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C10ORF12 modulates PRC2 histone methyltransferase

activity and H3K27me3 levels
Yi Shi1, Hong-lei Ma1, You-wen Zhuang1,2, Xiao-xi Wang1, Yi Jiang1,2 and H. Eric Xu1,2,3

The polycomb repressive complex 2 (PRC2) catalyzes the methylation of histone H3 on lysine 27 (H3K27) to generate trimethyl-

H3K27 (H3K27me3) marks, thereby leading to a repressive chromatin state that inhibits gene expression. C10ORF12 was recently

identified as a novel PRC2 interactor. Here, we show that C10ORF12 specifically interacts with PRC2 through its middle region

(positions 619–718). C10ORF12 significantly enhances the histone methyltransferase activity of PRC2 in vitro and dramatically

increases the total H3K27me3 levels in HeLa cells. C10ORF12 also antagonizes Jarid2, which is an auxiliary factor of the

PRC2.2 subcomplex, to promote increased H3K27me3 levels in HeLa cells. Moreover, C10ORF12 alters the substrate preference of

PRC2. These results indicate that C10ORF12 functions as a positive regulator of PRC2 and facilitates PRC2-mediated H3K27me3

modification of chromatin. These findings provide new insight into the roles of C10ORF12 in regulating the activity of the PRC2

complex.
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INTRODUCTION
Epigenetic regulation in the form of histone modifications, the
incorporation of histone variants, DNA methylation and demethy-
lation, and noncoding RNAs has a critical role in modulating
chromatin states and gene expression without altering DNA
sequences [1–5]. In particular, polycomb repressive complexes 1
(PRC1) and 2 (PRC2) have been identified as crucial epigenetic
regulators that form histone-modifying complexes and whose
composition may be context-dependent within cells [2, 6–15].
PRC1 establishes repressive chromatin structures via the activity
of the E3 ubiquitin ligase RING1A/B, which monoubiquitylates
Lys119 of histone H2A [11, 12]. In addition, PRC2 represses the
expression of genes involved in cell fate determination, cell
differentiation, and cancer formation by mediating H3K27me3
modification of histones and other epigenetic mechanisms
[5–8, 16–26]. Human PRC2 consists of three core members:
enhancer of zeste homolog 2 (EZH2), embryonic ectoderm
development (EED) factor, and suppressor of Zeste 12 (SUZ12)
[7, 20–23]. Furthermore, several auxiliary subunits, including
retinoblastoma suppressor-associated protein 46/48 (RbAp46/48),
PCL, Jarid2, and AEBP2, have been identified that may regulate
the HMTase activity of the PRC2 complex and its recruitment to
chromatin [27–42]. The catalytic subunit of PRC2, EZH2, does not
possess histone methyltransferase (HMTase) activity alone; rather,
it requires coordination with at least two other PRC2 core
components (EED and SUZ12) to acquire robust HMTase activity
[43–45].
Subsequent investigations after the initial characterization of

the PRC2 core complex suggested that PRC2 contains other

auxiliary subunits and that its composition varies as a function of
cellular contents during development [40]. The HMTase activity
and recruitment of PRC2 to target genes are regulated by various
auxiliary subunits such as PCL, Jarid2, AEBP2, and C17ORF96 that
exhibit different biological functions in different cell types [46].
Mammalian PRC2 has recently been classified as comprising two
distinct complexes, PRC2.1 and PRC2.2 [46, 47]. In addition to the
core subunits of PRC2, PRC2.1 subcomplexes contain one of the
three polycomb-like homologs (PHF1, MTF2, or PHF19) as well as
either of two more recently discovered interactors, C17ORF96
(also termed EPOP) and C10ORF12. The relative abundances of the
PRC2.1 subunits associated with the core PRC2 components
change dramatically during the differentiation of mouse ESCs into
neural progenitor cells. Specifically, MTF2 and C17ORF96 become
less abundant, whereas PHF19 and C10ORF12 become more
abundant [46, 48]. In contrast, PRC2.2 subcomplexes contain
Jarid2 and AEBP2 and localize to the majority of PRC2 sites in stem
cells [35]. Jarid2 and AEBP2 can directly bind to DNA and have
been implicated in the recruitment of PRC2 and in the modulation
of its enzymatic activity [46, 49].
C10ORF12 was recently discovered as a novel PRC2 interactor

[48–52] that lacks apparent homologs in Drosophila but is
otherwise conserved in organisms ranging from bony fishes to
humans [50]. Overexpression of C10ORF12 results in strong
repression of luciferase expression and significant trimethylation
of H3K27 at the transcription start site of the luciferase gene,
indicating that C10ORF12 may be a positive regulator of PRC2
HMTase activity [49]. C10ORF12 may recruit the PRC2−PCL
complex to target genes [49] and stimulate the methyltransferase
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activity of PRC2 in vitro and in vivo and is also essential for mouse
development [53]. However, further investigation is required to
elucidate the exact mechanism by which C10ORF12 influences the
activity of the PRC2 complexes. Here, we investigated C10ORF12
−PRC2 interactions and proposed a possible mechanism by which
C10ORF12 influences the biological function of PRC2.

MATERIALS AND METHODS
Construct design and molecular cloning
cDNAs for C10ORF12 (UniProtKB entry sequence A0PJI9) and the
PRC2 subunits EZH2, EED, SUZ12, RbAp48, and AEBP2 (UniProtKB
entry isoform sequences Q15910–1, O75530–1, Q15022, Q09028–1,
and Q6ZN18–1, respectively) were synthesized by Genewiz. An
engineered EZH2 construct (engEZH2 with the removal of residues
1–9, 183–210, and 351–425 and the replacement of residues
493–515 by a LGGGGSGGGGSGGGGSAAA linker) was designed
using sequence alignments and previously reported structures
[20, 21]. The C10ORF12 and PRC2 subunit cDNAs were cloned into
the pFastBac HT A vector between the EcoRI and HindIII restriction
sites for baculovirus expression. An expression cassette with a
double His tag (HHHHHHSSGLVPRGSHMASHHHHHHHHHH, DHT), a
GFP tag, and a TEV cleavage sequence was then introduced at the
N terminus of C10ORF12 or Suz12 to facilitate the expression and
purification of the target proteins. The inserted sequences of all
clones were confirmed by DNA sequencing.

Expression of the PRC2 complex and C10ORF12 in sf9 cells
High titers of recombinant baculovirus carrying the PRC2 complex
and C10ORF12 (> 109 viral particles/mL) were obtained using the
Bac-to-Bac baculovirus expression system (Invitrogen, Carlsbad,
CA, USA). The titer of each baculovirus stock was determined
using the anti-baculovirus envelope gp64 antibody. To evaluate
PRC2 expression, equal amounts of baculovirus for each subunit
(DHT-GFP-Suz12 (1–693), engEZH2, EED(77–441), RbAp48FL, and
AEBP2FL) were used to infect Spodoptera frugiperda (Sf9) cells at a
density of 2.0 × 106 cells/mL and a multiplicity of infection (MOI) of
five, followed by cultivation in ESF 921 medium. To determine
C10ORF12 expression, baculovirus expressing C10ORF12 was used
to infect sf9 cells at a density of 2.0 × 106 cells/mL and an MOI of
five. Cells were harvested at 48 h post infection by centrifugation
at 2000 r/min for 20 min. Cells were then stored at −80 °C until
further use.

Affinity purification and size exclusion chromatography of the
PRC2 complex and C10ORF12
Harvested cells were sonicated and subjected to centrifugation
followed by collection of the supernatant. The solubilized PRC2
complex or C10ORF12 was purified by TALON affinity chromato-
graphy. Prior to loading, the TALON resin (Clontech Laboratories,
Inc.) was equilibrated with five column volumes of binding buffer
consisting of 20 mM Tris/HCl (pH 7.5) and 400mM NaCl.
Solubilized PRC2 complex or C10ORF12 was then loaded onto
the column and bound for 2 h at 4 °C with continuous rotation.
After binding, the TALON resin was eluted with three column
volumes of the buffer described above supplemented with
200mM imidazole and was then washed with 20 column volumes
of binding buffer supplemented with 25 mM imidazole. The
concentrations of the elution fractions containing purified PRC2
were determined using a Bradford assay and an appropriate
standard curve. The fusion PRC2 or C10ORF12 protein was then
cut using TEV protease at a ratio of 1:500 (w/w) with incubation
overnight at 4 °C. Protein was concentrated to ~ 5mg/mL and
further purified with a Superdex 200 HiLoad 26/60 gel filtration
column (GE Healthcare) equilibrated in SEC buffer (20 mM
HEPES, pH 7.5; 200mM NaCl). Protein fractions were identified at
OD280 nm, and PRC2 fractions with the affinity tag removed were
pooled and concentrated for subsequent analysis.

Size exclusion chromatography with multi-angle light scattering
(SEC-MALS)
The average molecular mass of the C10ORF12-PRC2 complex was
determined on a DAWN HELEOS-II instrument (Wyatt) connected
in tandem to a high-performance liquid chromatography system
(Agilent). A 10 μL sample with a protein concentration of 1 mg/mL
was loaded on a Nanofilm SEC-500 (Sepax) column in size buffer
(20 mM Tris-HCl, pH 8.0, 200 mM NaCl) with a flow rate set at
0.35 mL/min. The molecular weight of the complex was then
calculated on the basis of the differential refractive index signal
determined by the intensity of light scattering and the coinciding
protein concentration [54].

Protein copurification pulldown assays
Protein copurification pulldown assays were performed following
previously described protocols [55]. In brief, 40 mL of Sf9 cells was
co-infected with baculovirus expressing StrepII-GFP-fusion
C10ORF12 fragments and PRC2. Cells were then harvested after
48 h of infection and lysed using lysis buffer. Clarified lysates were
loaded onto 20 μL of Strep-Tactin beads equilibrated with
binding buffer containing 50 mM Tris, 150 mM NaCl and 0.05%
Nonidet P-40 at pH 7.5 and were then washed with 20 column
volumes of the binding buffer. The beads were collected
by centrifugation and then analyzed using sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS–PAGE). After
electrophoresis, gels were stained with Coomassie blue for
analysis.

HMTase activity assay
The HMTase activity of PRC2 was measured using Perkin Elmer
AlphaLISA kits [56]. Enzymatic reactions were promoted by
incubating 10 nM PRC2 with assay buffer (50 mM Tris-HCl, pH
8.0; 50 mM NaCl; 1 mM dithiothreitol; 0.01% Tween-20; and 0.01%
bovine serum albumin) containing 100 nM biotinylated histone H3
(21–32) peptide substrate and 5 μM SAM for 120 min at room
temperature. Anti-trimethyl-histone H3 lysine 27 (anti-H3K27me3)
AlphaLISA Acceptor beads and Streptavidin Donor beads (0.08
mg/mL) were preincubated for 1 h in 1 × Epigenetics Buffer 1. The
presence of the histone H3 product methyl marker was detected
by the addition of the preincubated AlphaLISA beads (final
concentration of 5 μg/mL). Activity was allowed to proceed for 1 h
at room temperature. The assay plates were subsequently
analyzed in a Perkin Elmer Envision plate reader using the
AlphaLISA setting for optimal signal detection with a 615 nm filter
after sample excitation at 680 nm. The emission signal at 615 nm
was used to quantify HMTase activity. The activity of PRC2 in the
absence of C10ORF12 was defined as the relative activity value of
1.0. The data are expressed as the means ± standard errors of the
means (SEMs) of at least three independent experiments.
Statistical analysis of the differences between PRC2 and PRC2
with C10ORF12FL or C10ORF12 (619–989) was conducted using
GraphPad Prism 7.0. The significance of the differences was
assessed using Student’s t test (P < 0.05 was considered statisti-
cally significant).

H3K27 peptide and nucleosome binding assays
The H3K27 peptide and nucleosome binding assays were
performed using AlphaScreen assays (Perkin Elmer) as previously
described [57–59]. In brief, His tag proteins and biotinylated H3
(21–32)K27me0/1/2/3 peptides or biotinylated mononucleo-
somes (ABIN2669715, Active Motif) were mixed in 1 × assay
buffer to a final concentration of 100 nM and incubated for
30 min at room temperature. A 1:1 mixture of nickel-chelating
acceptor and streptavidin-conjugated donor beads was then
added to a final concentration of 5 μg/mL, and the plates were
incubated for an additional 30 min in the dark at room
temperature. After incubation, the plates were analyzed using a
PerkElmer Envision plate reader with the AlphaScreen setting for
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optimal signal detection with a 615 nm filter after sample
excitation at 680 nm. The emission signal at 615 nm was then
used to quantify H3K27 peptide binding. The resulting data are
expressed as the means ± SEMs of at least three independent
experiments. Statistical analysis of the differences between PRC2
and PRC2 with C10ORF12FL or C10ORF12 (619–989) was conducted
in GraphPad Prism 7.0. The statistical significance of the differences
was assessed using Student’s t test (P < 0.05 was considered
statistically significant).

Measurement of the H3K27me3 levels in HeLa cells by
immunoblotting
HeLa cells (ATCC CCL-2) were cultured in Eagle's minimum
essential medium (EMEM) supplemented with 10% fetal bovine
serum at 37 °C and then were seeded in a 24-well plate at a
density of 5000 cells/well. After 24 h of cultivation, 1 μg of
pcDNA6.0-C10ORF12FL, C10ORF12 (1–619), MTF2, or Jarid2
(or combinations of these) was transfected using Lipofectamine
2000 (Life Technologies, Invitrogen) according to the manu-
facturer’s protocols. Empty pcDNA6.0 vector was transfected
and used as a negative control. The cells were then harvested
and lysed after cultivation for 24 h. Equivalent concentrations of
cell lysates were resolved by SDS−PAGE, and the H3K27me3
levels and total histone H3 levels were measured by immuno-
blotting with an anti-H3K27me3 antibody (Abcam, ab6147) and
an anti-histone H3 antibody (Abcam, ab18521), respectively.
β-Actin was used as the reference for normalizing the protein
loading levels. The H3K27me3 levels were quantified by
densitometry and normalized, where the H3K27me3 intensity
was normalized to the relative intensity value of the empty
pcDNA6.0 vector, which was considered to be 1.0. The data are
expressed as the means ± SEMs of at least three independent
experiments. Statistical analysis of the data was performed
using GraphPad Prism 7.0 (GraphPad Software). Statistical
significance of differences was measured using Student’s
t tests (P < 0.05 was considered statistically significant), and
the following notations are used to denote different levels of
statistical significance: *P < 0.05, **P < 0.01, ***P < 0.001, and
****P < 0.0001.

RESULTS
C10ORF12 forms a stable complex with PRC2 in vitro
To determine whether C10ORF12 and PRC2 are associated in vitro,
DHT-GFP-C10ORF12 was co-expressed with PRC2 in sf9 cells,
followed by purification with affinity chromatography and size
exclusion chromatography. A single peak was observed at a 10.3-mL
elution volume, corresponding to a size of 400 kDa (Fig. 1a), which
was consistent with the expected molecular weight of the DHT-GFP-
C10ORF12-PRC2 complex (400 kDa). SDS–PAGE analysis further
showed that the peak contained C10ORF12 and all five components
of PRC2: engEZH2, EED(77–441), Suz12 (1–693), RbAp48FL, and
AEBP2FL. The stoichiometric ratio of the components was 1:1:1:1:1:1.
These results indicate that C10ORF12 forms a stable monomeric
complex with PRC2, suggesting the presence of a strong interaction
between C10ORF12 and PRC2. The purified C10ORF12−PRC2
complex was then subjected to multiangle light scattering (MALS)
analysis on a system connected in tandem to a high-performance
liquid chromatography system. This approach allows the measure-
ment of the molecular weight of a given complex independent of its
conformation [60]. The SEC elution profile combined with the light
scattering data and differential refractive index signals indicated the
presence of a single peak, suggesting that the C10ORF12-PRC2
complex is highly homogeneous (Fig. 1b). Moreover, a molecular
mass of 400 kDa was determined by SEC-MALS (Fig. 1b), which
coincided with our independent SEC analyses (Fig. 1a).

The middle region (619–718) of C10ORF12 is essential for its
interaction with PRC2
The C-terminal region of C10ORF12 is highly conserved, in
contrast to the N-terminal region (Fig. S1). The secondary structure
prediction by PSIPRED [61] demonstrated that C10ORF12 has a
structured C terminus and a coiled N terminus (Fig. S2). To
evaluate the minimal C10ORF12 fragment that associates with
PRC2, StrepII pulldown assays were used to investigate the
interaction between PRC2 and a series of C10ORF12 fragments
comprising residue positions 1–618, 619–989, 718–989, and
807–989. Both the C10ORF12 full-length peptide, and the peptide
fragment 619–989 bound PRC2, whereas the remaining peptide
fragments (1–618, 718–989, and 807–989) did not bind PRC2

Fig. 1 C10ORF12 forms a stable complex with PRC2 in vitro. a Analysis of the C10ORF12−PRC2 complex using a Superdex 200 h 16/30 column
(GE Health) with the fractions further analyzed by 12% SDS−PAGE and Coomassie blue staining. b SEC-MALS analysis of the C10ORF12-PRC2
complex

C10ORF12 modulates PRC2 HMTase activity and H3K27me3 levels

Y Shi et al.

1459

Acta Pharmacologica Sinica (2019) 40:1457 – 1465



(Fig. 2). Thus, residues 619–718 of C10ORF12 are essential for PRC2
interaction, whereas the peptide region comprising residues
1–618 is not involved in PRC2 interaction.

C10ORF12 promotes the HMTase activity of PRC2 in vitro through
its C-terminal region
The interaction between C10ORF12 and PRC2 suggested that
C10ORF12 may affect PRC2 HMTase activity. Consequently, the
enhancement of PRC2 methyltransferase activity by C10ORF12
was investigated. C10ORF12 and PRC2 were independently
purified from Sf9 cells. Then, H3 (21–32)K27me0 peptides were
used as PRC2 substrates, and increasing amounts of recombinant
C10ORF12 were added. The abundance of the methylation
product H3 (21–32)K27me3, which indicates the HMTase activity
of PRC2, was measured using anti-H3K27me3 AlphaScreen beads.
The H3K27me3 levels increased owing to the presence of
C10ORF12 in a dose-dependent manner (Fig. 3). Specifically, the
H3K27me3 levels were two-fold higher in the presence of 1 μM
C10ORF12FL than without C10ORF12FL (P < 0.01) and fourfold
higher in the presence of 6 μM C10ORF12FL (P < 0.0001). Similar
results were obtained for C10ORF12 (619–989), further indicating
that C10ORF12 can stimulate the HMTase activity of PRC2 via its C-
terminal region comprising residues 619–989.

C10ORF12 enhances the total H3K27me3 levels in HeLa cells
To investigate the effect of C10ORF12 on the H3K27me3 levels in
HeLa cells, we transfected C10ORF12 into HeLa cells and used
anti-H3K27me3 antibodies to measure changes in the H3K27me3
levels (Fig. 4). Overexpression of C10ORF12FL enhanced the
H3K27me3 levels in HeLa cells by 14-fold (P < 0.0001), whereas
expression of C10ORF12 (619–989) enhanced the H3K27me3
levels in HeLa cells by eightfold (P < 0.001). In contrast, over-
expression of C10ORF12 (1–618) did not affect the H3K27me3
levels. These results indicate that C10ORF12 can increase the total
H3K27me3 levels in HeLa cells primarily via activity mediated by
its C-terminal region.

C10ORF12 antagonizes Jarid2 to increase the H3K27me3 levels in
HeLa cells
The PRC2 auxiliary factor Jarid2 has been reported to modulate
the HTMase activity of PRC2 and its recruitment to chromatin
[31, 38–40, 62–65]. Consequently, we evaluated whether
C10ORF12 coordinates with Jarid2 to increase the H3K27me3

levels in HeLa cells. Individual overexpression of C10ORF12FL and
Jarid2 enhanced the H3K27me3 levels in HeLa cells by 14-fold (P <
0.0001) and 5.3-fold (P < 0.0001), respectively. However, the
stimulatory effect decreased to 2.7-fold when C10ORF12 and
Jarid2 were overexpressed together, indicating that C10ORF12

Fig. 2 The C-terminal region of C10ORF12 is essential for interaction with PRC2. The gel shows the results of SDS−PAGE analysis of C10ORF12
fragment pulldown assays as described below. Sf9 cells were co-infected with baculovirus expressing StrepII-GFP-fusion C10ORF12 fragments
and PRC2. Cells were harvested after 48 h of infection and lysed using lysis buffer. Clarified lysates were then loaded onto 20 μL of Strep-Tactin
beads equilibrated with binding buffer consisting of 50mM Tris, pH 7.5; 150mM NaCl; and 0.05% Nonidet P-40. The beads were then washed
with 20 column volumes of the binding buffer. The beads were collected by centrifugation and analyzed with SDS–PAGE and gel staining with
Coomassie blue

Fig. 3 C10ORF12 promotes the HMTase activity of PRC2 in vitro. The
plot shows the relative HMTase activity of PRC2 in the presence of
increasing concentrations of C10ORF12. PRC2 HMTase assays were
performed using Perkin Elmer AlphaLISA kits. The PRC2 complex at a
concentration of 10 nM was added to HMT Buffer (50mM Tris-HCl,
pH 8.0; 50mM NaCl; 1 mM DTT; 0.01% Tween-20; and 0.01% BSA)
supplemented with increasing concentrations (0–4 μM) of
C10ORF12, 100 nM biotinylated H3 (21–32)K27me0 peptide, and
5 μM SAM. After incubating for 2 h at room temperature, 5 μg/mL
anti-H3K27me3 beads and 5 μg/mL streptavidin beads were added,
and the mixture was again incubated for 1 h at room temperature.
The activity was then analyzed using a Perkin Elmer Envision plate
reader. The activity of PRC2 in the absence of C10ORF12 was defined
as a relative activity value of 1.0. The data are expressed as the
means ± standard errors of the means (SEMs) of at least three
independent experiments. Statistical analyses of the differences
between PRC2 alone and PRC2 with C10ORF12FL or C10ORF12
(619–989) were analyzed using GraphPad Prism 7.0. The significance
of the differences was assessed using Student’s t test (P < 0.05 was
considered statistically significant), and the following notations
denote different levels of statistical significance: *P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.0001
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and Jarid2 antagonized each other’s effect on the H3K27me3
levels in HeLa cells. C10ORF12 has been reported to be an auxiliary
factor of the PRC2.1 subcomplex [48, 50, 53], whereas Jarid2 is a
component of the PRC2.2 subcomplex [39, 40]. Our results
indicate that independently, these factors stimulate PRC2 HMTase
activity but compete with and antagonize each other when they
interact with PRC2 simultaneously.

C10ORF12 alters the substrate preference of PRC2
To explore the mechanism by which C10ORF12 regulates PRC2
HMTase activity, we investigated the effect of C10ORF12 on the
affinity of PRC2 for H3K27me0/1/2/3 peptides using AlphaScreen
techniques. PRC2 bound each of the H3K27me0/1/2/3 peptides,
whereas C10ORF12FL dramatically decreased the affinity of PRC2
for the H3K27me0 peptide (a 57% decrease with 1 μM
C10ORF12FL, P < 0.001; a 73% decrease with 2 μM C10ORF12FL,
P < 0.001), slightly decreased the affinity for the H3K27me1
peptide (an 8% decrease with 1 μM C10ORF12FL, P > 0.05; a 21%
decrease with 2 μM C10ORF12FL, P < 0.01), slightly increased the
affinity for the H3K27me2 peptide (a 7.5% increase with 1 μM
C10ORF12FL, P > 0.05; a 16.6% increase with 2 μM C10ORF12FL,
P < 0.01) and significantly increased the affinity for the H3K27me3
peptide (a 53% increase with 1 μM C10ORF12FL, P < 0.01; a 101%
increase with 2 μM C10ORF12FL, P < 0.001) (Fig. 6). Similar results
were observed for C10ORF12 (619–989) (Fig. 6). These results
suggest that C10ORF12 alters the substrate preference of PRC2 by
enhancing its affinity for the H3K27me3 and H3K27me2 peptides
but decreasing its affinity for the H3K27me0 and H3K27me1
peptides. Our results are mutually consistent with previous results,
indicating that C10ORF12 stimulates the PRC2-mediated catalysis
of H3K27me2 conversion to H3K27me3.

C10ORF12 decreases the access of PRC2 to unmodified
nucleosomes
As C10ORF12 alters the affinity of PRC2 for H3K27 peptides, a
mechanism whereby C10ORF12 modifies the access of PRC2 to
the nucleosome was investigated. AlphaScreen binding assays
indicated that C10ORF12FL greatly decreased the access of PRC2
to unmodified nucleosomes (a 48% decrease with 1 μM
C10ORF12FL, P < 0.0001; a 71% decrease with 2 μM C10ORF12FL,
P < 0.0001; Fig. 7). Furthermore, C10ORF12 (619–989) exhibited

similar results (Fig. 7). These data are consistent with those
showing that C10ORF12 decreases the affinity of PRC2 for the
H3K27me0 peptide.

DISCUSSION
Here, we observed that C10ORF12 forms a stable complex with
PRC2 core subunits (Fig. 1) and that it interacts with PRC2 through
its C-terminal region (619–989) (Fig. 2). Specifically, C10ORF12-
significantly enhanced the ability of PRC2 to catalyze the
conversion of unmethylated H3K27 to trimethylated H3K27
through its C-terminal region (619–989) (Fig. 3) and enhanced
the total H3K27me3 levels in HeLa cells mainly through its C-
terminal region (619–989) (Fig. 4). These results are consistent with
those of Conway [53]. However, the stimulatory effect of
C100RF12 (619–989) on H3K27me3 was weaker than that of the
full-length C10ORF12, indicating that these effects may require
synergistic activity of the C- and N-terminal regions, although the
N-terminal region alone did not affect the H3K27me3 levels
(Fig. 4). In particular, the N-terminal region (1–618) of C10ORF12
was reported to interact with the H3K9 methyltransferase G9a
[53]. G9a-induced H3K9 methylation may promote H3K27
methylation, which could explain why the full-length C10ORF12
can achieve greater stimulation of H3K27me3 than the C-terminal
region (619–989) alone in HeLa cells. The interaction between the
N- and C-terminal regions of C10ORF12 and the way in which G9a-
induced H3K9 methylation affects C10ORF12-promoted H3K27
methylation are unclear and require further investigation.
The composition of PRC2 dynamically changes during cellular

development and differentiation. In particular, different auxiliary
components, such as Jarid2, PCLs, and C10ORF12, interact with
the core components of PRC2 to regulate the recruitment and
HMTase activity of PRC2 at different developmental stages
[48, 49, 51, 52]. However, the exact relationships between
C10ORF12 and the other PRC2 components, including Jarid2,
PCLs, and AEBP2, require further clarification. Our results indicate
that C10ORF12 antagonizes the effect of Jarid2 on the H3K27me3
levels in HeLa cells (Fig. 5), suggesting that C10ORF12 competes
with Jarid2 to regulate the HMTase activity of PRC2. In addition,
the crystal structure of a heterotetrameric complex, consisting of
Suz12, Rbbp4, Jarid2, and AEBP2 fragments indicates that the

Fig. 4 C10ORF12 enhances the total H3K27me3 levels in HeLa cells. The H3K27me3 levels in HeLa cells that overexpressed various C10ORF12
fragments were detected using immunoblotting with anti-H3K27me3 antibodies. H3 levels measured by immunoblotting using anti-
H3K27me3 antibodies were used as the internal reference. The H3K27me3 levels were quantified by densitometry and normalized to the H3
levels. The data are expressed as the means ± standard errors of the means (SEMs) of at least three independent experiments. Statistical
differences between the C10ORF12 fragment overexpression vector and the blank empty vector control were analyzed in GraphPad Prism 7.0.
The significance of the differences was assessed using Student’s t test (P < 0.05 was considered statistically significant), and the following
notations denote different levels of statistical significance: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001
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PHF19 component of the PRC2.1 subcomplex competes with the
PRC2.2 subcomplex component AEBP2 for binding to a non-
canonical C2 domain of Suz12. Furthermore, the
PRC2.2 subcomplex component Jarid2 and the C-terminal domain
of the PRC2.1 subcomplex component C17ORF96/EPOP compete
for binding to the ZnB-Zn motif of Suz12 [66]. Thus, both
C10ORF12 and C17ORF96/EPOP compete with Jarid2. However,
whether the mechanism underlying C10ORF12–Jarid2

competition is similar to that of C17ORF96/EPOP–Jarid2 competi-
tion is unclear and requires further investigation. Moreover,
further clarification is needed as to whether C10ORF12 competes
with AEBP2 or coordinates with PCLs.
Biochemical data and the crystal structures of the Chaetomium

thermophilum and human PRC2 trimers indicate that the EZH2,

Fig. 6 C10ORF12 alters the substrate preference of PRC2. H3K27
peptide binding assays were performed using AlphaScreen kits
(Perkin Elmer). His-tagged PRC2 complex at a concentration of
50 nM was added to AlphaScreen buffer containing increasing
concentrations (0–2 μM) of C10ORF12, 100 nM biotinylated H3
(21–32)K27 peptide, 5 μg/mL nickel-chelating beads and 5 μg/mL
streptavidin beads and incubated for 2 h at room temperature. The
binding was then analyzed using a Perkin Elmer Envision plate
reader. The data are expressed as the means ± standard errors of the
means (SEMs) of at least three independent experiments. Statistical
analysis of the differences between PRC2 alone and PRC2 with
C10ORF12FL or C10ORF12 (619–989) was conducted in GraphPad
Prism 7.0. The significance of the differences was assessed using
Student’s t test (P < 0.05 was considered statistically significant), and
the following notations denote different levels of statistical
significance. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001

Fig. 5 C10ORF12 antagonizes the effects of Jarid2 on increasing the H3K27me3 levels in HeLa cells. The H3K27me3 levels were measured in
HeLa cells overexpressing C10ORF12, Jarid2, and the combination of C10ORF12 and Jarid2 by immunoblotting with an anti-H3K27me3
antibody. H3 levels measured by immunoblotting with the anti-H3K27me3 antibody were used as the internal reference. The H3K27me3 levels
were quantified by densitometry and were then normalized to the H3 levels. The data are expressed as the means ± standard errors of the
means (SEMs) of at least three independent experiments. Statistical analyses were performed with GraphPad Prism 7.0. The significance of the
differences was assessed using Student’s t test (P < 0.05 was considered statistically significant), and the following notations denote different
levels of statistical significance: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001

Fig. 7 C10ORF12 decreases the access of PRC2 to unmodified
nucleosomes. Nucleosome binding was evaluated using AlphaSc-
reen kits (Perkin Elmer). His-tagged PRC2 complex at a concentration
of 50 nm was used with increasing amounts (0–2 μM) of C10ORF12,
50 nM biotinylated nucleosomes, 5 μg/mL nickel-chelating beads,
and 5 μg/mL streptavidin beads. The mixtures were incubated in
AlphaScreen buffer for 2 h at room temperature, and binding was
then analyzed using a Perkin Elmer Envision plate reader. The data
are expressed as the means ± standard errors of the means (SEMs) of
at least three independent experiments. Statistical analysis of the
differences between PRC2 alone and PRC2 with C10ORF12FL or
C10ORF12 (619–989) were analyzed in GraphPad Prism 7.0. The
significance of the differences was assessed using Student’s t test (P
< 0.05 was considered statistically significant), and the following
notations denote different levels of statistical significance. *P < 0.05;
**P < 0.01; ***P < 0.001; and ****P < 0.0001
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EED, and VEFS domains of SUZ12 are bound to H3K27me3.
Furthermore, other such analyses of the Jarid2K116me3 peptide
have revealed that binding of H3K27me3 or Jarid2K116me3 to the
EED and EZH2 SRM subdomains stabilizes the flexible EZH2 SET
domain and thus enhances the HMTase activity of EZH2.
[20–23, 67, 68]. These observations were confirmed and expanded
upon by the recently published cryo-electron microscopy
structure of PRC2 bound to a dinucleosome [69] and the Jarid2-
PRC2 complex [70]. Our data show that C10ORF12 enhances
binding to H3K27me3 peptides (Fig. 6) and decreases the affinity
of PRC2 for H3K27me0 (Fig. 6) and unmodified nucleosomes
(Fig. 7). C10ORF12 may also regulate PRC2 activity via a
H3K27me3-mediated allosteric mechanism. However, additional
biochemical and structural information for C10ORF12-PRC2 is
needed to establish a model of regulation.
Based on these data, we propose a possible model for the

regulation of PRC2 activity by C10ORF12. The model posits that
C10ORF12 helps to recruit PRC2 to preexisting H3K27me3 sites to
catalyze the conversion of H3K27 to H3K27me3 and maintain the
H3K27me3 state. This process then induces transcriptional
repression leading to cell fate decisions, cell differentiation, and
cell cycle regulation, among other processes (Fig. 8). PRC2 and
H3K27me3 have been reported to be involved in various cancers
and are important drug targets in cancer therapy [71]. Indeed,
several EZH2 inhibitors, such as EPZ6438 (tazemetostat), GSK-
2816126, and CPI-1205, are undergoing clinical trials [16].
Consequently, C10ORF12 could represent a novel drug target in

cancer therapy, owing to its role in PRC2 activity and H3K27me3
regulation. However, further investigation and validation of the
role of C10ORF12 is needed.
In summary, our investigation of interactions between

C10ORF12 and PRC2 revealed that C10ORF12 significantly
enhances HMTase activity in vitro and in HeLa cells and alters
the substrate preference of PRC2 via an interaction between its C-
terminal region and PRC2. C10ORF12 antagonizes Jarid2, which is
an auxiliary factor of the PRC2.2 subcomplex that promotes
increased H3K27me3 levels in HeLa cells. A possible model for the
regulation of PRC2 activity by C10ORF12 is proposed based on
these results. These data and observations help form a better
understanding of the roles and changes in PRC2 during cell
development and differentiation.
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