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Regulation ot histone methylation
by automethylation of PRC2

Xueyin Wang,>%® Yicheng Long,"">® Richard D. Paucek,"”>* Anne R. Gooding,"”> Thomas Lee,”
Rachel M. Burdorf,'”> and Thomas R. Cech'”?

'"Howard Hughes Medical Institute, University of Colorado at Boulder, Boulder, Colorado 80309, USA; 2Department of Chemistry
and Biochemistry, BioFrontiers Institute, University of Colorado at Boulder, Boulder, Colorado, 80309 USA

Polycomb-repressive complex 2 (PRC2) is a histone methyltransferase that is critical for regulating transcriptional
repression in mammals. Its catalytic subunit, EZH2, is responsible for the trimethylation of H3K27 and also
undergoes automethylation. Using mass spectrometry analysis of recombinant human PRC2, we identified three
methylated lysine residues (K510, K514, and K515) on a disordered but highly conserved loop of EZH2. Methylation of
these lysines increases PRC2 histone methyltransferase activity, whereas their mutation decreases activity in vitro.
De novo histone methylation in an EZH2 knockout cell line is greatly impeded by mutation of the automethylation
lysines. EZH2 automethylation occurs intramolecularly (in cis) by methylation of a pseudosubstrate sequence

on a flexible loop. This posttranslational modification and cis regulation of PRC2 are analogous to the activation of
many protein kinases by autophosphorylation. We propose that EZH2 automethylation allows PRC2 to modulate its

histone methyltransferase activity by sensing histone H3 tails, SAM concentration, and perhaps other effectors.

[Keywords: CRISPR; epigenetics; H3K27me3; lysine methylation; pseudosubstrate]
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Protein phosphorylation is the most common posttransla-
tional modification (PTM), and autophosphorylation is an
extensively studied process of fundamental importance to
protein kinases and signal transduction (Krebs et al. 1959;
Newton 2003). Autophosphorylation can be intermolecu-
lar (a protein kinase phosphorylates another molecule of
the same type) or intramolecular (a protein kinase mole-
cule adds a phosphate to itself). In contrast to autophos-
phorylation, automethylation of proteins has been the
subject of only a handful of reports (Piao et al. 2016; Igle-
sias et al. 2018). This is in spite of the fact that methyla-
tion of histone and nonhistone proteins is appreciated to
be a major PTM critical for the regulation of gene expres-
sion and epigenetic inheritance (Long et al. 2017b). Here
we aim to enhance this meager body of information by in-
vestigating the mechanism and function of automethyla-
tion of the epigenetic silencing complex Polycomb-
repressive complex 2 (PRC2).

Many protein methyltransferases catalyze the transfer
of methyl groups from S-adenosyl-L-methionine (SAM)
to the g-amino group of lysine side chains. One major
group contains a catalytic SET domain, a p-sheet structure
with a catalytic tyrosine residue at the center (Trievel
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et al. 2002). One prominent lysine methyltransferase is
PRC2, which is the sole enzymatic complex capable of
catalyzing deposition of methyl groups onto Lys27 of his-
tone H3 (Davidovich and Cech 2015). This activity is vital
for the repression of genes in mammalian cells in process-
es such as cellular differentiation and embryonic develop-
ment. Recently, it was discovered that PRC2 can regulate
transcription by methylating nonhistone targets as well
(Ardehali et al. 2017).

A surge of findings in the last decade has suggested in-
volvement of PRC2 in a number of disease processes, in-
cluding multiple types of cancer, tumor immunity,
cardiac hypertrophy, Huntington’s disease, and latency
of viral infections, including HIV and HSV (Cliffe et al.
2009; Wang and Davidovich 2017; Paucek et al. 2019). Ac-
cordingly, understanding how PRC2 is regulated holds the
potential to translate into clinical application. The regula-
tion of PRC2 has so far been known to occur through the
recruitment of various accessory proteins and binding of
RNA (Davidovich et al. 2013; Davidovich and Cech
2015; Poepsel et al. 2018; Youmans et al. 2018; Zhang
et al. 2019). For instance, the accessory protein JARID2
hasbeen shown to substantially increase PRC2 enzymatic
activity (Li et al. 2010; Sanulli et al. 2015). Furthermore,
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RNA molecules containing short stretches of guanines
bind to PRC2 (Wang et al. 2017a) and inhibit its histone
methyltransferase (HMTase) activity (Cifuentes-Rojas
etal. 2014; Kaneko et al. 2014) by inhibiting PRC2 binding
to nucleosomes (Beltran et al. 2016)—more specifically,
the linker regions of nucleosomes (Wang et al. 2017b).

However, other points of regulation are likely to exist
because PRC2 is known to undergo a variety of covalent
posttranslation modifications, including phosphorylation,
sumoylation, and methylation (Morey and Helin 2010;
Sanulli et al. 2015). Indeed, PRC2 has long been thought
to automethylate (Miiller et al. 2002; Whitcomb et al.
2012; Sanulli et al. 2015; Ardehali et al. 2017; Wang et al.
2017b). However, neither the mechanism nor the function
of PRC2 automethylation has been described.

We interrogated PRC2 automethylation and found that
it has substantial implications for the regulation of
epigenetic gene silencing. Using biochemical and mass
spectroscopic (MS) approaches, we found that PRC2 is
automethylated at three lysines on a novel and evolution-
arily conserved flexible loop in EZH2.. Furthermore, meth-
ylation of this loop was found to substantially stimulate
PRC2-catalyzed H3K27 methylation in vitro and in cells.
We also determined that PRC2 automethylation occurs in
an intramolecular (cis) reaction. Taken together, our data
reveal that automethylation of a disordered loop in EZH2
stimulates PRC2 and promotes deposition of histone
methylation marks. This study suggests a regulatory func-
tion for PRC2 automethylation in modulating its histone
methyltransferase activity in response to H3 and SAM
concentration and perhaps other effectors.

Results

Human PRC2 is methylated on the EZH2 component

We observed PRC2 automethylation during typical
HMTase assays using purified recombinant human
PRC2. Automethylation appeared to occur on the EZH2
and/or SUZ12 subunits (Fig. 1A), which have similar mo-
lecular weights and therefore run as one overlapping band
on SDS-PAGE. To unambiguously identify which subunit
is methylated, we used PRC2 complexes in which a single
subunit was MBP-tagged and therefore had retarded elec-
trophoretic mobility. As shown in Figure 1B, EZH2, the
catalytic subunit, is the main target of automethylation.

Automethylation occurs at three sites on a conserved
flexible loop of EZH2

To determine which EZH2 amino acid residues were be-
ing methylated, we incubated PRC2 with 10 mM SAM
(unlabeled) under standard HMTase assay conditions,
then subjected the protein mixtures to rare cutting prote-
ase digestion, and, lastly, analyzed the samples using MS
(Fig. 2). To avoid potential peptide bias introduced by pro-
tease digestion, independent MS experiments were per-
formed using either Arg-C or chymotrypsin as protease.
The additional mass due to a single methyl modifica-
tion is 14 AMU. By comparing peptide masses between
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Figure 1. The EZH2 component of PRC2 is methylated.
(A) HMTase assays showing PRC2 enzymatic activity to mono-
nucleosome and automethylation of PRC2. (B) HMTase assays
showing that EZH2 is the subunit methylated by PRC2. HMTase
assays were performed with one subunit containing an uncleav-
able MBP tag and mononucleosome in the presence of cofactor
1“C-SAM.

an unmethylated PRC2 sample (Fig. 2B) and a methylated
PRC2 sample (Fig. 2C), automethylation marks were
mapped to three lysine residues in EZH2 that exist in
close proximity to one another: K510, K514, and K515
(Fig. 2D). The expected theoretical masses of methyl-mod-
ified peptides were in agreement with experimental obser-
vations (Fig. 2D). Importantly, MS experiments using
either Arg-C or chymotrypin identified the same methyl-
ation sites.

Automethylation was increased in the presence of sub-
strate H3. Three independent MS experiments were per-
formed on samples of either PRC2, PRC2+SAM, or
PRC2+SAM +H3. K510 was mostly monomethylated,
as illustrated in Figure 2E (left). The data revealed that
(1) a fraction of PRC2 (7%) was already automethylated
at K510 in the recombinant protein purified from insect
cells, (2) the incubation of SAM with PRC2 in vitro in-
creased the abundance of monomethylated and dimethy-
lated peptides (from 7% to 20%), and (3) the addition of H3
to a mixture of SAM and PRC2 further increased the abun-
dance of monomethylated and dimethylated peptides
(from 20% to 50%). The third finding might suggest that
upon binding to H3, PRC2 may undergo a conformational
change that favors the automethylation of EZH2.

Because K514 and K515 are adjacent, it has been diffi-
cult to determine their methylation distribution. For
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example, the chymotryptic peptide KKDGSSNHVY was
observed to be trimethylated (Fig. 2E, right), but we could
not distinguish K(me2)K(me|DGSSNHVY from K(me)K
(me2)DGSSNHVY, and trimethylation of K514 or K515
would also result in the same m/z for the peptide. Other
PTMs (Morey and Helin 2010) reported to decorate
PRC2, such as phosphorylation and sumoylation, were
not found in our MS analysis of recombinant PRC2 ex-
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Figure 2. Identification of the key residues
automethylated by PRC2 using LC-MS/
MS. (A) An example of annotation of frag-
mented ions of MS/MS for a 6-mer peptide
(K510 to K515). Predicted ions are labeled
with a, b, X, and y, and the cleavage sites
are marked with dashed lines. Note that
the b2 ion is 28 Da (one carbon and one oxy-
gen) heavier than the a2 ion. (B) MS/MS
spectra of an unmethylated PRC2 peptide
(residues 510-532). (C) MS/MS spectra of
the same peptide showing that each of
K510, K514, and K515 residues was mono-
methylated during HMTase assays. Methyl-
ation sites were supported by a and b ions
circled in green. (D) A summary of a and b
ions supporting methylation sites in PRC
peptide (amino acids 510-532). Note that
monomethylation on K510 was supported
by the a2 ion. (E, Ileft) Relative abundance
of methylated isoforms at the K510 site.
(Right) Relative abundance of methylated
isoforms of a peptide that contains K514
and K515.

The three methylation sites (K510, K514, and K515) ex-
ist on a disordered loop of EZH2 (i.e., not seen in the crys-
tal structures [Justin et al. 2016] or in the cryo-EM
reconstructions of PDB: 6C23 and 6C24 [Kasinath et al.
2018]). This disordered loop in EZH2 (referred to here as
the “methylation loop”) extends from position 474 at
the end of the SANT?2 domain to position 528 at the begin-
ning of the CXC domain (Fig. 3A). The methylation loop

shows striking sequence conservation not only between
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Figure 3. Key methylated residues in PRC2 map to a flexible and
conserved charged loop in EZH2. (A) The EZH2 methylation loop
overlaps the regions flanking the SANT2 and CXC domains. (B)
The three methylated lysines (highlighted) are conserved as
shown in sequence alignment. Surface representation of crystal
structure of a PRC2 subcomplex from PDB: 5HYN. (C) Sequence
alignments of species shown in B show extensive conservation of
a basic motif in EZH2. Blue amino acids indicate basic residues,
and red amino acids indicate charged residues. Methylation sites
at K510, K514, and K515 are highlighted.

human and other vertebrate homologs but also with Dro-
sophila melanogaster (Fig. 3B). Notably, the three auto-
methylated lysines are well conserved.

Another noteworthy property of the methylation loop is
the large cluster of positive charges. This is illustrated in
Figure 3C by the sequence logo representation of a select-
ed region (residues 490-520) of the methylation loop,
where the blue letters indicate positively charged resi-
dues. Given the phylogenetic conservation of the methyl-
ation sites and charged residues in the EZH2 methylation
loop, we hypothesized that this region may serve regulato-
ry roles analogous to disordered loops seen in many pro-
tein kinases; phosphorylation causes a conformational
change of the loop that allows substrate to bind (Hurley
et al. 1990). The regulatory role of a different portion of
this disordered region of EZH2 (489-494) by interacting
with RNA has also been demonstrated recently (Long
et al. 2017a).

Confirmation that EZH2 automethylation occurs in
vivo has been provided by Reinberg and colleagues
(see Lee et al. 2019). They found that K510 and K514
are the predominant sites of automethylation in vivo.

PRC2 automethylation regulates histone methylation

EZH?2 methylation occurs in cis

To better understand how the methylation loop may reg-
ulate EZH2 enzymatic activity, we asked whether auto-
methylation occurred by a cis-acting mechanism (i.e.,
PRC2 methylating the EZH2 loop on the same protein
complex) or a trans-acting mechanism (i.e., PRC2 methyl-
ating the EZH2 loop on a different protein complex).

To distinguish these possibilities, we developed a bio-
chemical scheme that involved performing an HMTase
assay on a 1:1 mixture of active PRC2 with an MBP tag
on EZH2 (“MBP-EZH2") and untagged PRC2 with a cata-
lytically dead EZH2 (“dEZH2"”). The MBP tag on the ac-
tive complex allows the unambiguous separation of
active and inactive EZH2 proteins. To generate dEZH2,
we introduced a Y > F single-amino-acid mutation at posi-
tion 726. The design was based on the crystal structure of
the EZH2 SET domain (Wu et al. 2013), which shows the
proximity of Y726 to the H3K27 substrate and the methyl
donor cofactor (Fig. 4A); the mutation of the tyrosine pre-
vents formation of an intermediate in the methyltransfer-
ase reaction. Following expression and purification, size
exclusion chromatography of PRC2-dEZH2 showed a
chromatogram identical to WT complexes, indicating
that PRC2-dEZH2 was assembled and unaggregated. As
shown by the HMTase assay in Figure 4B and Supplemen-
tal Figure 1A, our dEZH2 (Y726F) variant was indeed cat-
alytically dead and did not methylate either H3 or its
methylation loop. This result also eliminated the perhaps
unlikely possibility that PRC2 methylation might be cat-
alyzed by some trace contaminant enzyme that copurified
with PRC2 instead of being catalyzed by PRC2 itself.

As shown in Figure 4C, considering a cis pathway, one
would anticipate that mixing MBP-EZH2 and dEZH2
would produce only a single methylated band correspond-
ing to MBP-EZH2. This is expected because MBP-EZH2
would be able to methylate only itself, and dEZH2 could
not autocatalyze. Considering a trans pathway, one would
expect to observe two methylated products because both
MBP-EZH2 and dEZH2 have intact methylation loops
that would be subjected to methylation by MBP-EZH2.
In the key experiment (Fig. 4D, left gel, lane 3; Supplemen-
tal Fig. 1B), mixing of MBP-EZH2 and dEZH2 resulted in
only one methylated band corresponding to MBP-EZH2,
thereby confirming a cis-autocatalytic mechanism. The
autoradiograph at the right in Figure 4D shows a similar
mixing experiment using a catalytically compromised
H694A variant reported previously (Kuzmichev et al.
2002), which still retained partial activity under our reac-
tion conditions. The presence of the active PRC2 in the
mixture failed to restore full methylation of this mutant
PRC2, again supporting methylation in cis.

Mutation of the EZH2 methylation loop decreases H3K27
methylation in vitro and in cells

To assess the functional importance of PRC2 automethy-
lation, we sought a mutant incapable of automethylation.
We therefore mutated EZH2 (K > A) at sites 510, 514, and
515 (denoted here as methylmutant). Methylmutant
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PRC2
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Figure 4. PRC2 automethylation occurs

intramolecularly. (A) PRC2 core complex

crystal structure ([red] EZH2; [gray] EED

PRC2 and SUZ12; PDB accession number:
R (EZH2-Y726F) , SHYN] (Justin et al. 2016). The inset shows
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the proximity of SAH (cyan), H3 substrate
(green), and the catalytic residue Y726
(red). PDB accession number: 5HYN.
(B) Missense mutation (Y726F) resulted in
a catalytically dead EZH2 (dEZH2) that abol-
ished H3K27 methylation as well as EZH2
automethylation. Reactions were carried
out between PRC2 and H3 in the presence
of decreasing concentrations of '*C-SAM
(twofold dilutions from 24 pM to 750 nM).

(C) Design of mixing experiments to distin-
guish by cis- and trans-autocatalytic reac-
tions. (D) Mixing experiments between WT
EZH2 and dEZH2 showing that automethy-
lation occurs in cis. (Left) Experiments per-
formed by mixing WT PRC2 1:1 with
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EZH?2 was coexpressed with the other four PRC2 subunits
in insect cells, and the resulting PRC2 complex formed a
discrete peak in size exclusion chromatography (Supple-
mental Fig. 2) and had a subunit composition indistin-
guishable from WT PRC2 (Supplemental Fig. 3).

Normally, one compares the activity of a mutant en-
zyme to that of WT. However, we observed that different
preparations of WT PRC2 showed different levels of auto-
methylation during in vitro HMTase assays, ostensibly
due to different levels of prior unlabeled automethylation
during protein expression and purification. We therefore
compared he HMTase activity of purified methylmutant
PRC2 with that of WT PRC2 that had been preincubated
with unlabeled SAM to drive automethylation as close
to completion as possible.

HMTase assays were performed under multiple turn-
over conditions (excess H3 relative to PRC2, 12 ptM H3
vs. 0.6 pM PRC2). H3K27 methylation was reduced for
the methylmutant relative to premethylated WT PRC2
on recombinant trinucleosomes (Fig. 5A) or native
polynucleosomes extracted from HEK293 cells (Fig. 5B).
Automethylation was largely eliminated for the methyl-
mutant; the residual methylation occurred on the SUZ12
subunit (peptide TKASMSEFLESEDGEVEQQR). The
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methylmutant PRC2 bound trinucleosomes with an affin-
ity similar to that of wild-type PRC2 (Supplemental Fig. 4),
so the reduction in HMTase activity occurs at a step sub-
sequent to formation of the enzyme-substrate complex.
The observation that the methylmutant, which cannot
automethylate, has reduced HMTase activity supports
the conclusion that automethylation stimulates the
HMTase activity of PRC2.

PRC2 methylation of nucleosomes is inhibited by RNA
binding (Cifuentes-Rojas et al. 2014; Kaneko et al. 2014;
Wang et al. 2017a,b). RNA-binding sites of EZH2 include
amino acids 489-494 (Long et al. 2017a), which are in
proximity to the automethylated lysines. However, we
found that nucleosome methylation by methylmutant
PRC2 was inhibited by RNA the same as WT PRC2 (Sup-
plemental Fig. 5). Furthermore, RNA binding has little ef-
fect on automethylation (Wang et al. 2017b). Thus,
automethylation and RNA binding appear to regulate
PRC2 activity independently.

In contrast to the methylmutant (K510A K514A
K515A), the double alanine mutant (K514A K515A)
exhibited a very subtle reduction of H3K27 methylation
activity compared with the WT PRC2, although autome-
thylation of this double mutant was also largely reduced
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(Fig. 5A). This result indicates that K510 methylation
could be most critical. We also made another mutant (mu-
tant K>R) by mutating the three lysines to arginines,
which preserves the positive charges. The triple K > R mu-
tant exhibited a reduction of automethylation but insig-
nificant change in histone methylation compared with
premethylated WT PRC2 on the trinucleosome substrate
(Fig. 5B). Thus, at these positions in the methylation loop,
it appears that arginines can to some extent mimic meth-
ylated lysines with respect to PRC2 activation.

To begin to understand the role of PRC2 automethyla-
tion in cells, we engineered a HEK293T cell line in which
EZH2 expression was disrupted by introducing a frame-
shift with CRISPR genome editing. The persistence of a
small amount of H3K27me3 in this cell line (Fig. 5C,
Western blot, lane “—") may represent methylation by
EZHI1-containing PRC2, as EZH1 has relatively lower
expression (TPM |[transcripts per kilobase million] of
EZH? is 47.4, while TPM of EZHI is 13.3 [https://www
.proteinatlas.org]). When WT or methylmutant EZH2
was overexpressed exogenously in this EZH2-depleted
strain (Supplemental Fig. 6), immunofluorescence analy-
sis indicated that both EZH2 variants correctly localized
to the nucleus (Supplemental Fig. 7A). Western blot anal-
ysis indicated that the loss of H3K27me3 in the EZH2-de-
pleted strain was rescued by the WT EZH2 but not at all
by the methylmutant EZH2, although both EZH2 vari-
ants were expressed at similar levels (Fig. 5C). Deposition
of H3K27me2 was less affected by the methylmutant.
This set of experiments suggests that EZH2 automethyla-
tion is essential for de novo trimethylation of H3K27.

We then made stable cell lines with WT or methylmu-
tant EZH2 expressed at its endogenous locus (genotype
verified in Supplemental Fig. 8; nuclear localization of
EZH2 verified in Supplemental Fig. 7B); no significant dif-
ference in cell morphology or proliferation was observed
(Supplemental Fig. 9). Importantly, H3K27me3 levels
were similar between the WT and mutant (Fig. 5D; Sup-
plemental Fig. 10). Compared with the rescue experiment
described above, the CRISPR-edited stable cell lines had
EZH2 continuously expressed through many population
doublings. Because EZHL1 is still lowly expressed in these
cells, it is possible that EZH1-PRC2 compensates for the
mutant EZH2-PRC2. Thus, an interesting possibility is
that automethylation of PRC2 may be essential for de
novo H3K27me3 deposition but that, over time, other fac-
tors may compensate to maintain H3K27me3 marks.

Discussion

A number of laboratories have observed automethylation
of the core PRC2 complex (Miiller et al. 2002; Whitcomb
etal. 2012; Sanulli et al. 2015; Wang et al. 2017b), attribut-
ed to its EZH2 subunit, yet basic questions pertaining to
this activity have gone unanswered. What is the site of
this methylation? Of more significance, what is its physi-
ological importance? By conducting biochemical and pro-
teomic analyses of recombinant human PRC2 complexes,
we identified a conserved methylation loop in EZH2 that

PRC2 automethylation regulates histone methylation

is modified at three lysine residues (K510, K514, and
K515) via a cis-acting mechanism. Our data support the
notion that the EZH2 methylation loop serves an autore-
gulatory role and, when methylated, enhances EZH?2 his-
tone methylation activity. Furthermore, a triple-mutant
EZH2 that cannot undergo automethylation is defective
in rescuing H3K27 methylation in human cells in which
the endogenous EZH2 gene has been disrupted.

How does the methylation loop modulate deposition of
H3K27 methyl marks? Our biochemical data and se-
quence comparisons best support a model in which the
flexible methylation loop acts as a pseudosubstrate for
the EZH2 catalytic site (Fig. 6). The methylation loop oc-
cupies the lysine access channel in the SET domain of
EZH2 via a trio of lysine residues and prevents or slows
turnover. By an intramolecular reaction, PRC2 transfers
methyl groups from SAM to itself at the three possible ly-
sines. Methylation dislodges the loop, allowing for stimu-
lated H3 tail binding and methylation. Given the lack of a
charge difference between methylated and unmethylated
lysine residues, loop displacement is driven not by charge
neutralization but instead by steric effects. The Muir lab-
oratory (Brown et al. 2014) determined that the EZH2 ac-
tive site binds strongly to linear side chains and shows
little tolerance for extra steric bulk or polar groups.
Thus, methylation of the loop promotes its release from
the EZH2 active site.

According to this pseudosubstrate model, the triple K >
A mutant then has reduced HMTase activity because
the mutated methylation loop is not efficiently displaced
and blocks histone tail binding. On the other hand, the
triple K> R mutant has HMTase activity similar to that
of premethylated WT PRC2, suggesting that the K>R
methylation loop is released from the active site. This
may seem surprising, given that arginine often mimics ly-
sine. However, the positive charge and bulky side chain of
arginine also resemble methylated lysine. Thus, depend-
ing on the steric environment within the active site, it
seems plausible that arginine substitution could mimic
the automethylated state. Of course, arginine does not en-
able the switching on and off that is allowed by lysine
automethylation.

Human EZH2 automethylation shows fundamental
similarities to the recently discovered automethylation
of the Clr4 H3K9 methyltransferase in Schizosaccharo-
myces pombe (Iglesias et al. 2018): In both cases, autome-
thylation is intramolecular, occurs on a disordered loop,
and increases histone methyltransferase activity. The
human homolog SUV39H2 undergoes automethylation
at a corresponding lysine (Piao et al. 2016; Iglesias et al.
2018). Thus, it now appears that the formation of multiple
types of heterochromatin—containing H3K9me3 and/or
H3K27me3 marks—may be similarly regulated by auto-
methylation of the respective histone methyltransferases.

How does the methylation loop sequence compare with
known PRC2 methylation targets? Intriguingly, compari-
son of the EZH2 methylation sites identified here with se-
quences predicted to serve as efficient substrates for PRC2
(Kuzmichev et al. 2002; Ardehali et al. 2017) revealed no-
table insights. The Kingston laboratory (Ardehali et al.
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Figure 5. Mutation of the automethylated lysines decreases PRC2 HMTase activity in vitro and in vivo. (A) Mutation of the three lysines
(K510A K514A K515A, “methylmutant”) decreases PRC2 activity on reconstituted trinucleosomes relative to activity of WT PRC2 pre-
incubated with SAM. Another mutant (K514A K515A) showed less perturbation of catalytic activity. Radioactive '*C-SAM was titrated
from 1.3 to 12 pM. (Right) Quantification of the automethylation and H3K27 methylation signal of WT and methylmutant (mean = SD, n =
3). (B) Mutation of the three lysines (K > A) decreases PRC2 activity on native polynucleosome substrate, whereas the triple K > R mutant
has substantially normal activity. (C) EZH2 automethylation is essential for de novo H3K27me3 deposition. (Left) WT or methylmutant
EZH2 plasmid was transfected into the EZH2-depleted HEK293T strain to test for restoration of the H3K27me3 level. (Middle) Western
blot results of the strains transfected with WT, methylmutant, or blank control, with p-actin used as a loading control. Nine microliters or
4.5 pL of lysate was loaded on the gel for Western blot analysis. (Right) Quantification of the EZH2, H3K27me3, and H3K27me2 Western
blot results (9 uL of lysate), normalized to p-actin. (D) EZH2 automethylation is dispensable for H3K27me3 maintenance. (Left) CRISPR-
Cas9 gene-editing scheme. cDNA encoding the remaining amino acids of full-length EZH?2 is inserted into exon 2 of the EZH2 locus. The
c¢DNA to make the methylmutant encodes K > A mutations in the methylation loop at sites 510, 514, and 515. (Right) Western blot anal-

ysis of EZH2 WT and methylmutant cell lines shows that H3K27me3 levels are similar between the two lines.
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Figure 6. Model for autoregulation of PRC2 by automethylation
of three lysine residues in EZH2. In the absence of EZH2 autome-
thylation, the flexible loop containing the three key lysines is
bound to the active site of EZH2, preventing H3 substrate from
entering. This is the inhibited state. In the presence of cofactor
SAM, the three lysine residues can be methylated and then re-
leased from the catalytic active site. This results in a stimulated
state, in which binding of H3 tail and H3K27 methylation are
active.

2017) determined recently that substrate regions critical
for productive interaction with the PRC2 catalytic pocket
typically contain an (R/K)K amino acid motif. Neighbor-
ing the targeted lysine at position —1, the arginine (R) or
lysine (K)is thought to be critical due to hydrogen bonding
that stabilizes peptide binding. Positions —1 of K510 and
K515 in the EZH2 methylation loop are occupied by argi-
nine (R509) and lysine (K514), respectively. Another pro-
tein target of PRC2 activity is JARID2 (Sanulli et al.
2015; Wang et al. 2017b), which is methylated at K116
and has a position —1 arginine (R115). Last, the natural
H3 sequence also has a stabilizing arginine (R26) neigh-
boring K27 (Kuzmichev et al. 2002).

Why might activation via automethylation be useful to
PRC2? EZH2 automethylation appears to activate PRC2
in response to SAM concentration, in the sense that in-
creased SAM gives more automethylation, which then
makes PRC2 more active. Therefore, automethylation
may serve as a sensor for cellular SAM concentration
and level of pre-existing H3K27me3 marks. This regulato-
ry role could be important during transition of cell types
(e.g., stem cell conversion and differentiation) where de
novo H3K27 methylation is required. Our CRISPR-editing
experiment did not see such a large effect of automethyla-
tion in maintenance of pre-existing H3K27 methylation
(Fig. 5C,D), which could imply that steady-state level of
pre-existing H3K27me3 marks may overcome the activity
drop due to the loss of automethylation.

There also remains an outstanding question of wheth-
er cellular methyltransferases and demethylases might
be able to regulate PRC2 automethylation levels in order

PRC2 automethylation regulates histone methylation

to modulate PRC2 function. Quite interestingly, we ob-
served that a viral SET domain methyltransferase specif-
ic to H3K27 is capable of methylating PRC2 in vitro
(data not shown). In addition to PRC2, another histone
methyltransferase, G9a, has been demonstrated to auto-
methylate. This automethylation provides wider sub-
strate specificity and modulates binding of additional
proteins (Chin et al. 2007; Sampath et al. 2007). We are
completely open to the possibility that automethylation
of EZH2 could regulate its association with other pro-
teins. In other examples of methylation of nonhistone
proteins, these marks act as important regulators of cel-
lular signal transduction in MAPK and NF-xB signaling
pathways (Levy et al. 2011; Mazur et al. 2014). In these
cases, cross-talk between histone and non-histone pro-
tein methylation also occurs and affects cellular process-
es such as chromatin remodeling, gene transcription, and
protein synthesis.

What might be the therapeutic significance of under-
standing new PRC2 regulatory features? PRC2, one of
the few enzymes in cells associated with gene silencing,
is a natural candidate for epigenetic therapy. Indeed, can-
cers harboring mutations in the EZH2 subunit of PRC2
have been shown to be susceptible to small molecule in-
hibitors that are currently in clinical development. For ex-
ample, missense mutations in EZH2 are reported in
follicular lymphoma and diffuse large B-cell lymphoma.
The most prevalent mutation occurs at Y646 of EZH2,
which is frequently altered to C, F, H, N, or S. These acti-
vating mutations cause H3K27 hypermethylation in vitro
and in vivo and have been suggested to be associated with
malignant transformation (Yap et al. 2011; Berg et al.
2014). Early studies using highly selective EZH2 inhibitors
to treat follicular lymphoma and diffuse large B-cell lym-
phoma bearing these mutations have demonstrated some
treatment success (McCabe et al. 2012). Based on our auto-
methylation analysis, such EZH2 inhibitors should not
only inhibit histone H3 methylation directly but also in-
hibit PRC2 activation through automethylation.

Intriguingly, the cancer genomic databases (Cerami
et al. 2012; Gao et al. 2013) also report mutations in
K510 and K515 of EZH2 (Supplemental Fig. 11), residues
that we described here to be key targets of automethyla-
tion and PRC2 autoregulation. The implication is that
PRC2 might possibly be dysregulated at the level of the
methylation loop in some cancers. Future in vivo studies
are needed to test this hypothesis. Certainly, the data
shown here provide new insights into the regulatory com-
plexity of PRC2 and suggest that PRC2 evolved the ability
to exquisitely fine-tune its activity in multiple ways. Our
findings contribute to foundational knowledge for future
studies pursuing an understanding of how PRC2 regula-
tion can go awry in diseases.

Materials and methods

Protein expression and purification

Human PRC2-5m complexes, comprising EZH2, EED, SUZ12,
RBBP4, and AEBP2 (UniProtDB entry isoform sequences
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Q15910-2, Q15022, O75530-1, Q09028-1, and Q6ZN18-1, respec-
tively), were expressed in insect cells. In brief, standard Bac-to-
Bac baculovirus expression system (Expression System) was
used to generate baculovirus stocks based on standard protocol.
Gp64 detection was used for titering each baculovirus stock (Ex-
pression Systems). Sf9 cells (Invitrogen) were grown to a density
of 2.0x10° cells per milliliter, followed by infection with equal
amounts of baculovirus for each subunit. The cells were incubat-
ed at 130 rpm for an additional 72 h at 27°C, harvested, and snap-
frozen with liquid nitrogen for later purification.

A three-column purification scheme was used to purify PRC2
5-mer complexes as described previously (Wang et al. 2017a).
Briefly, insect cells were lysed in lysis buffer (10 mM Tris-HCI
at pH 7.5 at 25°C, 150 mM NaCl, 0.5% Nonidet P-40, ] mM
TCEP), and cell lysate was bound to the amylose resin and washed
thoroughly. The protein was eluted with 10 mM maltose fol-
lowed by concentrating to ~15 mg/mL as final concentrations.
PreScission protease was used to digest eluted protein at a mass
ratio of 1:50 protease:protein. After overnight incubation at
4°C, cleavage efficiency was checked by SDS-PAGE. The cleaved
protein was subjected to a 5-mL Hi-Trap heparin column (GE, 17-
0407-03) with a gradient over 35 column volumes from buffer A
(10 mM Tris at pH 7.5 at room temperature, 150 mM NaCl,
1 mM TCEDP) to buffer B (10 mM Tris at pH 7.5 at room tempera-
ture, 2 M NaCl, 1 mM TCEP), with a flow rate of 1.5 mL/min. All
of the peak fractions were checked by SDS-PAGE, and the PRC2
fractions were pooled and concentrated. The concentrated pro-
tein was subjected to the final sizing column: Superose 6 Increase
10/300 GL with running buffer (25 mM NaCl, 10 mM Tris-HCl at
pH 7.5 at room temperature, ]| mM TCEP at pH 7) with a flow
rate of 0.5 mL/min. PRC2-peak fractions were checked
with SDS-PAGE. The correct fractions were pooled and concen-
trated as above. Final protein concentration was calculated by
nanodrop (UV absorbance at 280 nm). The ratio of absorbance
at 260 nm/280 nm <0.7 was observed, suggesting no nucleic
acid contamination.

In vitro histone methyltransferase assay

In each 10-pL reaction, recombinant PRC2-5m, H3 (New England
Biolabs, M2503S), and S-[methyl-'*CJ-adenosylmethionine (Per-
kinElmer, NEC363050UC) were mixed in methylation buffer
(50 mM Tris-HCl at pH 8.0 at 30°C, 100 mM KCl, 2.5 mM MgCl,,
0.1 mM ZnCl,, 2 mM 2-mercaptoethanol, 0.1 mg/mL bovine se-
rum albumin, 5% [v/v] glycerol). All of the methylation reactions
were incubated for 1 h at 30°C followed by addition of 4x loading
dye to stop each reaction and heated for 5 min at 95°C. Each reac-
tion was then loaded onto a 4%-12% Bis-Tris gel (Thermo Fisher,
NP0322BOX). Gel electrophoresis was carried out for 48 min at
room temperature at 180 V. Gels were stained by InstantBlue
for 1 h and destained with water overnight. Three sheets of What-
man 3-mm chromatography paper were put underneath the gel,
and gels were scanned followed by vacuum drying for 60 min at
80°C. Dried gels were subjected to phosphorimaging plates, and
radioactive signal was acquired with a Typhoon Trio Phosphor-
Imager (GE Healthcare). Densitometry and analysis were carried
out with ImageQuant software (GE Healthcare). For activity as-
says on nucleosomes in Figure 5, recombinant trinuclesomes
were reconstituted as described previously (Wang et al. 2017b),
and native nucleosomes of HEK293 cells were purchased from
Asmbio (52015); methylation buffer contained 10 mM KCI in-
stead of 100 mM KCl, and reaction time was 4 h. For the experi-
ments of preincubating WT PRC2 with unlabeled SAM, PRC2
was incubated with 0.3 mM SAM at the precision cleavage step
of the purification process overnight at 4°C.
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Site-directed mutagenesis

Mutant EZH?2 genes were generated using the QuickChange 11
site-directed mutagenesis kit (Stratagene). The appropriate muta-
tions were confirmed by DNA sequencing.

Mass spectrometry detection and analysis

Methylation experiments were set up as above. Mass spectrome-
try experiment and analysis were performed at the Core Facility
of University of Colorado at Boulder. Samples were processed us-
ing standard protocol. In brief, protein samples (32 pg of PRC2-5m
complex) were diluted with an incubation buffer (50 mM Tris at
pH 7.6, 5 mM CaCl,, 2 mM EDTA). TCEP (5 mM) was used to re-
duce the reaction for 30 min at 60°C followed by alkylating with
15 mM iodoacetamide for 20 min at room temperature. DTT
(7.5 mM) was added to quench unreacted iodoacetamide. The re-
actions were digested with 0.6 ng of sequencing-grade Arg-C
(Promega) overnight at 37°C, then desalted with Pierce C18 col-
umns (Thermo Scientific), and dried with vacuum centrifugation.
Prior to LC-MS/MS analysis, buffer A (0.1% formic acid in water)
was used to reconstitute the peptides.

For LC-MS/MS analysis, a Waters nanoACQUITY UPLC BEH
C18 column (130 A, 1.7 pm x 75 pm x 250 mm) was first equili-
brated with 0.1% formic acid/3% acetonitrile/water followed
by peptide loading. Each load was an aliquot (5 pL, 1 ng) of the
peptides. Next, 0.1% formic acid/water was used as the mobile
phase A, and 0.1% formic acid/acetonitrile was used as phase
B. The elution was done at the rate of 0.3 pL/min using gradients
of 3%-8% B (0-5 min) and 8%-32% B (5-123 min). A LTQ Orbi-
trap Velos mass spectrometer was used for MS/MS. The precursor
ions were scanned between 300 and 1800 m/z (1 x 10® ions, 60,000
resolution). The 10 most intense ions were selected with 180-sec
dynamic exclusion, 10 ppm exclusion width, repeat count=1,
and 30-sec repeat duration. Ions were excluded based on unas-
signed charge state and MH + 1 from the MS/MS. Maximal ion in-
jection times were set as 500 msec for FT (one microscan) and 250
msec for LTQ. The automatic gain control was 1 x 10, and the
normalized collision energy was set as 35% with activation Q
0.25 for 10 msec.

For database search, MaxQuant/Andromeda (version 1.5.2.8)
was used. The raw files from LTQ-orbitrap were processed. The
peak was searched against UniProt human proteome. In the
search, Arg-C specificity with a maximum of two missed cleavag-
es was used. Several modifications, including carbamidomethyl
modification on cysteine as a fixed modification and protein
N-terminal acetylation, oxidation on methionine, and methyla-
tion on lysine or arginine as variable modifications, were set. In
addition, search tolerance was set as 4.5 ppm main search toler-
ance for precursor ions, and match tolerance was placed as
0.5-Da MS/MS match tolerance, searching the top eight peaks
per 100 Da. Finally, false discovery rate was put as 0.01 with a
minimum seven-amino-acid peptide length.

CRISPR editing to inactivate EZH2 genes in HEK293T cells

A CRISPR plasmid encoding Cas9 and the guide RNA was made
by inserting the sgRNA sequence (CAGACGAGCTGATGAAG-
TAA) targeting exon 2 (toward the junction with intron 2) of the
EZH?2 gene in pX330 (Addgene, 42230).CRISPR plasmid (1.2 ng)
and an equal amount of donor plasmid were transfected to 1 mil-
lion HEK293T cells in a six-well plate using Lipofectamine 2000
according to the manufacturer’s instructions. Cells were passaged
to a 15-cm plate after 1 d, and 1 pg/mL puromycin was added to
the culture 2 d later. Cells were selected in the presence of puro-
myecin for 1 wk, and the surviving cells were sorted into 96 wells
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(one cell per well) in order to obtain single clones. Genomic DNA
samples were extracted, and PCR was used to analyze the area
flanking the Cas9 cleavage site (two primers: GCTGCAGCAT
CATCTAACCTGG and CAGTGAGTCAGAAAACCTTGCTC).
The amplicon was gel-extracted and then sequenced to validate
the frameshift caused by indels.

Transfection of EZH2 and Western blotting

EZH2-depleted HEK293T cells grown in DMEM were transfected
with 2.5 png of the WT and mutant EZH2 (with N-terminal 3xFlag
tag) plasmids in six-well plates using Lipofectamine 2000 reagent
(Life Technologies). At 48 h after transfection, media were aspi-
rated, and cells were harvested by adding 200 pL of 1x NuPAGE
LDS sample buffer (Invitrogen NPO007) and 2 pL of benzonase nu-
clease (Sigma, E1014) per well. Lysate was incubated for 30 min at
37°C to completely digest nucleic acids. Ten microliters of each
lysate was resolved in a NuPAGE 4%-12% bis-tris protein gel
(Thermo Fisher) and then transferred to a Hybond ECL membrane
(GE, RPN78D) in 1x transfer buffer (25 mM Tris base, 192 mM
glycine, 0.1% SDS, 20% methanol) at 0.5 amps constant for
1 h. The membrane was blocked with 10 mL of StartingBlock
T20 (PBS) blocking buffer (Thermo, 37539) for 30 min at room
temperature, incubated with each of the three antibodies (EZH2
[Cell Signaling, 5246S], 1:1000; H3K27me2 [Cell Signaling,
9728S], 1:500; H3K27me3 [Cell Signaling, 9733S], 1:500; and p-ac-
tin: [MA1-91399], 1:10,000) in 10 mL of blocking buffer for 1 h,
washed three times with 10 mL of 1x PBS with 0.05% Tween20,
incubated with the corresponding secondary antibodies (Jackson
ImmunoResearch, antirabbit [711-035-152] and antimouse [715-
035-150]), washed three times with 10 mL of 1x PBS with
0.05% Tween20 and once with 10 mL of 1x PBS, and developed
using SuperSignal West Pico chemiluminescent substrate kit
(Thermo Scientific, 34080).

CRISPR editing of WT and methylmutant EZH2 in HEK293T cells

Two plasmids were made for the CRISPR editing. A CRISPR plas-
mid encoding Cas9 and the guide RNA was made by inserting the
sgRNA sequence (CAGACGAGCTGATGAAGTAA) targeting
exon 2 of the EZH2 gene into pX330 as described previously
(Cong et al. 2013) .Two donor plasmids carrying either the WT
or mutant EZH2 cDNA were made by assembling the following
fragments into a previously described donor plasmid (Schmidt
et al. 2016): left homology arm (-951 to —14, relative to the
ATG start codon), EZH2 ¢cDNA, EZH2 3' UTR (872 bp immedi-
ately after the stop codon), 3x SV40 polyadenylation sites, 1x
bGH polyadenylation site, SV40 promoter, puromycin resistance
ORF, T2A self-cleavage site, mCherry ORF, SV40 polyadenyla-
tion site, and right homology arm (+25 to +830, relative to
ATG). CRISPR plasmid (1.2 pg) and an equal amount of donor
plasmid were transfected to 1 million HEK293T cells in a six-
well plate using Lipofectamine 2000 according to the manufac-
turer’s instructions. Cells were passaged to a 15-cm plate after
1d, and 1 pg/mL puromycin was added to the culture 2 d later.
Cells were selected in the presence of puromycin for 1 wk, and
the surviving cells were pooled into a well of a six-well plate. A
Cre-GFP plasmid was transfected, and cells with both GFP and
mCherry signal were selected and sorted into 96-well plates using
flow cytometry after 24 h. When each clone reached confluency,
cells were passaged, and a fraction was used for genomic DNA ex-
traction as described previously (Laird et al. 1991). Four primers
were used for verification of the correct genome editing: P1 (GC
TGCAGCATCATCTAACCTGG), P2 (CAGTGAGTCAGAAAA
CCTTGCTC), P3 (ATCATCTCGGTGATCCTCCAG), and P4

PRC2 automethylation regulates histone methylation

(TGAGCAGTCCTGAAAGCAGTTATT.) PCR products were
analyzed on a 1% agarose TAE gel. Western blot analysis and an-
tibody usage were the same as described above.

Immunofluorescence

Cells grown on eight-well slides were fixed with 4% formalde-
hyde in PBS for 10 min and then permeabilized in extraction buff-
er (0.5% Triton X-100, 20 mM HEPES-KOH at pH 7.9, 50 mM
NaCl, 3 mM MgCl,, 300 mM sucrose) for 10 min. Slides were
then washed with PBS +0.1% Triton X-100 twice and blocked
in ABDIL buffer (3% BSA, 0.1% Triton X-100 in PBS). Primary an-
tibody (EZH2 antibody [Cell Signaling Technology, 5246] or Flag
antibody [Sigma, F3165], both 1:200 dilution) diluted in ABDIL
buffer was then added for a 1-h incubation, and secondary anti-
body (antirabbit Alexa 488 [Life Technologies| and anti-mouse
Alexa 647 [Life Technologies]; 1:500 dilution) was added after
washing three times with PBS. After washing another three times
with PBS, cells were mounted using ProLong Diamond antifade
mountant (Life Technologies, P36970). All images were acquired
on a DeltaVision Core microscope (Applied Precision) and a
sCMOS camera.
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