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Background: H3K36 methylation antagonizes Polycomb function, but it is not clear whether the reverse is true.
Results: H3K36-specific histone methyltransferases display poor enzymatic activities on nucleosome substrates containing
H2A ubiquitination, an important Polycomb modification.
Conclusion: H3K36-specific histone methyltransferases can respond to chromatin environment.
Significance: It provides additional understanding about interplays among chromatin modifications and their roles in tran-
scription regulation.

Histone H3 lysine 27 (H3K27) methylation and H2Amonou-
biquitination (ubH2A) are two closely related histone modi-
fications that regulate Polycomb silencing. Previous studies
reported that H3K27 trimethylation (H3K27me3) rarely coex-
ists with H3K36 di- or tri-methylation (H3K36me2/3) on the
same histone H3 tails, which is partially controlled by the direct
inhibition of the enzymatic activity of H3K27-specific methyl-
transferase PRC2. By contrast, H3K27 methylation does not
affect the catalytic activity of H3K36-specific methyltrans-
ferases, suggesting other Polycomb mechanism(s) may nega-
tively regulate the H3K36-specific methyltransferase(s). In this
study, we established a simple protocol to purify milligram
quantities of ubH2A frommammalian cells, which were used to
reconstitute nucleosome substrates with fully ubiquitinated
H2A. A number of histone methyltransferases were then tested
on these nucleosome substrates. Notably, all of the H3K36-spe-
cific methyltransferases, including ASH1L, HYPB, NSD1, and
NSD2 were inhibited by ubH2A, whereas the other histone
methyltransferases, including PRC2, G9a, and Pr-Set7 were not
affected by ubH2A. Together with previous reports, these find-
ings collectively explain the mutual repulsion of H3K36me2/3
and Polycomb modifications.

The eukaryotic genome is organized into chromatin, the nat-
ural substrate of nearly all biological processes that rely on
DNA templates, including transcription, replication, and DNA
repair (1–5). Histone proteins are important components of
chromatin and can be extensively modified (1–4). Histone
modifications regulate these biological processes by altering the
chromatin structure and/or recruiting effector proteins, such
as histone readers, that recognize these modifications (1, 6).

H3K36 methylation generally accompanies active transcrip-
tion, and recent progress has shed light on the roles of H3K36
methylation in alternative splicing, dosage compensation,DNA
replication, and repair (7, 8). In budding yeast, Set2 is the sole
H3K36-specific methyltransferase (9). In higher eukaryotes,
several enzymes have been reported to be H3K36-specific
methyltransferases (7), including HYPB, which is the primary
H3K36-specific trimethylase (10–12), and NSD1, NSD2,
NSD3, and ASH1L, which are best characterized as H3K36-
specific dimethylases (13–19).
UbiquitinatedH2A (ubH2A)2 accounts for�10% of the total

H2A protein in human cells (20). The majority of H2A mono-
ubiquitination occurs at a single histone H2A residue, lysine 119
(21). Ring1b in the PRC1 complex (Polycomb repressive com-
plex 1) is the major E3 ligase that mediates H2Amonoubiquiti-
nation (22, 23). Notably, Ring1b containing protein complexes
interact with the Kdm2 family histone H3K36 demethylases
(24–27). In addition to Ring1b, 2A-HUB (28) and BRCA1 (29)
have also been reported to possess E3 ligase activity that medi-
ates the formation of ubH2A. So far, ubH2A is best known for
its function in Polycomb silencing (22, 30). More recently,
ubH2A has also been suggested to play a role in repressing
satellite DNA repeats (31).
In addition to PRC1, PRC2 (Polycomb repressive complex 2),

the primary H3K27methyltransferase, is another key regulator
of Polycomb function (32–35). Genome-wide localization stud-
ies revealed that PRC2-mediated H3K27 methylation and
PRC1-mediated H2A monoubiquitination often act coopera-
tively on their common target genes (36, 37).
We, and others, have previously reported that H3K36 meth-

ylation rarely coexists with H3K27me3 on the same H3 poly-
peptides (19, 38), suggesting that these two modifications may
antagonize each other. Indeed, the catalytic activity of PRC2 is
inhibited in cis by di- or tri-methylation at lysine 36 of the same
H3 histones (19, 39, 40). However, H3K27me3 does not inhibit* This work was supported by Chinese Ministry of Science and Technology
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FIGURE 1. Purification of the ubH2A protein from HeLa S3 cells. A, the experimental purification scheme. B, Coomassie Blue staining of an SDS-PAGE gel
containing fractions from the Superdex 75 chromatography. The numbers on the top indicate the fraction numbers. C, Coomassie Blue staining of an SDS-PAGE
gel containing fractions from the Source RPC15 chromatography. D, Coomassie Blue staining of an SDS-PAGE gel containing samples at each purification stage.
E, summary table indicating the purity of samples at each stage and the main impurities removed during each purification stage. F, the tandem mass spectrum
of the signature peptide containing an ubiquitin moiety at lysine 119 of H2A derived from the purified ubH2A. G, assembled H2A- and ubH2A-containing
oligonucleosomes (H2A-rON and ubH2A-rON) for subsequent assays. H, an agarose gel containing H2A-rON and ubH2A-rON. I, analytical ultracentrifugation
results for H2A- and ubH2A-containing oligonucleosomes.
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the enzymatic activities of H3K36-specific methyltransferases,
such as HYPB and ASH1L (19). Therefore, the question
remains as to whether the other known Polycomb modifica-
tion, ubH2A, can antagonize H3K36 methylation. To test this
possibility biochemically, milligram quantities of homog-
enously ubiquitinated H2A are required to assemble nucleo-
some substrates with fully ubiquitinated H2A.
Here we established a simple three-step protocol to purify

milligram quantities of ubH2A to homogeneity from mamma-
lian cells. We tested the enzymatic activity of several histone
methyltransferases on nucleosomes assembled with ubiquiti-
nated histone H2A. Notably, ubH2A specifically inhibits the
enzymatic activities of the H3K36-specific methyltransferases
includingASH1L,NSD1,NSD2, andHYPB. Togetherwith pre-
vious reports that H3K36 methylation antagonizes Polycomb
function (19, 39, 40), and the observation that E3 ligase com-
plexes for H2A monoubiquitination associate with the Kdm2
family of H3K36 demethylases (24–27), this study helps to
establish a reciprocal inhibition mechanism between H3K36
methylation and Polycomb modifications.

EXPERIMENTAL PROCEDURES

Histone Methyltransferases—Full-length recombinant his-
tone methyltransferases or their SET domain containing frag-
ments were expressed and purified from Escherichia coli,
including human ASH1L (NP_060959, amino acids 2040–
2716), HYPB/KMT3a (NP_054878, amino acids 1398–1704),
NSD1/KMT3b (NP_071900, amino acids 1852–2082), NSD2
(NP_579877, amino acids 941–1240), Pr-Set7/Set8/KMT5a
(ADP08984, full-length), andmouseG9a/KMT1c (NP_671493,
amino acids 563–1172). Full-length recombinant mouse PRC2
full-length complex was expressed and purified from insect
cells using the Baculovirus system.
Purification of Milligram Quantities of ubH2A—Total his-

tone samples were isolated from HeLa S3 cells using the acid
extraction method as previously reported (41). The histone
samples were dissolved in denaturing buffer containing 6 M

urea and 1 mM Tris-HCl (pH 3.0). The acid-extracted histones
were then subjected to gel filtration over a Superdex 75 (GE
Healthcare) size exclusion column in denaturing buffer con-
taining 6Murea and 1mMTris-HCl (pH3.0) to separate ubH2A
proteins from the majority of core histones, particularly the
non-ubiquitinated form of H2A histones. The fractions con-
taining ubH2A but trace amounts of non-ubiquitinated H2A
histones were pooled and dialyzed against Buffer A (5% aceto-
nitrile and 0.1% trifluoroacetic acid). The dialyzed samples
were then loaded onto a Source RPC15 hydrophobicity column
(Sigma), and the impurities were separated from the ubH2A
with a linear gradient of Buffer A to Buffer B (90% acetonitrile
and 0.1% trifluoroacetic acid) in 5 column volumes. Fractions
containing the pure ubH2A were pooled for further analysis.

Mass Spectrometry (MS) Analysis—The purified ubH2Apro-
teins were analyzed by LC (liquid chromatography)-MS/MS
(tandem mass spectrometry) using a QSTAR XL mass spec-
trometer (AB SCIEX). The LC-MS/MS experiments were per-
formed as described previously (42, 43).
Reconstitution of Histone Octamers and Nucleosomes—Re-

combinant histone octamers were reconstituted by mixing
equal molar of core histones or ubH2A and then dialyzing
against 2 M NaCl, followed by gel filtration purification over a
24-ml Superdex 200 size exclusion column. Thenwe assembled
oligonucleosomes with equal molar of histone octamers and
pG5E4 plasmid DNA, by stepwise dialysis against 1.2, 1.0, 0.8,
and 0.6 M NaCl and finally TE (10 mM Tris-HCl (pH 8.0), 1 mM

EDTA) (44).
Analytical Ultracentrifugation—Sedimentation experiments

were performed on a Beckman Coulter ProteomeLab XL-I
using an An-60Ti rotor. Samples with an initial absorbance at
260nmof 0.8were equilibrated for 2 h at 20 °Cunder vacuum in
a centrifuge prior to sedimentation. The absorbance at 260 nm
wasmeasured in a continuous scanmode during sedimentation
at 32,000 � g in 12-mm double-sector cells. The data were
analyzed using the enhanced van Holde-Weischet analysis and
the Ultrascan II 9.9 revision 1504. The s20,w values (sedimenta-
tion coefficiency corrected for water at 20 °C) were calculated
with a partial specific volume of 0.622 ml/g for oligonucleo-
some samples with the buffer density and viscosity adjusted.
Mononucleosome Preparation—Cells were fixed with 1%

formaldehyde for 10 min at room temperature and then
quenched with 125mM glycine for 5min. These cells were then
washed with cold PBS and subjected to micrococal nuclease
(MNase, TAKARA) digestion, according to the protocol
described previously (19).
Immunoprecipitation—The mononucleosomes prepared in

the above step were used as the input materials for the subse-
quent immunoprecipitation experiments. The mononucleo-
somes were incubated with antibodies against ubH2A (CST
8240s) or H3K36me3 (Abcam ab9050) for 3 h at 4 °C, and then
captured with Protein A-agarose beads. The beads were exten-
sively washed with buffer containing 10 mM Tris-HCl (pH 8.0),
500mMKCl, 0.5 mM EDTA, 1mMDTT, 10% glycerol, and 0.1%
Nonidet P-40. The immunoprecipitatedmononucleosomeswere
then eluted with SDS-PAGE loading buffer. The antibodies used
forWesternblottinganalysiswereanti-ubH2A(Millipore05-678),
anti-H3K36me2 (Millipore 07-369), anti-H3K36me3 (Abmart
P30057M), anti-H3K27me3 (Millipore 07-449), anti-H3K9me2
(Active motif 39375), anti-H4K20me1 (Abcam ab9051), and
anti-H3 (Millipore 07-690).
Histone Lysine Methyltransferase Assays—The histone

methyltransferase assays were performed in a 30-�l reaction
mixture containing 1 �l of S-[methyl-3H]adenosylmethionine

FIGURE 2. ubH2A inhibits the activity of H3K36-specific methyltransferases in vitro. A, ubH2A inhibits ASH1L activity. B, ubH2A inhibits HYPB activity. C,
ubH2A inhibits the activities of NSD1 and NSD2. D, ubH2A does not affect the HMT activities of G9a, PRC2, and Pr-Set7. The assays were performed with
constant amounts of recombinant oligonucleosomes (1.2 �g) and increasing amounts of HMTases. ASH1L (1X, 0.8 �g; 2X, 1.6 �g; 4X, 3.2 �g); HYPB (1X, 1.0 �g;
2X, 2.0 �g; 4X, 4.0 �g); NSD1 (1X, 1.5 �g; 2X, 3.0 �g; 4X, 6.0 �g); NSD2 (1X, 0.6 �g; 2X, 1.2 �g; 4X, 2.4 �g); G9a (1X, 0.5 �g; 2X, 1.0 �g; 4X, 1.5 �g); Pr-Set7 (1X, 0.1
�g; 2X, 0.2 �g; 4X, 0.4 �g); PRC2 (1X, 0.4 �g; 2X, 0.8 �g; 4X, 1.6 �g). Please note: H2A co-migrates with H2B in H2A-containing oligonucleosome samples;
therefore, the intensity of H3 and H4 histones should be used for comparing the amounts of H2A- and ubH2A-containing nucleosomes. The asterisk indicates
an H3 degradation band present in some of the substrates.
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(PerkinElmer Life Sciences, NET-155H, 0.55 �Ci/�l, 78
Ci/mmol), recombinant oligonucleosomes (rON), and the cor-
responding enzymes in histone methyltransferase assay buffer
as previously described (19, 45). The reaction products were
separated by 13% SDS-PAGE, then transferred to PVDF mem-
branes and subjected to autoradiography. For quantification,
the abovemembraneswere stainedwithCoomassie BlueG-250
followed by liquid scintillation counting for each stained his-
tone band excised individually.
Histone Deubiquitination—Histone deubiquitination was

performed in a 20-�l reaction mixture containing 50 mM Tris-
HCl (pH7.5), 50mMNaCl, 5mMDTT, 2�g of ubH2A rON, and
1 �g of USP21 enzyme. The reaction mixture was incubated at
30 °C for 2 h. The subsequent histone methyltransferase assay
was performed directly in this reaction mixture.
ChIP-Seq Data Analysis—ChIP-Seq data for ubH2A (46) and

H3K36me3 (47) obtained from mouse embryonic fibroblast
cells were retrieved from the NCBI SRA database under acces-
sion numbers SRP000811 and SRP000415, respectively. Raw
reads were mapped toMouse genomemm9. Uniquely mapped
reads were kept and extended to average fragment size. Based
on these extended reads, genome coverage was calculated and
normalized to equal sequencing depth. Each gene was normal-
ized to 0–100% according to its length. The fold-enrichment of
all genes were averaged for each 1% window and plotted from
20% upstream of the transcription start sites to 20% down-
stream of the transcription end sites.

RESULTS

Purification of ubH2A Histone Proteins—To test the bio-
chemical roles of ubiquitinated histones, bulk amounts of fully
ubiquitinated histone substrates are often required. Fully ubiq-
uitinated H2A and H2B have been derived with chemical reac-
tions (48–50). However, these materials remain difficult to
obtain for the majority of biologists. Because ubH2A histone
proteins account for �10% of the total H2A proteins in mam-
malian cells (20), to obtain pure milligram quantities of ubH2A
proteins that would allow most biochemical studies to be per-
formed, we developed a simple three-step purification strategy
(Fig. 1A) by combining acidic extraction, previously reported
denaturing gel filtration (51) (Fig. 1B) with reverse-phase chro-
matography (Fig. 1C). The majority of non-histone proteins
were first removed by acidic extraction. Then, the H2B, H2A,
H4, and the majority of H3 histones were removed by denatur-
ing gel filtration over a Superdex 75 column. Finally, the H1
histones and residual amounts of H3 histones were removed by
reverse-phase chromatography over a source RPC15 column
(Fig. 1,D and E). With this protocol, we were able to obtain �3
mg of ubH2A with �95% purity (Fig. 1D) from 1 � 1011 HeLa
S3 cells (�100 liter suspension culture). The remaining non-
histone impurities were further removed during subsequent
nucleosome assembly procedures.

To confirm the identity of the purified ubH2A, the protein
band (Fig. 1D) was excised from the SDS-PAGE gel and sub-
jected to mass spectrometry analysis. We successfully detected
the signature peptide containing a single ubiquitin moiety at
lysine 119 of H2A (Fig. 1F). Importantly, no other core histones
and modifications were detected.
We assembled recombinant histone octamers using the

above purified ubH2A and recombinant human core histones
purified from E. coli. Then we further assembled oligonucleo-
somes with plasmid DNA and octamers containing fully ubiq-
uitinated H2A or regular H2A (Fig. 1G). Because certain his-
tone methyltransferase, like PRC2, alters its enzymatic activity
on oligonucleosomes with different density (44), oligonucleo-
somes containing ubH2A or regular H2A were assembled with
comparable octamer/DNA ratio. Indeed, these oligonucleo-
somes displayed similar mobility on agarose gels (Fig. 1H).
Moreover, analytical ultracentrifugation analysis for these two
substrates indicated that more than 90% of these two oligo-
nucleosomes share similar sedimentation coefficiency (Fig. 1I),
which further confirms that the two substrates share similar
density.
ubH2A Inhibits the Activity of H3K36 Methyltransferases

in Vitro—After generating nucleosome substrates contain-
ing fully ubiquitinated H2A, we determined whether ubH2A
regulates the enzymatic activity of a panel of histone meth-
yltransferases, including PRC2, which mediates the H3K27me3
(32–35) Polycomb modification and ASH1L, which mediates
H3K36me2 (17–19) and antagonizes Polycomb function
(52–54).
ASH1L displayed greatly lower enzymatic activity on the

nucleosomes assembled with ubH2A than on equal amounts of
nucleosomes assembled with H2A (Fig. 2A). Interestingly, sim-
ilar inhibitory effects by ubH2A were also observed for other
H3K36-specific HMTases, including HYPB (Fig. 2B), NSD1,
and NSD2 (Fig. 2C). Notably, the inhibitory role of ubH2A was
most prominent on ASH1L (Fig. 2A), which may be consistent
with the role ofASH1L in Polycomb regulation. By contrast, the
inhibitory role of ubH2A on NSD1 was the mildest (Fig. 2C).
This may reflect a differential regulation but may also be alter-
natively explained by the weakest activity of NSD1 under our
test conditions, which may reduce the assay sensitivity. Impor-
tantly, the above observed negative impact of ubH2A appeared
to be specific to H3K36 methyltransferases, because ubH2A
had little effect on the other tested HMTases, including PRC2,
G9a, and Pr-Set7 (Fig. 2D). All above HMT activity assays were
performed under three conditions containing increasing
amounts of the respective HMTases and the results were con-
sistent with each other (Fig. 2).
We then attempted to measure the Km and Vmax values of

these HMTases on nucleosomes containing either regular H2A
or ubH2A by titrating the amounts of substrates. Unfortu-

FIGURE 3. ubH2A inhibits the activity of H3K36-specific methyltransferases in vitro. A, ubH2A inhibits ASH1L activity. B, ubH2A inhibits HYPB activity. C,
ubH2A inhibits the activities of NSD1 and NSD2. D, ubH2A does not affect the HMT activities of G9a, PRC2, and Pr-Set7. The assays were performed with
constant amounts of HMTases (ASH1L, 1.6 �g; HYPB, 2.0 �g; NSD1, 3.0 �g; NSD2, 1.2 �g; G9a, 1.0 �g; Pr-Set7, 0.2 �g; PRC2, 0.8 �g) and increased amounts of
recombinant oligonucleosomes (1X, 0.6 �g; 2X, 1.2 �g; 4X, 2.4 �g). Please note: H2A co-migrates with H2B in H2A-containing oligonucleosome samples;
therefore, the intensity of H3 and H4 histones should be used for comparing the amounts of H2A- and ubH2A-containing nucleosomes. The asterisk indicates
an H3 degradation band present in some of the substrates.
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nately, the histone methyltransferase activity assay could not
reach saturation with practical amounts of the substrates for
several of the HMTases; therefore, accurate measurement of
theKm andVmax values could not be obtained. Nevertheless, we
compared the histone methyltransferase activities at different
substrate concentrations and observed that theH3K36-specific
HMTases consistently displayed lower activities on ubH2A
containing nucleosomes than regular nucleosomes at each
comparable concentration (Fig. 3, A–C). This inhibitory effect
by ubH2A was not observed on the other tested HMTases,
including PRC2, G9a, and Pr-Set7 (Fig. 3D).
To further confirm the observed inhibitory effect on the

activity of H3K36-specific HMTases was due to the ubiquitin
modification, but not any other potential associated moieties,
we directly compared the activity of these HMTases on ubH2A
containing mononucleosomes with or without pretreatment
with an ubH2A-specific deubiquitinase, USP21 (Fig. 4A) (55).
Recombinant human USP21 expressed and purified from
E. coli efficiently deubiquitinated ubH2A containing oligo-
nucleosomes (Fig. 4). Pretreatment with USP21 greatly increased
the enzymatic activity of H3K36-specific HMTases (Fig. 4, B–D),
but had little effect on the other tested HMTases, including
PRC2, G9a, and Pr-Set7 (Fig. 4, E and F). The above results
collectively demonstrated a specific inhibitory role of ubH2A
on H3K36-specific HMTases.
ubH2A and H3K36 Methylation Rarely Co-exist in Vivo—

The observations that ubH2A inhibits H3K36-specific HMTa-
ses (Figs. 2–4), that ubH2A often coexist with H3K27methyla-
tion (36, 37), and that H3K27 methylation rarely coexists with
H3K36 methylation on the same H3 polypeptides (19, 38), col-

lectively suggest that ubH2A and H3K36 methylation should
have a distinct genomic distribution and that they may not fre-
quently co-exist in mononucleosomes.
It has been well established that H3K36me2 and H3K36me3

are enriched at the coding regions of active genes (56). By con-
trast, ubH2A appears to be enriched at the regions surrounding
transcription starting sites (46). However, these data have not
previously been directly compared using genome-wide profil-
ing data from the same type of cells before. We performed a
direct comparison of published ChIP-Seq data sets for ubH2A
(46) and H3K36me3 (47), both generated in mouse embryonic
fibroblast cells. Indeed, these two modifications displayed dis-
tinct distribution patterns and were negatively correlated with
each other (Fig. 5A).
To further determine whether H3K36 methylation and

ubH2A co-exist at the mononucleosome level, we performed
immunoprecipitation experiments with antibodies specific for
ubH2A and H3K36me3. To prevent the occurrence of deubiq-
uitination events in the lysates, the input mononucleosomes
were prepared from pre-fixed cells. Anti-ubH2A antibodies
clearly enriched ubH2A in the immunoprecipitated materials
(Fig. 5B). By contrast, H3K36me3 was nearly depleted and
H3K36me2 was significantly reduced (Fig. 5B). Consistently,
mononucleosomes precipitated with anti-H3K36me3 antibod-
ies contained enriched H3K36me3 and barely detectable
ubH2A (Fig. 5B). Such mutual exclusion was not observed for
the other tested histone modifications, including H3K9me2
and H4K20me1 (Fig. 5B). The above data collectively support
that ubH2A and H3K36 methylation rarely co-exist in vivo.

FIGURE 4. Deubiquitination of ubH2A containing oligonucleosomes prior to enzymatic activity assay stimulates the activity of H3K36-specific meth-
yltransferases in vitro. A, experimental scheme. B, removal of ubiquitin stimulates ASH1L activity. C, removal of ubiquitin stimulates the activities of NSD1 and
NSD2. D, removal of ubiquitin stimulates HYPB activity. E, removal of ubiquitin does not affect the activity of G9a. F, removal of ubiquitin does not affect the
activities of PRC2 and Pr-Set7. The assays were performed with constant amounts of recombinant ubH2A-rON and three different concentrations of HMTases
similar to experiments described in the legend to Fig. 3. 1 �g of recombinant USP21 was used to specifically deubiquitinate ubH2A modification on rON
substrates. Please note that pretreatment with USP21 converted a high molecular weight ubH2A band to a low molecular weight H2A band in the Coomassie
Blue-stained membranes. The asterisk indicates an H3 degradation band present in some of the substrates.

FIGURE 5. ubH2A and H3K36me3 rarely co-exist in vivo. A, ubH2A and H3K36me3 are distributed at distinct regions in mouse embryonic fibroblast cells
based on previously published ChIP-Seq data. B, the immunoprecipitation experiments demonstrate that ubH2A and H3K36me3 rarely co-exist in the same
mononucleosomes. TSS, transcription start site; TES, transcription end sites.
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ubH2A Down-regulation Elevates H3K36me3 at a Subset of
Up-regulated Genes—To manipulate the level of ubH2A in
cells, USP21 was overexpressed in HEK 293T cells and led to
the reduction of global ubH2A level (Fig. 6A). However, the
global level of H3K36me2 and H3K36me3 were not signifi-
cantly up-regulated (Fig. 6A). This is not totally unexpected,
because H3K36me2 and H3K36me3 are quite abundant and
accounts for�30%of totalH3 polypeptides inmammalian cells
(19, 38).
Then, we performed mRNA-Seq experiments for HEK 293T

cells with or without overexpression of USP21. There were
�1000 up-regulated genes and 600 down-regulated genes with
more than 2-fold expression changes in cells overexpressing
USP21. We chose several of the up-regulated genes and
unchanged genes according to our mRNA-Seq data (Fig. 6B)
and literature (57), and then performed ChIP-quantitative PCR
experiments using antibodies against ubH2A or H3K36me3.
We observed an increase of H3K36me3 and a concomitant
reduction of ubH2A at the most highly up-regulated genes,
such as FOS and FGF8 (Fig. 6B). Similar but milder changes
were observed at someothermodestly up-regulated genes, such
as PAX2, FGF20, DLL1, and DTX1 (Fig. 6B). These changes
were not observed at twounchanged control genes SEC11A and
CLTB (Fig. 6B). The above observations do not rule out a sec-
ondary effect of H3K36me3 followed by gene induction, but is
also consistent with a role of ubH2A down-regulation in up-
regulating H3K36 methylation.

DISCUSSION

PcG and TrxG proteins display counteracting functions to
maintain the correct expression pattern of developmental reg-
ulated genes (30, 59–62). The correct chromatin modification
patterns are important transcription regulators of these genes.
However, one important and not fully addressed question is the
mechanism by which chromatin modifiers set up such modifi-
cation patterns. Because of the critical role of Polycomb
response elements in recruiting the Polycombgroupproteins in
Drosophila (63, 64), and because there are only a few Polycomb
response elements identified in mammals (65, 66), alternative
recruitment mechanisms, such as non-coding RNA-mediated
PRC2 recruitment have been proposed and debated (67–69).
However,many recent progresses support an alternative sen-

sor model, which may function independently and/or in com-
bination with the recruitment model. The central point of the
sensor model is that some chromatin modifying enzymes are
not merely the robotic modification producers that generate
reaction products wherever they get recruited, but instead, they
may function as smart enzymes that can sense the chromatin
environment and adjust their enzymatic activities accordingly.
To date, the best characterized example is H3K27-specific
methyltransferase PRC2, which can be negatively regulated by
chromatin features associated with active transcription includ-
ingH3K36methylation (19, 39),H3K4me3 (39), and open chro-
matin (44) (Fig. 7). Moreover, PRC2 can also be stimulated by

FIGURE 6. ubH2A down-regulation elevates H3K36me3 at a subset of up-regulated genes. A, overexpression of USP21 down-regulates ubH2A level, but
does not alter H3K36me2 or H3K36me3 levels globally. B, down-regulation of ubH2A and concomitant elevation of H3K36me3 occur at a subset of up-regu-
lated genes upon USP21 overexpression. Upper panel, ChIP-quantitative PCR results for a list of genes. Lower panel, mRNA-seq results for the same genes. WB,
Western blot; qPCR, quantitative PCR.
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chromatin features associated with silent genes including
H3K27me3 (58) and compact chromatin (44) (Fig. 7).
In this study, we observed similar regulatory activities on

H3K36-specific methyltransferases by H2A monoubiquitination
(Figs. 2–4).H2Amonoubiquitinationeffectively inhibits the enzy-
matic activity of ASH1L (Figs. 2A, 3A, and 4B), a classic TrxG
protein (52–54) that mediates H3K36me2 (17–19). In addition to
reporting a new instance of cross-talk between histone modifica-
tions, this study also helps to explain the gap between the mutual
exclusion between H3K27me3 and H3K36 methylation observed
in vivo (19, 38) and the previously reported unidirectional inhibi-
tion of PRC2 activity by H3K36methylation (19, 39).
Finally, wewould like to share our viewof Polycomb regulation.

We believe that the distinct transcription states of Polycomb-reg-
ulated genes, which are initially determined by sequence-specific
transcription factors, establish and determine their characteristic
chromatinmodificationpatterns,which in turn reinforce the tran-
scriptional states of their underlying genes.
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