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ABSTRACT

Histone H2A ubiquitination plays critical roles in
transcriptional repression and deoxyribonucleic acid
(DNA) damage response. More attention has been fo-
cused on ubiquitin E3 ligases of H2A, however, less is
known about the negative regulators of H2A ubiquiti-
nation. Here we identified HSCARG as a new negative
regulatory protein for H2A ubiquitination and found
a possible link between regulator of H2A ubiquitina-
tion and cell cycle. Mechanistically, HSCARG inter-
acts with polycomb repressive complex 1 (PRC1) and
deubiquitinase USP7 and inhibits PRC1 ubiquitina-
tion in a USP7-dependent manner. As ubiquitination
of PRC1 is critical for its E3 ligase activity toward
H2A, HSCARG and USP7 are further shown to de-
crease the level of H2A ubiquitination. Moreover, we
demonstrated that HSCARG is involved in DNA dam-
age response through affecting the level of H2A ubiq-
uitination and localization of RAP80 at lesion points.
Knockout of HSCARG results in persistent activation
of checkpoint signaling and leads to cell cycle ar-
rest. This study unravels a novel mechanism for the
regulation of H2A ubiquitination and elucidates how
regulators of H2A ubiquitination affect cell cycle.

INTRODUCTION

H2A is the first protein to be identified as being ubiquiti-
nated (1). It is estimated that 5-15% of H2A is ubiquiti-
nated in mammalian cells. The functions of H2A ubiqui-
tination were poorly understood until recent studies show-
ing that ubiquitinated H2A is correlated with gene repres-
sion and deoxyribonucleic acid (DNA) damage repair (2-8).
Several ubiquitin E3 ligases responsible for H2A have been
identified, however, relatively less is known about negative
regulators of H2A ubiquitination. The level of H2A ubig-

uitination varies at different stages of the cell cycle (4,5,9—
18). H2A ubiquitination is correlated with cell cycle pro-
gression, and abnormality in either of the E3 ligases or deu-
biquitinases of H2A leads to a decreased rate of cell growth
(2,16,17,19). However, the detailed mechanism linking reg-
ulators of H2A ubiquitination and cell cycle is still incom-
pletely understood.

Polycomb repressive complex 1 (PRC1) is an ubiquitin
E3 ligase of H2A ubiquitination (2). The core components
of PRC1 are RING1, RING2 and BMI1, of which RING2
is the catalytic protein. The E3 ligase activity of PRCI is
regulated at multiple levels, with the self-ubiquitination of
RING?2 being critical for its catalytic activity (20,21). The
other components of PRC1 are also important for its cat-
alytic activity, RING1 and BMII can strongly stimulate
the E3 ligase activity of RING?2 but the mechanism is still
unclear (2,3,19). Recent studies show that USP7 can regu-
late RING?2 ubiquitination, however, whether USP7 affects
H2A ubiquitination remains unclear yet.

DNA damage in cells is readily induced by environ-
mental agents or is generated spontaneously during DNA
metabolism. It is estimated that each cell develops up to
10° spontaneous DNA lesions per day (22). In response to
DNA damage, cells have evolved a complicated mechanism
to survive and ensure accurate transmission of the genome.
DNA double strand breaks (DSBs) are the most danger-
ous of all insults to cells. When damages occur, a cascade
reaction mediated by ataxia telangiectasia mutated (ATM)
or ataxia telangiectasia and Rad3-related (ATR) is acti-
vated and phosphorylates H2AX (also denoted as y H2AX)
around the damage points (23,24). This is followed by H2A
ubiquitination catalyzed by various E3 ligases (4,5,15). The
ubiquitin chains of H2A then act as docking sites for re-
pair proteins such as RAP80, Abraxas, BRCA1 and 53BP1
translocating to the damaged sites (14,25,26). Meanwhile,
ATM/ATR activates the checkpoint signaling and halts the
cell cycle progression until the damage points are repaired
(27-30). If the damage is too severe to be repaired, the cell
will undergo apoptosis (31).
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HSCARG (also known as NmrA-like family domain
containing 1, NMRALI) is a recently characterized pro-
tein belonging to the short-chain dehydrogenase family but
without dehydrogenase activity (32). To elucidate the func-
tions of HSCARG in cells, we used a yeast two-hybrid
screen. We found that HSCARG interacts with PRCI.
HSCARG interacts with and relies on USP7 to inhibit
PRCI ubiquitination, which further decreases the level of
H2A ubiquitination. In addition, we demonstrated that
HSCARG is involved in the DNA damage response and
that knockout of HSCARG activates the signaling of cell
cycle checkpoint and results in an obvious reduction in cell
growth rate.

MATERIALS AND METHODS
Antibodies and reagents

Monoclonal anti-Flag (F3165), anti-HA (H9658) and IgG
(M5284) antibodies were purchased from Sigma (MO,
USA); anti-Myc (M047-3), anti-histidine (D291-3) and
anti-B-actin (PMO053) were from MBL (Japan); anti-H2A
(39209) was from Active Motif (CA, USA). The polyclonal
antibodies anti-p21 (sc-397), anti-USP7 (sc-30164) and
anti-USP11 (sc-134928) were from Santa Cruz Biotechnol-
ogy (TX, USA); anti-y H2AX (05-636) was from Millipore
(MA, USA); anti-CHK2 (BS1526), anti-pCHK?2 (BS4043)
and anti-TFIID (BS2262) were from Bioworld (MN, USA);
anti-RING1 (AP14560a) was from Abgent (CA, USA);
anti-RAP80 (3746) was from Epitomics (CA, USA); and
anti-HSCARG was generated against purified recombinant
HSCARG. Protein G was purchased from GE Healthcare
(Shanghai, China), the Ni-NTA agarose was from Qia-
gen (Germany) and the protease inhibitor was from Cal-
biochem (MA, USA).

Plasmids and shRINA preparation

The complementary DNAs (cDNAs) of RINGI1, RING2
and BMI1 were kindly provided by Dr Hengbin Wang
at University of Alabama at Birmingham. HSCARG,
RINGI1, RING2 and BMI1 were cloned into the vector
pRK-HA or pRK-Flag respectively. H2A was cloned into
pRK-HA or pRK-Flag and H2B into pRK-HA. FLAG-
USP7 was a kind gift from Dr Goedele Maertens at Cancer
Research UK. HA-RAP80 was a kind gift from Dr Xi-
aochun Yu at the University of Michigan Medical School.
Flag-USP11 and USP11 shRNA were provided by Drs Xi-
aojie Tan and Jianhua Yang at Baylor College of Medicine.
The RNA interference (RNAi) sequence targeting
HSCARG, 5-CCACCTTCATCGTGACCAATT, and the
control sequence, 5-ACGTGACACGTTCGGAGAATT,
were inserted into the GV248 vector. The siRNA targeting
USP7 was purchased from Santa Cruz (sc-41521). The
shRNA targeting USP7 was from OriGene (TR308454).
All the plasmids were verified by DNA sequencing.

Cell culture and transfection

HCT116, HEK293T and HeLa cells were grown in Iscove’s
modified Dulbecco’s medium (Invitrogen, CA, USA), sup-
plemented with 10% fetal calf serum (Hyclone) at 37°C in
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5% CO,. Transfections were performed using Mega Tran1.0
(Origene) according to the manufacturer’s instructions.

Co-immunoprecipitation (co-IP) and western blot

co-IP and western blot analyses were performed follow-
ing procedures described previously (33). Briefly, HEK293T
cells were transfected with the indicated plasmids. At 48
h after transfection, cells were washed with phosphate
buffered saline (PBS) buffer and lysed in modified Radio-
Immunoprecipitation Assay (RIPA) buffer (50-mM Tris-
HCL, pH 7.4, 150-mM NaCl, I-mM ethylenediaminete-
traacetic acid (EDTA) and protease inhibitor) and soni-
cated. After pre-clearing with protein-G-Sepharose beads,
the supernatant was incubated with antibodies or control
IgG at 4°C overnight, followed by incubation with 50-wl
protein G Sepharose for 4 h. The samples were denatured
and loaded on a sodium dodecyl sulphate-polyacrylamide
gel electrophoresis(SDS-PAGE) gel and transferred to a ni-
trocellulose membrane (GE Healthcare). Membranes were
probed with primary and secondary antibodies. The protein
signals were detected and quantified using Odyssey Infrared
Imaging System and software Odyssey V3.0 (LI-COR Bio-
sciences, NE, USA).

Denaturing immunoprecipitation analysis

To detect the effect of HSCARG on H2A ubiquitination,
denaturing immunoprecipitation analysis was performed.
HEK293T cells were transfected with HA-H2A and His-
ubiquitin, with or without Flag-HSCARG. At 48 h after
transfection, cells were washed with PBS buffer and lysed in
400-p.1 SDS lysis buffer (10% SDS in PBS). The lysates were
heated to 95°C and vortexed vigorously more than three
times. Subsequently, 800-wl-modified RIPA lysis buffer (de-
scribed above) was added to the lysates, which were then
cooled on ice for 1 h and centrifuged at 18 000 g for 30 min
at 4°C. The supernatant was then subjected to immunopre-
cipitation with anti-HA and western blot with the anti-His
antibody.

His-ubiquitin pull-down analysis

HCT116 cells were transfected with His-ubiquitin, together
with or without Flag-HSCARG. And then the effect of
HSCARG on H2A ubiquitination was examined by His-
ubiquitin pull-down analysis following the method de-
scribed previously (34).

Cellular fractionation assay

Cellular fractionation assay was performed following the
procedures described previously (35,36). Briefly, cells were
washed with PBS buffer and lysed in buffer A (10-mM
HEPES pH7.9, 10-mM KCI, 1.5-mM MgCl,, 0.34-M su-
crose, 10% glycerol, 1-mM dithiothreitol, 0.1% Triton X-
100 and protease inhibitor cocktail) on ice for 8§ min. The
supernatant (fraction S1, cytosol) was collected. Cell pellets
were washed by buffer A twice and lysed in buffer B (3-mM
EDTA, 0.2-mM ethylene glycol tetraacetic acid (EGTA), 1-
mM dithiothreitol and protease inhibitor cocktail) on ice
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for 30 min. The insoluble fractions (fraction chr, chromatin)
and soluble (fraction S2, nucleoplasm) fractions were sepa-
rated by centrifugation (5 min, 1700 g, 4°C).

IR treatment

Ion radiation was delivered by the X-ray generator (RS
2000; 160 kV; 25 mA; dose rate, 1.43 Gy/min). Cells were
treated with IR at the dosage of 10 Gy and then incubated
for 1 h before harvesting.

Acid chromatin fractionation

Acid chromatin fractionation was carried out following the
procedures described (37). Briefly, cells were washed with
PBS buffer and lysed in modified RIPA buffer described
above. Cell pellets were washed by distilled water twice and
incubated with 0.2-M HCI for 10 min on ice. The soluble
fraction was then neutralized with 1-M Tris-HCI pH 8.0 for
western blot analysis.

Immunofluorescence

The changes in the subcellular localization of RAP80 under
different treatments were investigated in HeLa cells by using
immunofluorescence. HeLa cells were transfected with or
without Flag-HSCARG, 23 h later, cells were either treated
with IR at the dosage of 10 Gy or were not treated with
IR and then incubated for 1 h. Immunofluorescence was
then carried out following procedures described previously
(38). Images were visualized under a confocal laser scan-
ning microscope (Zeiss LSM-710 NLO & DuoScan, Ger-
many) using a 40x objective lens. The number and inten-
sity of IR-induced nuclear foci were quantified using the
software Imaris 7.6 (Bitplane, UK). yH2AX was used as
a DNA damage marker and indicated the lesion points.
Nuclear DNA was stained with 1-pg/ml 4,6-diamidino-2-
phenylindole (DAPI).

Construction of HeLa cell-based HSCARG~/~ cell line

HeLa cell-based HSCARG™/~ cell line was constructed by
TALEN technology following the manufacture’s instruc-
tion (SIDANSAI Biotechnology CO., LTD). Briefly, the
sequences target for HSCARG (NLI: GGTGGACAA-
GAAACT, NR1: GGCTCACCTGTGCCT) was inserted
into plasmids pTALEN-L and pTALEN-R, respectively,
and verified by DNA sequencing. The two plasmids were
co-transfected into HeLa cells and positive clones were se-
lected by puromycin. The knockout effect of HSCARG was
confirmed by western blot analysis.

Construction of HCT116 cell-based HSCARG™/~ cell line

The approach for generating targeted cells with adeno-
associated virus (AAV) was performed as described (39).
Briefly, vector arms were created by PCR from normal hu-
man DNA using HiFi Taq (Invitrogen) and validated by se-
quencing prior to virus production and infection. The tar-
geting AAV viruses were packaged in HEK293T cells by
transfecting equal amounts of the targeting vector, pHelper

and pRC plasmids. Viruses were harvested 72 h after trans-
fection. The parental HCT116 cells were infected with in-
dicated rAAV viruses. Stable G418-resistant clones were se-
lected in the presence of 0.4 mg/ml for HCT116 and then
screened for PCR screening as reported. After the first allele
was targeted, the neomycin resistance gene was excised by
Cre-recombinase and the targeted clones were retargeted to
obtain homozygous knock-out cells.

Clonogenic survival assay

Cells were seeded at low density (about 300 each dish) in
20-mm dish in triplicates. Twenty-four hour later, cells were
treated with different dosages of IR (2, 4 and 6 Gy) and in-
cubated for 12 days. Finally cells were stained with trypan
blue and counted. The number of survived cells was nor-
malized to non-irradiated wild-type cells.

Cell growth curve

Cells transfected with indicated plasmids were seeded onto
a 24-well plate at the initial cell densities of 5000 per
milliliter. The number of living cells was counted each day
for 7 days, and three wells were counted per day.

FACS analysis

Wild-type and HSCARG™/— HCTI116 cells were seeded
onto 35-mm dishes. Twenty-four hour later, cells were
trypsinized into a single cell suspension and fixed with 70%
ethanol, and then stained with a solution containing 1% fe-
tal bovine serum (FBS), 50-pg/ml propidium iodide and
25-ng/ml RNase A. Fluorescence-activated cell sorting
(FACS) analysis was performed using a FACS Calibur cy-
tometer, and data were analyzed using the CellQuest Pro
software (BD Biosciences).

Ribonucleic acid (RNA) isolation and RT-PCR

To detect the changes in the messenger RNA (mRNA) lev-
els of related proteins in HSCARG™/~ HCT116 cells, total
RNA populations were extracted from the wild-type and
HSCARG~/~ HCT116 cells by using TRIZOL Reagent (In-
vitrogen). The cDNA was amplified by reverse transcrip-
tase coupled PCR (RT-PCR) (Promega) following the man-
ufacturer’s instructions. The primers used are shown in
Supplementary Table S2. Quantitative RT-PCR was per-
formed using SsoFast™ EvaGreen® Supermix (Bio-Rad,
CA, USA). For analysis, the C, values were normalized
against B-actin and analyzed using the AAC, method

RNA-seq analysis

RNA-seq analysis was performed by BGI. Briefly, the total
RNA from wild-type or HSCARG~/~ HCT116 cells was
extracted, and then the mRNA was fragmented into short
(~200-bp) fragments, and first-strand cDNA was synthe-
sized by random hexamer primers using mRNA fragments
as templates; this was followed by second-strand cDNA
synthesis. Finally, all the fragments were subjected to Il-
lumina Solexa ultrasequencing and mapped to different
genes. Further analysis was carried out to examine the rel-
ative expression level of each gene.



A B

I9G  RING1

_ Anti-HSCARG
L -

Anti-HSCARG

RING1 HSCARG

Merged

Anti-RING1

£ & Q‘o
C PSS D ot ot
@ 2 S v A
WP E HSCARG (B Pl
HSUEL S HisUbl = + 4 % + %
Anti-RING1 Anti-RING1
Ni-NTA Ni-NTA

l Anti-His - Anti-His
Flag-HSCARG S W@ Flag-HSCARG

WeL | B RINGT WeLi[== = = = =|RiNGt

. S==es s
[ e ® e His-uiquitin

His-ubiquitin

Figure 1. HSCARG interacts with RING1 and inhibits RING1 ubiquiti-
nation. (A) Endogenous interaction of HSCARG with RING1. HEK293T
cells were harvested 48 h after seeding, and 5% of the cell lysates were ana-
lyzed directly (input). The remaining cell lysates were immunoprecipitated
with anti-RING1 antibody or control rabbit IgG, followed by western blot
with anti-RINGI and anti-HSCARG antibodies. (B) Co-localization of
RINGI and HSCARG in HeLa cells. Subcellular localization of endoge-
nously expressed RING1 and HSCARG was visualized by immunofluores-
cence microscopy using anti-RING1 antibody (red), anti-HSCARG anti-
body (green) and DAPI (blue). Scale bar, 10 pm. (C) and (D) HSCARG
inhibits endogenous RING1 ubiquitination. HEK293T cells were trans-
fected with indicated plasmids. At 48 h after transfection, cells were lysed
with denaturing buffer and incubated with Ni-NTA beads, and the ubig-
uitinated proteins were purified and subjected to western blot with the in-
dicated antibodies.

RESULTS

HSCARG interacts with RING1 and inhibits RING1 ubiqui-
tination

To define the functions of HSCARG, a yeast two-hybrid
screen was used with full-length HSACRG as the bait.
RINGI, a core component of PRCI that mediates the
monoubiquitination of histone H2A (2,40,41), was identi-
fied as one of the target proteins that may associate with
HSCARG. The interaction between HSCARG and RING1
was confirmed by both ectopic and endogenous co-IP (Sup-
plementary Figure S1A and Figure 1A). Next, we exam-
ined the distribution of endogenous HSCARG and RING1
in HeLa cells by immunofluorescence analysis. The result
showed that HSCARG co-localized with RING1 mainly in
the nucleus, which further validates that HSCARG interacts
with RINGI (Figure 1B).

We next assessed whether HSCARG interacts with the
other core components of the PRC1, RING2 or BMII1, two
proteins that interact with RING1 (41). As expected, co-
IP showed that HSCARG also interacted with RING2 and
BMI1 (Supplementary Figure S1A). Taken together, these
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results indicate that HSCARG interacts with the core com-
ponents of the PRC1, RING1, RING2 and BMII.

As HSCARG interacts with RINGI, we examined
whether HSCARG affects the expression of RINGI, and
no visible effect was observed (Supplementary Figure S1C).
A previous study shows that RING1 could be modified
by ubiquitin chains (35), we next tested whether HSCARG
affects ubiquitination of RING1. His-ubiquitin pull-down
analysis showed that HSCARG clearly reduced the ubig-
uitin chains of endogenous RING1 (Figure 1C). This re-
sult promoted us to investigate whether HSCARG is a deu-
biquitinase of RINGI1. As cysteine is the vital residue for
the activity of deubiquitinase (42-44), we mutated all the
three cysteine residues of HSCARG and detected whether
these mutants still work. As shown in Figure 1D, all the
HSCARG mutants are as efficient as wild type in inhi-
bition of RINGI ubiquitination. Further sequence analy-
sis revealed that there is no conserved deubiquitinase do-
main in HSCARG. These results exclude the possibility that
HSCARG is a deubiquitinase.

Our previous results show that HSCARG is a sensor
of reduced nicotinamide adenine dinucleotide phosphate
(NADPH) and residues Arg37, Tyr81, Lys133 are critical
for its NADPH binding activity (45). Here we mutated these
residues and tested if NADPH binding ability of HSCARG
is critical for its function in inhibiting RING1 ubiquitina-
tion. The result showed that all the mutants still worked as
efficiently as wild-type HSCARG (Supplementary Figure
S1B). Taken together, these results indicate that HSCARG
interacts with RING1 and inhibits RING1 ubiquitination,
which is independent of its NADPH binding activity.

HSCARG depends on USP7 in inhibiting PRC1 ubiquitina-
tion

Recent reports show that USP7 could remove ubiquitin
chains from PRC1 (35,46), we next investigated if there
is a correlation between HSCARG and USP7. As shown
in Supplementary Figure S2A, HSCARG interacted with
USP7 and USP7 interacted with RING1 as well. Besides,
HSCARG and RINGI could be precipitated by USP7 si-
multaneously. To further investigate the relation among
HSCARG, RING1 and USP7, we co-transfected cells with
USP7, RING1 and HSCARG and used one protein as bait
to detect the other two proteins. The results showed that the
three proteins could interact with each other (Figure 2A).
These results indicate that USP7, RING1 and HSCARG
form a complex.

Next, we examined the effects of USP7 and HSCARG on
ubiquitination of RINGT1. His-ubiquitin pull-down analysis
showed that HSCARG and USP7 inhibited RING1 ubiq-
uitination in a synergy manner (Figure 2B). In addition,
denaturing immunoprecipitation and His-ubiquitin pull-
down assays showed that HSCARG functioned coopera-
tively with USP7 in inhibiting the ubiquitination of RING2
and BMI1 (Supplementary Figure S2B and C).

To further elucidate the relation between HSCARG and
USP7, we constructed two HSCARG~/~ HCT116 cell lines
by using the Cre/loxP system to insert an additional se-
quence into the fourth exon and added further stop codons
to disrupt HSCARG translation (Supplementary Figure
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Figure 2. HSCARG depends on USP7 in inhibiting RINGI ubiquitination. (A) HSCARG, RINGI and USP7 form a complex. HEK293T cells were
transiently transfected with Flag-USP7, HA-RING1 and Myc-HSCARG. Forty-eight hour later, Co-IP analysis was performed with anti-Flag/HA /Myc
antibodies or control mouse IgG, followed by western blot with anti-Flag, anti-HA and anti-Myc antibodies. (B)-(E) HSCARG depends on USP7 in
inhibiting RING1 ubiquitination. The level of endogenous RING1 ubiquitination was monitored by His-ubiquitin pull-down analysis in HEK293T cells
(B) or HSCARG~/~, USP7~/~ and wild-type HCT116 cells transfected with indicated plasmids (C)—(E).

S3A). Knockout of HSCARG was confirmed by both RT-
PCR (Supplementary Figure S3B) and western blot analy-
ses (Supplementary Figure S3C). A USP7~/~ HCT116 cell
line from Dr Bert Vogelstein was also used to study the effect
of USP7 on HSCARG-inhibited RINGI ubiquitination.

As expected, deletion of HSCARG resulted in an in-
crease in RING1 ubiquitination and attenuated the inhibi-
tion of RING1 ubiquitination by USP7 (Figure 2C), while
in USP7~/~ cells, the activity of HSCARG was completely
abolished (Figure 2D). This result indicates that HSCARG
relies on USP7 in inhibiting RING1 ubiquitination. To val-
idate this observation, we detected the ubiquitination level
of RING1 when both HSCARG and USP7 were depleted.
The results showed that, compare to cells with individually
depleted HSCARG or USP7, disruption of both HSCARG
and USP7 resulted in no more increased RINGT1 ubiquiti-
nation (Figure 2E).

Collectively, these results indicate that HSCARG de-
pends on USP7 in inhibiting RING1 ubiquitination.

HSCARG inhibits PRC1-mediated H2A ubiquitination

The PRCI1 is an important E3 ubiquitin-protein ligase
that mediates monoubiquitination at Lys-119 of histone
H2A and the ubiquitination of PRCI1 itself is critical
for its catalytic activity (2,20). The result that HSCARG
inhibits PRC1 ubiquitination promoted us to determine
whether HSCARG also affects the ubiquitination of H2A.
HEK293T cells were transfected with HA-H2A and His-
ubiquitin together with or without Flag-HSCARG, and
denaturing immunoprecipitation assay was performed. As
expected, HSCARG strongly reduced H2A ubiquitination
(Figure 3A). To further confirm this observation, His-
ubiquitin pull-down assay was performed to detect the ef-
fect of HSCARG on endogenous H2A ubiquitination. Con-
sistent with the exogenous results, HSCARG strongly re-
duced the endogenous H2A ubiquitination and all the mu-
tants of HSCARG functioned similarly to the wild-type
HSCARG (Figure 3B and Supplementary Figure SI1D and
E). These results indicate that HSCARG inhibits H2A ubiq-
uitination independent of its NADPH binding activity.
Considering RING?2 is the catalytic protein of PRCI1, we
then performed a denaturing immunoprecipitation assay
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Figure 3. HSCARG inhibits PRC1-mediated H2A ubiquitination. (A) HSCARG suppresses H2A ubiquitination. HEK293T cells were transfected with
HA-H2A, His-ubiquitin and Flag-HSCARG as indicated. Forty-eight hour later, cells were harvested and lysed in denaturing buffer, and H2A conjugates
were isolated by immunoprecipitation using the anti-HA antibody and protein G. The bound complexes were analyzed by western blot with anti-His and
anti-HA antibodies. (B) HSCARG inhibits endogenous H2A ubiquitination. HEK293T cells were transfected with His-ubiquitin and Flag-HSCARG as
indicated. Forty-eight hour later, His-ubiquitin pull-down analysis was performed using indicated antibody. (C) HSCARG reduces RING2-catalyzed H2A
ubiquitination. HEK293T cells were transfected with HA-H2A, His-ubiquitin, Flag-HSCARG and Flag-RING?2 as indicated. Forty-eight hour later, the
levels of ubiquitinated H2A were monitored by denaturing immunoprecipitation analysis as previously described followed by western blot with indicated

antibodies.

to investigate whether HSCARG affects the catalytic ac-
tivity of RING2. As expected, RING?2 increased the level
of ubiquitinated H2A, which was obviously decreased by
HSCARG overexpression (Figure 3C). These results indi-
cate that HSCARG inhibits PRC1-mediated H2A ubiquiti-
nation.

HSCARG depends on USP7 in inhibiting H2A ubiquitination

The above results indicate that proteins that affect PRC1
ubiquitination will also affect H2A ubiquitination, we
therefore examined whether USP7 could also inhibit H2A
ubiquitination. Indeed, denaturing immunoprecipitation
and His-ubiquitin pull-down analysis showed that USP7
inhibited both exogenous and endogenous H2A ubiqui-
tination (Figure 4A and B). We next ascertained how
HSCARG and USP7 work in inhibiting H2A ubiquitina-
tion. As shown in Figure 4C, these two proteins inhib-
ited H2A ubiquitination in a cooperative manner, as co-
expression of HSCARG and USP7 almost completely in-
hibited H2A ubiquitination.

Next, we further investigated the relationship between
HSCARG and USP7 in inhibiting H2A ubiquitination
by using HSCARG /= and USP7~/~ cells. The results
showed that the deubiquitinase activity of USP7 was ob-
viously dampened but still remained to some extent in
HSCARG™/~ cells, while the activity of HSCARG was
completely lost in USP7~/~ cells (Figure 4D and E). Fur-
thermore, deletion of both HSCARG and USP7 showed no
obvious change in H2A ubiquitination compared to cells
with individually depleted HSCARG or USP7. These re-
sults indicate that HSCARG depends on USP7 in inhibiting
H2A ubiquitination.

HSCARG is involved in DNA damage response

H2A ubiquitination plays various roles in cellular processes
such as transcriptional regulation and DNA damage re-
pair (6-8,47-50). Since HSCARG inhibits H2A ubiquiti-

nation, we tested whether HSCARG is involved in ion-
izing radiation (IR)-induced DNA damage response as
well. We first examined whether HSCARG inhibited DNA
damage-induced H2A ubiquitination. HCT116 cells trans-
fected with His-ubiquitin together with or without Flag-
HSCARG were treated with IR (10 Gy) and the levels of
H2A ubiquitination, a key marker of DNA damage, were
monitored. The results showed that HSCARG did inhibit
IR-induced H2A ubiquitination (Figure 5A).

The ubiquitin chains of H2A provide docking sites for
the accumulation of repair proteins at the damage lesions.
RAPS0 is a linker between H2A ubiquitination and repair
proteins, it gathers at the lesion points and dissociates af-
ter the DNA damage repair (13,14,25). We performed im-
munofluorescence to determine whether HSCARG affected
the localization of endogenous RAP80 at the lesion points.
HelLa cells were transfected with or without HSCARG, and
then treated with or without IR. Subsequently, vy-H2AX
and the subcellular location of RAP80 were examined.
In IR-treated cells, RAP80 gathered at the lesion points
and co-localized with y-H2AX, whereas in cells express-
ing HSCARG, the foci of RAP80 was decreased at the le-
sion points (Figure 5B). As HSCARG depends on USP7
in inhibiting H2A ubiquitination, we then assessed if de-
pletion of USP7 rescued the decreased RAP&0 foci caused
by ectopic HSCARG. As shown in Figure 5B, knockdown
of USP7 partially rescued RAP80 foci, which further sup-
ports that inhibition of H2A ubiquitination by HSCARG
depends on USP7. These results indicate that HSCARG
participates in the DNA damage response.

To further elucidate the function of HSCARG in DNA
damage response, we detected the endogenous H2A ubiqui-
tination in both wild-type and HSCARG~/- HCT116 cells
at normal, IR-treated and post-IR-treated conditions. The
results showed that under normal condition, the level of
ubiquitinated H2A in HSCARG™/~ cells was a little higher
than that of wild-type cells, although they were relative
lower in both cell lines when compared to the IR-treated
cells. In cells treated with IR, the level of ubiquitinated H2A
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increased significantly in both cell lines, and at 24 h after
IR treatment, in comparison to wild-type HCT116 cells,
HSCARG™/~ cells showed an obvious higher level of ubig-
uitinated H2A (Figure 5C).

The aforementioned results promoted us to investigate
the localization of RAPS0 in wild-type and HSCARG~/~
cells at normal, IR-treated and post-IR-treated conditions.
For immunofluorescence assay, we constructed HeLa-based
HSCARG~/~ cell by TALEN technology (Supplementary
Figure S4B). The immunofluorescence results showed that,
under normal condition, the number of RAP80 foci in
HSCARG™/~ cells was a little higher than that of wild-
type cells. While in cells with IR treatment, the number
of RAPS80 foci increased significantly in both cell lines,
and at 24 h after IR treatment, HSCARG ™/~ cells showed
more foci in comparison to wild-type HCT116 cells (Fig-
ure SD). These data are consistent with the observations of
H2A ubiquitination. Altogether, these results indicate that
HSCARG participates in the DNA damage response and
affects the localization of repair protein RAPS0 at the le-
sion points.

The involvement of HSCARG in DNA damage response
drove us to further determine whether HSCARG affects the
cell survival after IR treatment by clonogenic survival as-
say. Both wild-type and HSCARG™/- HCT116 cells were
treated with different dosages of IR and the survival cells
were counted. The result showed that the survival ratio of
both wild-type and HSCARG~/- HCT116 cells decreased
with the dosages of IR increased; moreover, cells without

HSCARG were more sensitive to IR (Figure 5E). Collec-
tively, these results indicate that HSCARG is involved in
DNA damage response.

Deletion of HSCARG results in persistent activation of
checkpoint signaling and reduces cell proliferation

To further elucidate the function of HSCARG in DNA
damage response, the transcriptional differences between
wild-type and HSCARG~/~ HCT116 cells were compared
by RNA-Seq analysis. Consistent with above results, the lev-
els of several transcripts that are involved in DNA damage
response changed significantly in HSCARG™/ cells where
endogenous DNA damage may occur (Supplementary Ta-
ble S1). Among these proteins, we noticed that the level
of CDC25A/B/C decreased in HSCARG~/~ cells (Supple-
mentary Table S1), which is most likely caused by CHK?2
phosphorylation. Indeed, western blot analysis showed that
the Thr62 of CHK2 was phosphorylated in HSCARG ™/~
cells, whereas no signal was detected in wild-type cells (Fig-
ure 6A). Furthermore, we evaluated the phosphorylation
of CHK2 in both wild-type and HSCARG~/~ cells at IR-
treated and post-IR-treated conditions. In response to IR
treatment, the level of p-CHK2 increased obviously, but was
alittle bit higher in HSCARG~/~ cells than that in wild-type
cells. At a later stage after IR treatment (24 h), p-CHK2 re-
duced in both cells, but decreased slowly in HSCARG ™/~
cells (Figure 6A).
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Next, we performed qRT-PCR to compare the mRNA
levels of a number of DNA damage repair proteins includ-
ing DDB2, GADDS5, SESN1 and p53R2. The results con-
firmed that the mRNA levels of ddb2, sesnl and p53R2
were clearly higher in HSCARG/~ cells than in wild-type
HCT116 cells (Figure 6B). Besides, the mRNA level of p21,
a critical gene controls G1/S phase transition in response to
DNA damage, was three-fold higher in HSCARG™/~ cells
than that of wild-type HCT116 cells. Western blot and qRT-
PCR analysis further confirmed this result (Figure 6C). As

p21 activation is often resulted from p53 phosphorylation,
we also detected the phosphorylation of p53. The results
showed that in HSCARG™/~ cells, Serl5 phosphorylation
of p53 was indeed higher than that of wild-type HCT116
cells and HSCARG™/~ cells reintroduced with HSCARG
(Figure 6C). We also noticed that compared to the wild-type
cells, HSCARG/~ cells exhibited a clearly reduced growth
rate. Because HSCARG depends on USP7 in regulating
H2A ubiquitination, we also assessed the effect of USP7
on HSCARG in modulating cell growth. We found that
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USP7~/~ cells showed a slower growth rate. And USP7 par-
tially rescued the growth rate of HSCARG™/~ cells, while
HSCARG did not rescue the growth rate of USP7~/~ cells
(Figure 6D). These data suggest that HSCARG regulates
cell proliferation partially that depends on USP7.

Furthermore, we investigated the effect of HSCARG on
cell cycle. The results showed that deletion of HSCARG
resulted in an obvious cell cycle arrest, with cells delayed
mainly in the G1 phase (Figure 6E), and this was consistent
with higher expression level of p21 in HSCARG™/~ cells.
Collectively, these results indicate that deletion of HSCARG
results in persistent activation of checkpoint signaling and
affects G1/S phase transition.

DISCUSSION

In this study, we identified a non-catalytic protein
HSCARG as a negative regulator of H2A ubiquitina-
tion and found that it affects cell cycle in response to
DNA damage. Mechanistically, HSCARG interacts with
and depends on the deubiquitinase USP7 to inhibit PRC1

ubiquitination and thereby reduces H2A ubiquitination.
Furthermore, we demonstrated that HSCARG functions in
DNA damage response by affecting ubiquitination of H2A
and localization of repair protein. Knockout of HSCARG
causes a persistent activation of checkpoint signaling and
cell cycle arrest, which is at least partially due to the lower
efficiency of HSCARG in reducing H2A ubiquitination.
RINGI1, RING2 and BMIl are all ring domain-
containing proteins and previous reports show that the
three proteins could be ubiquitinated (20,35,46). Here we
found that HSCARG strongly inhibits RING1 ubiquiti-
nation, which is independent of its NADPH binding ac-
tivity. Besides, HSCARG could also inhibit RING2 and
BMI1 ubiquitination. Recent studies have shown that USP7
can remove ubiquitin chains from PRCI1 (35,46). Our study
showed that HSCARG, USP7 and RING]1 could form a
complex, and HSCARG depends on USP7 in inhibiting
PRC1 ubiquitination (Figure 2). USPI1 is another deu-
biquitinase of RING1, which has redundant function with
USP7 (35). We also examined whether there is a correla-
tion between HSCARG and USPI11. As shown in Supple-



mentary Figure S5, HSCARG does not affect the activity of
USP11 and vice versa. These results indicate that HSCARG
specifically cooperates with USP7 in inhibiting PRCI1 ubiq-
uitination.

Previous studies indicate that ubiquitination of PRCI
plays a critical role in regulating PRCI catalytic activity
(20), we therefore assessed whether HSCARG affects H2A
ubiquitination. As expected, HSCARG strongly inhibits
H2A, but not H2B ubiquitination (Supplementary Figure
S6), which is not dependent on NADPH binding ability
as well (Supplementary Figure S1E). Considering USP7 is
incapable of deubiquitinating ubiquitinated H2A in vitro
(51), and HSCARG does not alter chromatin association of
PRCI (Supplementary Figure S7), we therefore believe that
HSCARG affects H2A ubiquitination through regulating
the E3 ligase activity of PRCI by recruiting deubiquitinase
USP7. And the observation that USP7 inhibits H2A ubig-
uitination in cells is likely due to its deubiquitinated activity
on PRCI.

Altogether, our study indicates that HSCARG interacts
with and depends on USP7 to inhibit PRCI ubiquitination
and reduces its catalytic activity, which subsequently de-
creases the level of H2A ubiquitination. We present a pre-
viously un-described regulatory mechanism of H2A ubiq-
uitination that proteins affecting PRC1 ubiquitination also
affect the ubiquitination level of H2A.

Both monoubiquitination and K63-linked polyubiquiti-
nation of H2A are important in DNA damage response (2—
5,19,20). Adding the first ubiquitin moiety to the substrate
is thought to be the limiting step in polyubiquitin chain for-
mation (52). Recent studies have shown that monoubiqui-
tination catalyzed by PRCI or RNFS can be extended by
RNF168, after which the polyubiquitin chains of H2A act
as docking sites for the accumulation of repair proteins in
response to DNA damage (15,53). The regulatory function
of HSCARG in PRCI and H2A ubiquitination suggests
that HSCARG may also participate in the DNA damage
response. Notably, we found that HSCARG is involved in
these processes. HSCARG inhibits IR-induced H2A ubig-
uitination and abolishes the accumulation of RAP80 into
IR-induced foci without affecting H2AX phosphorylation
(Figure 5).

In response to DNA damage, parallel to the recruitment
of repair proteins, checkpoint signaling is activated to in-
duce cell cycle arrest (54). After the lesion points are re-
paired, the ubiquitin chains of H2A ought to be removed
and then cells will re-enter the normal cell cycle. Here we
found that in HSCARG~/~ cells, removal of H2A ubiquitin
chains decreases, which leads to trap of repair protein at le-
sion points and persistent activation of checkpoint signaling
such as phosphorylation of CHK?2 and elevated expressions
of the DNA damage response proteins, and finally results in
the slower growth rate of HSCARG™/~ cells.

Collectively, our study has uncovered a novel function of
HSCARG as an inhibitor of the E3 ubiquitin ligase activity
of PRCI and a negative regulator of H2A ubiquitination,
and has established a role for HSCARG in DNA damage
response. This study may explain, at least partially, how reg-
ulator of H2A ubiquitination is linked to the cell cycle arrest
and affects cell proliferation.
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