EZH2 between the
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tion sites identified by MS are highlighted
by blue squares and asterisks. (Bottom) Hu-
man PRC2 structure showing the position
of the unstructured regulatory loop (dashed
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mains (modified from PDB: 5HYN). Note
that the automethylation sites are in close
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(red circle) and SAM binding pocket (pink
circle). (D) MT assays containing 20 or 40
nM PRC2-EZH2, either WT or individually

mutant in the automethylation sites. (Top image) The levels ofmethylation on EZH2 are shown by autoradiography. (Bottom image) Coo-
massie blue staining of SDS-PAGE gels containing PRC2 components was used to visualize the relative concentration of each component
present in each reaction.
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relative to EZH2WT (Supplemental Fig. 3B), whereas
EZH2K510A;K514A was ineffectual. Thus, depending on the
cellular context, the partial defect in HMT activity of
EZH2K510A or EZH2514A might be compensated by other
factors, such as the presence of accessory proteins or a
high abundance of PRC2. Nonetheless, EZH2K510A;

K514A exhibits a synergistic effect and is defective in
H3K27me3 catalysis in vitro and in vivo. Of note, the re-
duction in H3K27me3 in cells comprising the EZH2
automethylation mutant was not due to an alteration
in the subcellular distribution of EZH2 as the cellular
and cytoplasmic content of EZH2 in these cells was sim-
ilar to the WT case (Supplemental Fig. 3C).

Our previous findings showed that the activity of PRC2
is uncoupled from its recruitment to chromatin (Lee et al.
2018b). However, EZH2 automethylation mutants might
harbor a dual defect in both catalytic activity and affinity

with chromatin. To test this possibility, we performed a
chromatin immunoprecipitation followed by next-genera-
tion sequencing (ChIP-seq) to examine the genome-wide
occupancy of EZH2 in WT and EZH1/2 dKO mESCs res-
cued with either EZH2WT or automethylation mutant
EZH2. The vast majority of EZH2 peaks found in WT
mESCs were depleted in dKO mESCs and recovered
upon rescuewith EZH2WT (Fig. 3C), albeit this ectopically
expressed EZH2WT exhibited an increased occupancy,
possibly due to its overexpression (Fig. 3B). Importantly,
the EZH2K510A;K514A rescued cell line also exhibited a
restoration of EZH2 peaks and to a similar extent as
with the EZH2WT rescue (Fig. 3C,D). Taken together,
the results demonstrated that EZH2 automethylationmu-
tants appear to be specifically defective in H3K27me3
catalysis as they were not defective in chromatin
recruitment.
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EZH2 automethylation promotes PRC2 accessibility to
histone H3K27

As the EZH2 automethylation loop is flexible and proxi-
mal to the SAM-binding and substrate-binding pockets
(Fig. 2C), we reasoned that automethylation might pro-
mote PRC2 accessibility to SAM and/or nucleosomes,
thereby regulating its HMT activity. To test these possi-
bilities, we measured the levels of H3K27 methylation
catalyzed on nucleosome substrates by PRC2–AEBP2–
EZH2WT or PRC2–AEBP2–EZH2K510A;K514A. We first
compared respective HMT activities in the presence of in-
creasing amounts of nucleosomal substrates to an extent
that saturates the reaction (Fig. 4A,B). We found that
PRC2–AEBP2–EZH2K510A;K514A exhibited a significantly
impaired HMT activity compared with PRC2–AEBP2–
EZH2WT (Fig. 4B). Interestingly, the low HMT activity of
PRC2–AEBP2–EZH2K510A;K514A was largely restored by
increasing concentrations of nucleosomal substrates
(Fig. 4A,B). A similar tendency was also observed in a
time-course kinetic analysis using low, mid, or high con-
centrations of nucleosomal substrates (Supplemental Fig.
4A–C). Importantly, when the amounts of PRC2–AEBP2–
EZH2WT and PRC2–AEBP2–EZH2K510A;K514A were fixed
in the presence of increasing amounts of SAM, the
HMT activity of PRC2–AEBP2–EZH2K510A;K514A re-

mained low and could not be rescued with higher concen-
trations of SAM (Fig. 4C,D). Notably, while EZH2
automethylation gradually increased with increasing
amounts of SAM (Fig. 4C), it declined at higher concentra-
tions of nucleosomal substrates (Fig. 4A), indicating that
upon reaching a threshold, nucleosomal substrates were
able to compete with EZH2K510 and EZH2K514 for cataly-
sis of methylation. These data point to the unstructured
loop containing EZH2K510 and EZH2K514 being an intra-
molecular competitor for nucleosomal substrates such
that automethylation relieves this autoinhibitory effect,
enabling nucleosome access to the catalytic pocket of
PRC2.

EZH2 automethylation precedes PRC2 allosteric
activation

To further investigate the role of EZH2 automethylation
in a cellular context, we generated an antibody that specif-
ically recognizesmethylatedK514ofEZH2 (Supplemental
Fig. 5A). For antibodyproduction,weusedachemically tri-
methylated K514 (K514me3) version of an EZH2 peptide
(504–521 amino acids) (Supplemental Fig. 5A), as EZH2-
K514me3 was the most abundant automethylated state
(70%) in PRC2 purified from mESCs (Fig. 2B). We
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demonstrated that the antibody is specific to EZH2-K514
methylationbyWestern blot,with the bandcorresponding
to the molecular weight of EZH2 being absent in EZH1/2
dKO cells and restored by rescue with EZH2WT but not
with EZH2K514A or the catalytically inactive mutant,
EZH2Y731F (Y726F in human isoform c) (Supplemental
Fig. 5A–D). In parallel, the antibody specificity was vali-
dated by immunoblotting recombinant PRC2 complexes
that had been incubated with SAM; PRC2–AEBP2–
EZH2K514A and PRC2–AEBP2–EZH2K510A;K514A exhibited
a loss in signal comparedwithPRC2–AEBP2–EZH2WT and
PRC2–AEBP2–EZH2K510A (Supplemental Fig. 5E).

Using this antibody, we first testedwhether EZH2 auto-
methylation requires EED and SUZ12, as their assembly
with EZH2 is required for HMT activity (Fig. 5A; Cao
et al. 2002; Kuzmichev et al. 2002). To this end, we com-
pared the level of EZH2-K514me3 in WT versus EED-KO
mESCs (Fig. 5B, lanes 1,2). Despite the low abundance of
EZH2 in EED-KO mESCs compared with WT, EZH2-
K514me3 was not detectable even with higher exposures
(Fig. 5B, lane 2), affirming thatEED is required for the gene-
ral catalytic activity of PRC2. Since the “write and read”
mechanism that conveys allosteric activation of PRC2 is
required for the maintenance of H3K27me2/me3 in vivo

(Lee et al. 2018b), we tested whether allosteric activation
is also critical for EZH2 automethylation. We monitored
the automethylation of EZH2-K514 in EZH1/2 dKO
mESCs rescued with either EZH2-WT or EZH2 mutants
lacking key residues required for PRC2 allosteric activa-
tion (EZH2P132S or EZH2F145L) (Fig. 5A; Lee et al. 2018b).
Surprisingly, the levels of EZH2-K514me3 were unaffect-
ed in EZH2P132S and EZH2F145L rescue cell lines compared
with the EZH2WT rescue (Fig. 5B, cf. lanes 5 and 6,7). How-
ever, as expected, catalysis of H3K27me2/me3was not de-
tected invivo, indicating that allosteric activationofPRC2
is dispensable for EZH2 automethylation. We then moni-
tored the automethylation of EZH2-K514 in EED-KO
mESCs rescued with EED-WT, or EED mutants lacking a
key residue required for PRC2 allosteric activation
(EEDR302G) (Fig. 5A; Lee et al. 2018b) or an EED aromatic
cage mutant required for H3K27me3 recognition and
PRC2 allosteric activation (EEDY365A) (Fig. 5A;Margueron
et al. 2009; Oksuz et al. 2018). Similar to the other EZH2
allosteric mutants (Fig. 5B), the levels of EZH2-K514me3
were unaffected in EEDY365A and EEDR302G rescued cell
lines compared with EEDWT (Fig. 5C, cf. lane 3 with lanes
4 and 5), reaffirming that allosteric activation of PRC2 is
dispensable for EZH2 automethylation. Moreover, since
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acts with the aromatic cage of EED as an
allosteric stimulator and anH3 tail peptide present
in the SET domain of EZH2 as substrate. Allosteric
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trimethylated versions of H3K27 (H3K27me3) or JARID2-
K116 (JARID2-K116me3) allosterically activate PRC2
through binding to the aromatic cage of its EED subunit
(Margueron et al. 2009; Sanulli et al. 2015), we next tested
whether methylated EZH2 functions similarly. To this
end, we performed HMT assays using PRC2–AEBP2 with
or without the EZH2 (504–521 amino acids) peptide con-
taining K510me2/K514me3 or K514me3, and found it to
be ineffectual (Supplemental Fig. 6). Together with the re-
sults from a similar study showing that EZH2 automethy-
lation occurs intramolecularly (Wang et al. 2019), these
data demonstrated that EZH2 automethylation reflects
an intrinsic activity that precedes the allosteric activation
of PRC2 and its subsequent catalysis on nucleosomal
substrates.

EZH2 automethylation is diminished in cells expressing
the H3K27M oncohistone

As the hallmark of H3K27M-DIPG is the global reduction
in H3K27me2/me3, reflecting an H3K27M-mediated
defect in PRC2 allosteric activation (Stafford et al. 2018;
Harutyunyan et al. 2019), we wondered whether EZH2
automethylation remains intact in the presence of cellu-
lar H3K27M.We first utilized two previously constructed
293 T-Rex cell lines engineered to express H3.3-WT or
H3.3-K27M in a doxycycline-inducible manner (Stafford
et al. 2018) to assess the effect of H3K27M on EZH2 auto-
methylation. Remarkably, the induction of H3.3-K27M,
but not H3.3-WT, resulted not only in the expected reduc-
tion in H3K27me2/me3 levels, but also in reduced levels
of EZH2-K514me3 (Fig. 6A). Next, we examined the
EZH2-K514me3 levels in H3-WT and H3K27M glioma
cell lines and observed a more profound loss in EZH2-
K514me3 as well as H3K27me2/me3 in H3K27M-DIPG
cells (Fig. 6B). These results suggested that the intrinsic
activity of PRC2 is impaired byH3K27M and that this im-
pairment is more profound than the disruption to alloste-
ric activation alone.

Discussion

Automethylation has emerged as a newly appreciated reg-
ulatory mechanism for chromatin-modifying enzymes,
such as in the case of human and Schizosaccharomyces
pombe H3K9 methyltransferases, SUV39H1/2 and
CLR4, respectively (Iglesias et al. 2018). However, in the
case of CLR4, the lysine-to-alanine (K-to-A) mutants at
the automethylated sites appear to be hyperactive
compared with WT CLR4, while the lysine-to-arginine
(K-to-R) mutants exhibit hypoactive activities (Iglesias
et al. 2018). A proposed explanation for such seemingly
contradictory observations is that arginine serves as a ly-
sine mimic with a positively charged state that cannot
be neutralized by methylation, thereby sustaining the oc-
clusion of the active site of the SETdomain ofCLR4,while
theK-to-Amutants fail to do so (Iglesias et al. 2018). In con-
trast toCLR4, the EZH2K-to-Amutants atK510 andK514
automethylation sites are hypoactive in the context of
PRC2, indicating that the charged state of K510 and
K514 might not be critical to autoinhibition by the un-
structured loop. Thus, although automethylation might
be a widely conserved, self-regulatory feature of methyl-
transferases, the inherent operating mechanisms likely
differ.
Interestingly, in contrast to the case of human PRC2,

this unstructured loop containing EZH2 automethylation
residues is not present in yeast Chaetomium thermophi-
lum PRC2 (ctPRC2) (Jiao and Liu 2015). Unlike the case
of H3K9 methyltransferases whose automethylated re-
sides are conserved from yeast to human (Iglesias et al.
2018), automethylation of PRC2might have been a newly
evolved function. We speculate that the gain in PRC2
automethylation allows for a more efficient catalysis to-
wards the highest methylation status of H3K27 as well
as other potential nonhistone PRC2 substrates, to pro-
mote the stability of cellular identity in multicellular
organisms.
Structural evidence for PRC2 automethylation is cur-

rently lacking as the automethylated loop is not observed
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by X-ray crystallography (Brooun et al. 2016; Justin et al.
2016). Yet, the biochemical data reported here strongly
suggest that this unstructured loop functions as an intrin-
sic inhibitor that competes for nucleosomal substrate
binding to the active pocket, and that automethylation
at K510 and K514 of EZH2 displaces this loop, promoting
PRC2 accessibility to nucleosomes. In addition, this loop
contains a positively charged basic patch (495–502 amino
acids, RKKKRKHR) (Fig. 2C), potentially interacting with
nucleosomal DNA and, therefore, displacement of this
loop would further increase nucleosome binding and en-
hance HMT activity. On the other hand, this basic patch
may also interact with RNA, thereby inhibiting the activ-
ity of PRC2 (Long et al. 2017). Further investigation iswar-
ranted to elucidate the possible reciprocal relationship
between the automethylation sites and the basic patch.

Since EZH2 automethylation occurs in cis (Wang et al.
2019), the intramolecular automethylation event should
be significantly more efficient than the intermolecular
histone H3K27 methylation event. Indeed, despite mani-
festing extremely low HMT activity in vitro and in vivo,
the allosteric activation-deficient mutants of EZH2 re-
tained an intact automethylation activity (Fig. 5). In light
of this finding and our previous finding that allosterically
activated PRC2 is more sensitive to the detrimental ef-
fects of interaction with the H3K27M oncohistone (Staf-
ford et al. 2018), it is striking that H3K27M also impairs
PRC2 automethylation, as shown here. Although relative
to H3K27, PRC2 binds with higher affinity to H3K27M in
biochemical assays, such H3K27M-mediated retention of
PRC2 is not reflected in the context of steady-state chro-
matin as H3K27M does not colocalize with PRC2 in
vivo (Mohammad et al. 2017; Piunti et al. 2017; Stafford
et al. 2018). PRC2 interacts with H3K27M transiently
on chromatin (Stafford et al. 2018) or possibly before being
incorporated into chromatin. Such exposure to H3K27M
might trigger a conformational change in PRC2 to a hypo-
automethylated and hypoactive state (Stafford et al. 2018).
Indeed, while the structure of PRC2 was initially solved
by X-ray crystallography, a stable complex could only be
derived in the presence of a SAM-competitive inhibitor
(Brooun et al. 2016) or an H3K27M peptide (Jiao and Liu
2015; Justin et al. 2016), suggesting that the inhibited
SET domain is in a more stable and thermodynamically

favored state, which can be similarly triggered by the
H3K27M oncohistone. Further structural and functional
studies are certainly warranted to clarify the underlying
mechanisms.

Notably, our data demonstrated that themajor catalytic
defect in EZH2 automethylation mutants appears to be in
the conversion fromH3K27me2 toH3K27me3 invitro and
in vivo. The competition between the automethylation
loop and the histone H3 tail for entry into the EZH2 cata-
lytic pocket is perhaps more pronounced in the case of
H3K27me2-modified nucleosomes (Fig. 7). Given the
unique role of H3K27me3 in gene repression and disease
pathogenesis (Wigle et al. 2011; Yap et al. 2011; Lee et al.
2018b; Oksuz et al. 2018; Hübner et al. 2019; Jain et al.
2019), it is telling that automethylation of PRC2 mainly
participates in the rate-limiting process of attaining the
highestH3K27methylation state (Fig. 7). Future investiga-
tions of PRC2 automethylation will likely elucidate how
this regulatory step impacts H3K27me3 catalysis and its
role in normal and disease states.

Materials and methods

Cell culture

Mouse embryonic stem cells (mESCs) were grown in standard
ESC medium containing Lif, 1 µM MEK1/2 inhibitor
(PD0325901), and 3 µM GSK3 inhibitor (CHIR99021). 293T-Rex
cells were grown in standard DMEM medium supplemented
with 10% FBS, 1% nonessential amino acid, 1 mMNa pyruvate,
and 1% penicillin/streptomycin.

Purification of protein using baculovirus expression system

To purify human PRC2 complexes, Flag-tagged-EED, EZH1,
EZH2, SUZ12, RBAP48, Strep-tagged AEBP2 (short isoform),
and HIS-tagged JARID2 were cloned independently into a baculo-
virus expression vector, pFASTBac1 (Invitrogen). EZH2 mutant
constructsweregeneratedbysite-directedmutagenesis andmuta-
tions were confirmed by Sanger DNA sequencing. To purify the
four-subunit PRC2 complex (Flag-tagged-EED, EZH1 or EZH2,
SUZ12, andRBAP48), the five-subunit PRC2–EZH2–AEBP2 com-
plex (four subunits plus Strep-tagged AEBP2), or the six-subunit
PRC2-EZH2-AEBP2-JARID2 (four subunit plus Strep-tagged
AEBP and His-tagged JARID2), the appropriate components
were coexpressed in Sf9 cells by baculovirus infection. After 60
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h of infection, Sf9 cells were resuspended in BC300 buffer (25mM
HEPES-NaOH at pH 7.5, 1 mM EDTA, 300 mMNaCl, 10% glyc-
erol, 0.2 mM DTT, 0.1% NP-40) with protease inhibitors (1 mM
phenylmethlysulfonyl fluoride [PMSF], 0.1 mM benzamidine,
1.25 mg/mL leupeptin, 0.625 mg/mL pepstatin A) and phospha-
tase inhibitors (20 mMNaF, 1 mMNa3VO4). Cells were lysed by
sonication (Fisher Sonic Dismembrator model 100) and WT or
mutant recombinant PRC2 was tandemly purified through Flag-
M2 agarose beads (Sigma), Q sepharose beads (GE Healthcare),
and glycerol gradient (15%–35%) sedimentation.

Nucleosome reconstitution

Recombinant histones were generated as previously described
(Yun et al. 2012; Lee et al. 2013). Briefly, each core histonewas ex-
pressed in Rosetta (DE3) cells (Novagen), extracted from inclu-
sion bodies, and purified by sequential anion and cation
chromatography. For refolding recombinant octamers, equal
amounts of histones were mixed and dialyzed into refolding buff-
er (10 mM Tris-HCl at pH 7.5, 2 M NaCl, 1 mM EDTA, 5 mM β-
mercaptoethanol). Octamers were further purified by size exclu-
sion chromatography on a 24-mL Superdex 200 column (GE
Healthcare) in refolding buffer. Recombinant oligonucleosomes
were reconstituted by sequential salt dialysis of octamers and
plasmid having 12 repeats of the 601-nucleosome positioning
sequence.

HMT assay

Standard HMT assays were performed in a total volume of 15 µL
containingHMTbuffer (50mMTris-HCl at pH 8.5, 5mMMgCl2,
4 mM DTT) with the indicated concentration of 3H-labeled S-
adenosylmethionine (SAM) (Perkin Elmer), recombinant oligonu-
cleosomes, and recombinant human PRC2 complexes. The reac-
tionmixturewas incubated for 60min at 30°C and stopped by the
addition of 4 µL of SDS buffer (0.2 M Tris-HCl at pH 6.8, 20%
glycerol, 10%SDS, 10mM β-mercaptoethanol, 0.05%Bromophe-
nol blue). A titration of PRC2 (from 5 to 60 nM) was performed
under these conditions to optimize the HMT reaction within a
linear range, and the yield of each HMT reaction was measured
using the following procedures. After HMT reactions, samples
were incubated for 5 min at 95°C and separated on SDS-PAGE
gels. The gels were then subjected to Coomassie blue staining
for protein visualization or wet transfer of proteins to 0.45-µm
PVDF membranes (Millipore). The radioactive signals were de-
tected by exposure on autoradiography films (Denville Scientific).

Enzymatic kinetics analysis

Enzyme kinetics analysis was performed as described previously
(Bratkowski et al. 2017). Briefly, bands corresponding to histone
H3 were excised from the membrane and subjected to Scintilla-
tion counting. Disintegrations per minute (dpm) were converted
to curies (Ci) and then converted to millimoles based on the spe-
cific activity of 3H-SAM, and enzyme activity datawere then rep-
resented as velocity in nM/h. The assays included various ratios
between unlabeled and 3H-labeled SAM, and relative activities
were adjusted based on these ratios. Data points were fit to en-
zyme saturation curves and kinetics parameters and standard er-
rors were calculated with the program GraphPad Prism 7 using
Michaelis-Menton analysis.

Lentiviral production and delivery

WT or mutant EZH2 constructs were subcloned into the pLV-
EF1-α-IRES-mCherry vector (Clontech) for lentiviral production

and delivery. For the production of viral particles, lentiviral
vectors containing 10 µg of WT or mutant EZH2 were cotrans-
fected with 2.5 µg ofpcREV, 3 µg of BH-10, and 5 µg of pVSV-G
packaging vectors into 293-FT cells. The virus-containing medi-
um was collected 48 h after transfection and the target cells
were spin infected. Polybrene was added to the viral medium at
a concentration of 8 µg/mL. Infected cells were FACS-sorted for
mCherry.

Purification of PRC2 complex from mESCs

To purify PRC2 complex from mESC, mESCs expressing Flag-
tagged EED in an EED-deficient background were used (Lee
et al. 2018b). Approximately 1 × 1010 cells were cultured and pre-
pared for mESC nuclear extract. Cells were harvested and washed
with PBS. Cells were lysed with intact nuclei in TMSD buffer (40
mM Tris-HCl at pH 7.5, 5 mM MgCl2, 250 mM sucrose, 1 mM
DTT, 0.02%NP-40) containing protease inhibitors and phospha-
tase inhibitors, as indicated above. The cell suspension was cen-
trifuged at 800g for 10 min at 4°C. The pellets (nuclei) were
resuspended in 20× cell pellet volume of BC400 buffer (20 mM
Tris-HCl at pH 7.9, 400 mM KCl, 0.2 mM EDTA, 20% glycerol,
0.5 mM DTT, 0.02% NP-40) with protease inhibitors and
phosphatase inhibitors and incubated for 1 h at 4°C. The cell
suspension was centrifuged at 18,000g for 20 min at 4°C. The su-
pernatant was collected as the nuclear extract. The extract was
subjected to Flag affinity purification using Flag-M2 agarose
beads and then further purified using Q Sepharose beads. The fi-
nal purified protein complexes are shown in Figure 2A.

Preparation of samples for mass spectrometry

PRC2purified frommESCs (Fig. 2A)were reducedwith 2 µL of 0.2
M dithiothreitol (pH 7.5) (Sigma) for 1 h at 57°C in 100 mM am-
monium bicarbonate and subsequently alkylated with 2 µL of 0.5
M iodoacetamide (Sigma) for 45 min at room temperature in the
dark. The sample was treated with 300 ng of Arg-C (Roche), and
digestion proceeded overnight at room temperature. The diges-
tion was halted by adding a slurry of R2 50 µm Poros beads (Ap-
plied Biosystems) in 5% formic acid and 0.2% trifluoroacetic
acid (TFA) to the sample at a volume equal to that of the sample.
The sample was allowed to shake for 2 h at 4°C. The beads were
loaded onto C18 ziptips (Millipore) and equilibrated with 0.1%
TFA using a microcentrifuge at 6000 rpm for 30 sec. The beads
were washed with 0.5% acetic acid. Peptides were eluted with
40% acetonitrile in 0.5% acetic acid, followed by 80% acetoni-
trile in 0.5% acetic acid. The organic solvent was removed using
a SpeedVac concentrator and the sample reconstituted in 0.5%
acetic acid.

Mass spectrometry analysis

An aliquot of each sample was loaded onto an Acclaim PepMap
trap column (2 cm×75 µm) in linewith an EASY-Spray analytical
column (50 cm×75 µm IDPepMapC18, 2 µmbead size) using the
auto sampler of an EASY-nLC 1000 HPLC (Thermo Fisher Scien-
tific) with solvent A consisting of 2% acetonitrile in 0.5% acetic
acid and solvent B consisting of 80% acetonitrile in 0.5% acetic
acid. The peptides were gradient eluted into a Thermo Fisher Sci-
entific Orbitrap Fusion Lumos Mass Spectrometer using the fol-
lowing gradient: 5%–35% in 60 min, 35%–45% in 10 min,
followed by 45%–100% in 10 min. High-resolution full MS spec-
tra were recorded with a resolution of 120,000, an AGC target of
4e5, with a maximum ion time of 60 msec, and a scan range from
400 to 1500 m/z. The MS/MS spectra were collected using first a
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topNmethod for 3 sec with +2 and +3 ions subjected to HCD and
higher charge states (4–10) to EThcD. The The MS/MS HCD
spectra were collected with a resolution of 15,000, AGC target
of 1e5,maximum ion time of 100msec, onemicroscan, 2m/z iso-
lation window, and normalized collision energy (NCE) of 32. The
MS/MS EThcD spectra were collected with a resolution of
15,000, AGC target of 1e5, maximum ion time of 100 msec,
one microscan, 2 m/z isolation window, ETD reaction time of
30 msec, reagent target 2e5, and supplemental activation using
anNCE of 32%. In addition, them/z values of the +6 charge state
for all possible methylated isoforms of peptide 510–532 were tar-
geted for EThcD MS/MS using the same settings as described
above but with a resolution of 30,000.

Data processing (MS)

TheMS/MS spectra were searched against the UniprotHomo sa-

piens reference proteome database (downloaded 10/2017) using
Byonic (Bern et al. 2012). The Byonic search included variable
modifications of oxidation onmethionine, deamidation on aspar-
agine and glutamine, acetylation andmethylations on lysine, and
a fixed modification of carbamidomethyl on cysteine. The frag-
ment mass tolerance was set to 0.02 Da with a precursor toler-
ance of 10 ppm. A 1% FDR using a standard target-decoy
database approach was used. Relative quantitation of methylated
peptide residues 510–532 was performed using Byologic (Protein
Metrics), which uses a semiautomatic label-free quantification
approach. The area under the curve for all isoforms of a given pep-
tide are summed and the percentage attributed to a specific iso-
form calculated.

ChIP-seq and data analysis

Standard ChIP experiments and data analysis were performed as
previously described (Lee et al. 2018b). Briefly, 100 mg of sonicat-
ed chromatin was used in each ChIP reaction with 2.5 mg of anti-
EZH2 antibody. One milligram of Drosophila chromatin and 0.1
mg of anti-Drosophila H2A.X antibody were added in each ChIP
reaction as spike-in references. For ChIP-seq library preparation,
up to 30 ng of immunoprecipitated DNA was end-repaired,
A-tailed, and ligated to custom barcode adapters with T4 ligase.
Libraries were sequenced on Illumina HiSeq. A custom barcoding
system was used.

Cellular fractionation

Cells were harvested and washed with ice-cold PBS containing
both protease and phosphatase inhibitors, as indicated above.
Cells were then lysed in buffer A (10 mM Tris at pH 7.9, 1.5
mMMgCl2, 10mMKCl, 0.25%NP-40, 0.5mMDTT) containing
both protease and phosphatase inhibitors. The cell suspension
was centrifuged at 1000g for 5 min at 4°C. The supernatant was
collected as the “cytoplasmic” fraction. The pellets were resus-
pended in buffer C (20 mM Tris-HCl at pH 7.9, 1.5 MgCl2,
420 mM KCl, 0.2 mM EDTA, 20% glycerol, 0.5 mM DTT) with
both protease and phosphatase inhibitors and incubated for 1 h
at 4°C. The cell suspension was centrifuged at 18,000g for
20 min at 4°C. The supernatant was collected as the “nuclear
extract” fraction. The pellet was then resuspended in unfolding
buffer (6 M guanidine, 5 mM DTT) and incubated for 1 h
at 25°C. The cell suspension was centrifuged at 18,000g for
20min at 4°C. The supernatant was collected as the “nuclear pel-
let” fraction. This “nuclear pellet” fraction was dialyzed against
buffer C.
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