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ABSTRACT

Microrchidia family CW-type zinc finger 2 (MORC2) is
a newly identified chromatin remodeling enzyme with
an emerging role in DNA damage response (DDR),
but the underlying mechanism remains largely un-
known. Here, we show that poly(ADP-ribose) poly-
merase 1 (PARP1), a key chromatin-associated en-
zyme responsible for the synthesis of poly(ADP-
ribose) (PAR) polymers in mammalian cells, interacts
with and PARylates MORC2 at two residues within
its conserved CW-type zinc finger domain. Following
DNA damage, PARP1 recruits MORC2 to DNA dam-
age sites and catalyzes MORC2 PARylation, which
stimulates its ATPase and chromatin remodeling ac-
tivities. Mutation of PARylation residues in MORC2
results in reduced cell survival after DNA damage.
MORC2, in turn, stabilizes PARP1 through enhanc-
ing acetyltransferase NAT10-mediated acetylation of
PARP1 at lysine 949, which blocks its ubiquitination
at the same residue and subsequent degradation by
E3 ubiquitin ligase CHFR. Consequently, depletion
of MORC2 or expression of an acetylation-defective
PARP1 mutant impairs DNA damage-induced PAR
production and PAR-dependent recruitment of DNA
repair proteins to DNA lesions, leading to enhanced
sensitivity to genotoxic stress. Collectively, these
findings uncover a previously unrecognized mech-
anistic link between MORC2 and PARP1 in the regu-
lation of cellular response to DNA damage.

INTRODUCTION

Cellular DNA is constantly damaged by both exogenous
and endogenous genotoxic agents. Inefficient or inaccurate
repair of damaged DNA could lead to genomic instability
and carcinogenesis (1). To circumvent the deleterious effects

of DNA damage, cells timely activate highly coordinated
DNA damage response (DDR) network to repair damaged
DNA (2). Eukaryotic DNA is packaged into chromatin, a
highly condensed structure that intrinsically impedes the ac-
cess of DNA repair machinery to DNA lesions (3.4). Con-
sequently, dynamic remodeling of chromatin structure is es-
sential for efficient DNA repair, which involves a concerted
action of multiple chromatin-associated enzymes (5). How-
ever, how this is accomplished remains largely elusive.

Microrchidia family CW-type zinc finger 2 (MORC?2) is
a member of the evolutionarily conserved MORC ATPase
superfamily, comprising four poorly characterized proteins
including MORC1-4 (6-8). These proteins are character-
ized by the presence of an N-terminal catalytically active
ATPase module and a central CW-type zinc finger (CW-
ZF) domain (6-8). The ATPase module is composed of
gyrase, Hsp90, histidine kinase, and MutL (GHKL) and
S5-fold domains, which has been mechanistically linked to
gene transcription and DNA repair by remodeling chro-
matin (7,9,10). The CW-ZF domain is present in several
chromatin-associated proteins and plays a role in DNA
binding and/or promoting protein—protein interactions in
eukaryotic processes (8,11,12). In addition, MORC?2 con-
tains a C-terminal chromo-like domain, which is commonly
found in eukaryotic chromatin proteins and can recognize
methylated peptides in histones and non-histone proteins
(13). These structural features indicate that MORC?2 is po-
tentially implicated in chromatin biology. Indeed, emerg-
ing evidence shows that MORC?2 regulates heterochromatin
formation and epigenetic gene silencing through an associ-
ation with human silencing hub (HUSH) complex (14). In
addition, we recently demonstrated that MORC2 is phos-
phorylated by p2l-activated kinase 1 (PAKI1) at serine
739 in response to DNA damage and facilitates ATPase-
dependent chromatin remodeling and efficient DNA re-
pair (10). However, the mechanism by which MORC?2 is re-
cruited to DNA damage sites and regulates DNA repair sig-
naling is not completely understood.
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One of the earliest events of cellular response to DNA
damage is the recruitment of poly(ADP-ribose) polymerase
1 (PARP1), a highly abundant chromatin-associated en-
zyme, to DNA damage sites (15,16). Upon binding to DNA
strand breaks, PARP1 is dramatically activated and cat-
alyzes the synthesis of poly(ADP-ribose) (PAR) polymers
at sites of DNA damage with two main consequences (15—
17). First, PAR chains are covalently attached to acceptor
proteins including itself and histones (a process known as
PARylation), leading to chromatin relaxation that tends to
increase the accessibility of DNA repair proteins to DNA
lesions (17). Second, PAR serves as a chromatin-based plat-
form for the recruitment of DNA repair factors possess-
ing specific PAR-interacting motifs to sites of DNA le-
sions via non-covalent interactions, facilitating chromatin
remodeling and DNA repair (15,17). PAR production is a
tightly controlled process, and the rapid turnover of PAR
is mainly mediated by poly(ADP-ribose) glycohydrolase
(PARG), an enzyme with both endo- and exoglycosidase ac-
tivities (18). Consistent with its indispensable role in DNA
repair, PARPI1-deficient cells are sensitive to various DNA-
damaging agents (19,20). Consequently, several PARP in-
hibitors are being exploited clinically for the treatment of
human cancers with DNA repair deficiency through the
mechanism of synthetic lethality (21). In addition to DNA
damage-induced auto-PARylation, the function and activ-
ity of PARPI are tightly regulated by a variety of post-
translational modifications, such as ubiquitination (22,23)
and acetylation (24). Despite these advances, the upstream
regulatory signals and the downstream PARylation targets
of PARPI remain largely unknown.

In this study, we report a previously unrecognized mech-
anistic link between MORC2 and PARPI in the regula-
tion of DDR. On the one hand, PARylation of MORC2
by PARPI1 enhances its chromatin remodeling activities,
thereby facilitating efficient DNA repair. On the other
hand, MORC?2 stabilizes PARP1 though a crosstalk be-
tween NAT10-mediated acetylation and CHFR-mediated
ubiquitination. Consequently, depletion of MORC?2 or ex-
pression of an acetylation-defective PARP1 mutant impairs
PAR-dependent DNA repair signaling. These findings help
to understand the mechanism of a collaborative action of
chromatin-associated enzymes during cellular response to
DNA damage.

MATERIALS AND METHODS
Cell culture and treatment

Human breast cancer cell lines and human embryonic kid-
ney 293T (HEK293T) cell line were obtained from Cell
Bank of Type Culture Collection of Chinese Academy of
Sciences (Shanghai, China). All cell lines were authenti-
cated by short tandem repeat profiling and were verified to
be free of mycoplasma. Cells were cultured in DMEM or
RPMI1640 media (BasalMedia, Shanghai, China) supple-
mented with 10% fetal bovine serum (ExCell Bio, Shang-
hai, China) and 1x penicillin and streptomycin (BasalMe-
dia). For drug treatment, cells were treated with the follow-
ing inhibitors for the indicated times, 5 puM TSA, 5 mM
NAM, | mM MMS, 10 puM MG-132, 5 wM Olaparib (Sel-
leck, Houston, USA), 10 pM ADP-HPD ammonium salt
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dehydrate (Santa Cruz Biotech, Santa Cruz, USA) or 100
pg/ml cycloheximide (Cell Signaling Technology, Danvers,
USA). Unless otherwise stated, all reagents were purchased
from Sigma-Aldrich (St. Louis, MO, USA).

Expression vectors

Myc-DDK-MORC?2, -PARP1 and -NAT10 cDNAs were
obtained from Origene (Rockville, USA) and subcloned
into the lentiviral vector pCDH-CMV-MCS-EF1-Puro
(System Biosciences, Mountain View, USA) to generate
Flag-, HA- or Myc-tagged expression vectors. These cD-
NAs were also cloned into pGEX-6P-1 vector with an
N-terminal GST and C-terminal His tag for purification
of recombinant proteins. Flag-His-CHFR cDNA was ob-
tained from Vigene Biosciences (Rockville, USA) and sub-
cloned into pCDH-CMV-MCS-EF1-Puro vector to gen-
erate N-terminal Flag- tagged expression vector. Amino-
acid substitutions and the deletion mutants were gener-
ated by PCR-directed mutagenesis. All construct sequences
were verified by DNA sequencing. The detailed infor-
mation concerning expression constructs and the primers
used for molecular cloning is provided in Supplementary
Tables S1 and S2. LentiCas9-Blast and lentiGuide-Puro
vectors were obtained from Addgene (Cambridge, USA).
The short guide RNA (sgRNA) sequences for MORC2
(5-AGTAGACTCAGGTGTTCGCT-3) and PARP1 (5-
GTCCAACAGAAGTACGTGCA —3’) were chosen ac-
cording to the Web-based CRISPR design tool from
the Zhang lab (http://www.genome-engineering.org/). Indi-
cated sgRNA sequences were cloned into lentiGuide-Puro
vector following the standard protocol (25). Short hairpin
RNAs (shRNA) targeting human MORC2 and NAT10 and
corresponding negative control shRNAs (shNC) were ob-
tained from Origene. Small interfering RNAs (siRNA) tar-
geting MORC2, PARP1, PARG and MACRO domain con-
taining 1 (MacroD1), and corresponding negative control
siRNAs (siNC) were purchased form GenePharma (Shang-
hai, China) (Supplementary Table S3).

Plasmid transfection and lentiviral infection

Transient plasmid transfection was performed using Neo-
fect (TengyiBio, Shanghai, China) or Lipofectamine 2000
(Invitrogen, Waltham, USA) DNA transfection reagents
according to the manufacturer’s protocol. Generation of
stable cell lines expressing shRNAs or cDNAs was carried
out as described previously (26,27). The knockout (KO) cell
lines were generated using the CRISPR /Cas9 system as de-
scribed previously (25), and were validated by immunoblot-
ting analysis and Sanger sequencing. The genomic DNA of
wild-type (WT) and KO cells was extracted and used for
PCR amplification of sgRNA targeting regions (primers are
listed in Supplementary Table S4), and purified PCR prod-
uct was subjected to Sanger sequencing. SIRNA transfec-
tion was performed using Lipofectamine 2000 transfection
reagents according to the manufacturer’s instructions. The
efficiency of gene silencing was assessed by immunoblotting
48 h post-transfection.
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Expression and purification of recombinant proteins

The GST-tagged construct in pGEX-6P-1 was expressed
in Escherichia coli strain BL21 (DE3) by addition of 1
mM IPTG (Invitrogen) into LB medium at 16°C overnight
and then purified on glutathione Sepharose 4B beads (GE
Healthcare, Shanghai, China). All proteins having a C-
terminal His-tag were expressed in E. coli strain BL21
(DE3) by induction with 1 mM IPTG at 16°C for 16-18 h.
Proteins were purified from the supernatants of lysed cells
using Ni-NTA agarose (Theremofisher, Shanghai, China)
according to the manufacturer’s instructions.

Antibodies, immunoblotting, immunoprecipitation and im-
munofluorescence

The detailed information for primary antibodies used in this
study is provided in Supplementary Table S5. Secondary an-
tibodies for immunoblotting and immunofluorescence were
from Cell Signaling Technology. Immunoblotting analysis,
immunoprecipitation (IP) assays and immunofluorescent
staining were carried out as described previously (26,27).

Real-time quantitative PCR

Total RNA was isolated using Trizol reagent (Invitrogen)
and converted to cDNA using PrimeScript RT Master
Mix (Takara, Dalian, China). Real-time quantitative PCR
(qPCR) analyses were performed in triplicate using SYBR
Premix Ex Taq (Takara) on an Eppendorf Mastercycler
ep realplex4 instrument (Eppendorf, Germany). All gPCR
data were normalized to GAPDH. Primer information is
described in Supplementary Table S6.

Detection of PARylated proteins

IP and detection of PARylated proteins were performed
under denaturing conditions as described previously with
some modifications (28). Cells were lysed in NP-40 lysis
buffer (50 mM Tris-HCI, pH8, 150 mM NaCl, 0.5% NP-
40, 10% glycerol, 2 mM MgCl, and 1 mM EDTA). To
sustain PAR levels throughout the experimental procedure,
specific PARG inhibitor ADP-HPD (10 wM) was added to
the lysis buffer for all PARylation-related experiments (29).
Lysates were subjected to IP analysis with 1-3 g antibody
overnight at 4°C on a rotating platform. After washing, the
beads were heated to 100°C for 5 min in 1x SDS load-
ing buffer. Immunoblotting analysis was carried out with
an anti-PAR monoclonal antibody (Trevigen, #4335-MC-
100).

In vitro PARylation assay

In vitro PARylation assay was performed as described pre-
viously with some modifications (30). Briefly, purified GST-
MORC?2 protein (1 pg) was incubated with 100 ng recombi-
nant full-length PARP1 protein expressed in sf9 cells (Ori-
gene) in reaction buffer containing 20 mM Tris-HCI (pH
8.0), 100 mM NacCl, 10 mM MgCl,, 10% glycerol, 1 mM
DTT, 4 ng/ml sonicated salmon sperm DNA (Invitrogen)
and 300 wM nicotinamide adenine dinucleotide (NAD™) in
the presence or absence of 5 wM Olaparib at 37°C for 30

min. The reaction was terminated by the addition of 2x
SDS loading buffer and PARylation of MORC2 was de-
tected by immunoblotting with an anti-PAR monoclonal
antibody (Trevigen, #4335-MC-100).

PLA assays

PLA assays were performed by using Duo-link In Situ-
Fluorescence kits from Sigma according to the manufac-
turer’s instructions. Immunofluorescence staining protocol
was carried out until the primary antibody incubation. Sec-
ondary antibodies conjugated to PLA probes. Ligation and
amplification were performed according to the manufac-
turer’s instructions. The co-localization of both proteins re-
sulted in a red PLA signal, which was visualized with a
Leica SP5 confocal laser scanning microscopy (Leica Mi-
crosystems, Buffalo Grove, USA). As the PLA technique
requires two specific antibodies to give a red fluorescent sig-
nal, a single primary antibody was implied as a negative sig-
nal control.

Proteomic analysis

To analyze MORC?2 interacting proteins, nuclear extracts
from HeLa cells were subjected to IP assays with control
IgG or an anti-MORC?2 antibody. After extensive washing,
the bound proteins were eluted by boiling in SDS sample
buffer, resolved by SDS-PAGE, visualized by Coomassie
Blue (CB) staining and subjected to liquid chromatography-
tandem mass spectrometry (LC-MS/MS) analysis as de-
scribed previously (31). Data from LC-MS/MS analysis
were searched against Swiss-Prot database by SEQUEST.
Trans Proteomic Pipeline software (Institute of Systems Bi-
ology, Seattle, USA) was used to identify proteins based
on the corresponding peptide sequences with >95% confi-
dence. The false positive rate was <1% (31).

Chromatin isolation and micrococcal nuclease sensitivity as-
says

Chromatin fraction assays were carried out as described
previously with some modifications (3). Briefly, 4 x 10° cells
were treated with or without 1 mM methyl methanesul-
fonate (MMS) for 1 h and washed twice with PBS. Cells
were suspended in buffer A (0.1% Triton X-100, 10 mM
HEPES, 10 mM KCI, 1.5 mM MgCl,, 10% glyceral, 1 mM
DTT and 300 mM sucrose) for 5 min on ice. Cytoplasmic
proteins were separated from nuclei by low-speed centrifu-
gation at 2000 rpm for 5 min at 4°C. The isolated nuclei
were washed twice using buffer A, and then re-suspended in
buffer B(3mM EDTA, 0.2 Mm EGTA and | mM DTT) for
10 min on ice before centrifugation at 2000 rpm for 5 min.
Insoluble chromatin was washed once in solution B and
centrifuged at 14 000 rpm for 1 min. The final chromatin
pellet was resuspended in 200 1 of SDS loading buffer and
sonicated for 15 s. To digest chromatin with micrococcal nu-
clease (MNase), nuclei were collected by low-speed centrifu-
gation and lysed according to the chromatin isolation pro-
tocol described above. Nuclei were resuspended in buffer A
containing 20 U/l MNase (New England Biolabs, Shang-
hai, China). After incubation at 37°C for 5 min, the nucle-
ase reaction was stopped by the addition of 5 mM EGTA



and then subjected to analysis using 1% native agarose gel
electrophoresis.

ATPase assay

The equal amount of purified Flag-MORC2 and Flag-
MORC2 2A from HEK293T cells using anti-Flag affin-
ity gel (Bimake) was subjected to ATPase assays using the
ATPase/GTPase Activity Assay Kit (Sigma) following the
manufacturer’s instructions. The absorbance at 620 nm was
read for all samples, standards, blanks and negative con-
trols.

Cell viability and colony-formation assays

Cells were seeded in 96-well plates (2000 cells per well) in
triplicate and treated with or without increasing doses of
MMS for 3 h and then cultured in fresh media for an-
other 24 h. Cell viability was determined by Cell Counting
Kit-8 (CCK-8) (Dojindo Laboratories, Kumamoto, Japan)
according to the manufacturer’s instructions. For colony-
formation assay, cells were seeded in 6-well plates (1000 cells
per well) in triplicate and cultured under normal growth
conditions in the presence or absence of MMS at the in-
dicated doses for 2 weeks. Colonies were stained with 1%
Crystal Violet and counted.

Statistical analysis

All data are presented as the mean + standard deviation
from at least three independent experiments. The Student’s
t-test was used for assessing the difference between individ-
ual groups and P < 0.05 was considered statistically signif-
icant.

RESULTS
MORC?2 directly interacts with PARP1

To gain mechanistic insights into the biological functions of
MORC?2, we aimed to identify its binding partners by mass
spectrometry-based proteomics. To achieve this, nuclear ex-
tracts of HeLa cells were immunoprecipitated with an anti-
MORC?2 antibody or control IgG, and the precipitated pro-
tein complexes were subjected to LC-MS/MS (31) (Sup-
plementary Figure SIA). On the basis of these analyses,
we identified several chromatin-associated enzymes as po-
tential binding partners of MORC?2, including PARP1 and
histone acetyltransferase N-acetyltransferase 10 (NAT10)
(Supplementary Figure S1B).

To confirm the interaction between MORC?2 and PARPI,
lysates from human breast cancer MCF-7, T47D and
BT474 cells, which express relatively high levels of en-
dogenous MORC2 and PARP1 (Supplementary Figure
S1C), were subjected to reciprocal IP assays with either an
anti-MORC?2 or an anti-PARP1 antibody. Immunoblotting
analysis demonstrated an interaction between MORC2 and
PARPI (Figure 1A). In contrast, MORCI1 had a weaker
interaction with PARP1 than MORC2, whereas MORC3
did not bind to PARP1 (Supplementary Figure S1D).
In addition, the noted interaction between MORC2 and
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PARPI was not mediated by DNA, as the interaction be-
tween MORC?2 and PARP1 remained in the presence of ei-
ther ethidium bromide (EtBr) that disrupts DNA—protein
interactions or deoxyribonuclease (DNase) that degrades
double- and single-stranded DNA (Supplementary Figure
S1E-H). Immunofluorescent staining showed that MORC2
and PARP1 co-localized in the nucleus in MCF-7, T47D
and BT474 cells (Figure 1B).

To examine whether the interaction between MORC?2
and PARPI is direct, we purified GST-MORC2, GST-
PARPI and His-PARP1 from bacteria. Pull-down assay
using nuclear extracts of MCF-7 cells revealed that GST-
MORC?2 interacted with endogenous PARP1 (Figure 1C),
while GST-PARP1 bound to endogenous MORC?2 (Figure
1D). Furthermore, His-PARP1 enabled to pull down GST-
MORC2 under cell-free conditions (Figure 1E, lane 4), sup-
porting a direct interaction between both proteins.

MORC?2 contains an N-terminal GHKL-type ATPase
domain, a central CW-ZF domain and a C-terminal
chromatin-like domain (6-8). To define the domain of
MORC?2 that mediates its interaction with PARP1, we gen-
erated three GST-MORC?2 deletion constructs and then
performed GST pull-down assays using nuclear extracts
from MCF-7 cells. Results showed that the central region
(amino acids 491-718) containing the conserved CW-ZF
domain of MORC2 was required for its interaction with
PARPI1 (Figure 1F and G). Interestingly, the CW-ZF do-
main has been proposed to mediate protein—protein inter-
action in eukaryotic cells (8). PARPI has an N-terminal
DNA-binding domain containing three zinc-finger (ZF)
motifs, a central auto-modification domain possessing a
breast cancer susceptibility protein C-terminal (BRCT) mo-
tif, and a C-terminal catalytic domain composed of an «-
helical subdomain (HD) and an ADP-ribosyl transferase
(ART) subdomain (32). GST pull-down assays using pu-
rified three GST-PARP1 deletion fragments and nuclear
extracts from MCF-7 cells showed that the middle re-
gion (amino acids 332-661) containing the BRCT motif
of PARP1 was required for interacting with MORC?2 (Fig-
ure 1H and I). The BRCT motif has been shown to medi-
ate the interaction between PARP1 and its substrates (17).
Together, these results suggest that MORC?2 interacts with
PARPI in vivo and in vitro.

PARP1 modifies MORC2 by PARylation

PARPI is implicated in diverse biological processes, such
as gene transcription and post-translational modification of
nuclear proteins by PARylation (16). To explore the func-
tional consequences of the noted PARPI-MORC?2 inter-
action, we first examined whether PARP1 could modulate
MORC?2 expression. Interestingly, we found that knock-
down of PARPI by three independent small interfering
RNAs targeting PARP1 (siPARP1 #1-3) (Supplementary
Figure S2A) or knockout of PARP1 using CRISPR-Cas9
technology (Supplementary Figure S2B and C) did not sig-
nificantly affect MORC?2 protein levels. Immunofluorescent
staining showed that depletion of PARPI1 did not signif-
icantly alter nuclear localization of MORC2 (Supplemen-
tary Figure S2D and E).
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Figure 1. MORC?2 directly interacts with PARP1. (A) Lysates from MCF-7, T47D and BT474 cells were subjected to IP and immunoblotting analysis
with the indicated antibodies. (B) Immunofluorescent staining of MCF-7, T47D and BT474 cells with the indicated antibodies. Nuclear counterstain was
carried out using DAPI. (C and D) GST-MORC?2 (C) or GST-PARP1 (D) was purified from bacteria and incubated with nuclear extracts from MCF-7
cells. The bound proteins were analyzed by immunoblotting with the indicated antibodies. GST-MORC?2 or GST-PARP1 protein was stained by Coomassie
blue solution as loading controls. (E) His-PARP1 was incubated with GST or GST-MORC?2. The bound proteins were analyzed by immunoblotting with
the indicated antibodies. GST or GST-MORC?2 protein was stained by Coomassie blue solution as loading controls. (F) GST or GST-MORC?2 deletion
fragments were incubated with MCF-7 nuclear extracts. The pull-down protein complex was subjected to immunoblotting analysis with an anti-PARP1
antibody. GST or GST-MORC?2 proteins were stained by Coomassie blue solution as loading controls. (G) Schematic diagram showing the region of
MORC?2 for PARP1 binding; CW-ZF, CW-type zinc finger. (H) GST or GST-PARP1 deletion fragments were incubated with MCF-7 nuclear extracts. The
pull-down protein complex was analyzed by immunoblotting with an anti-MORC2 antibody. GST or GST-PARP1 proteins were stained by Coomassie
blue solution as loading controls. (I) Schematic diagram showing the region of PARP1 for MORC?2 binding; ART, ADP-ribosyl transferase; BRCT, BRCA1
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To examine whether PARPI1 could covalently modify
MORC?2 by PARylation, we used an anti-PAR antibody to
pull down PARylated proteins in MCF-7 cells, which have
high basal PARPI activity (33), and then blotted the im-
munoprecipitates with an antibody against MORC?2. Re-
sults showed that MORC?2 was one of the PARylated pro-
teins (Figure 2A, lane 3). Reciprocally, immunoprecipitated
MORC?2 was recognized by an anti-PAR antibody (Figure
2B, lane 3). These results demonstrated that MORC?2 is a
PARylated protein. Moreover, inhibition of PARPI activ-
ity by PARP inhibitor Olaparib (Figure 2C, compare lane 4
with 3) or knockout of PARP1 (Figure 2D, compare lane 4
with 3) reduced MORC2 PARylation. To address whether
the catalytic activity of PARPI is required for MORC2
PARylation, we expressed either HA-PARPI1 or catalyti-
cally inactive mutant (HA-PARPI E988K) (34) in PARP1
KO cells and performed IP assays with an anti-MORC?2
antibody. Immunoblotting analyses with an anti-PAR an-
tibody revealed that wild-type PARPI, but not E98§K mu-
tant, effectively enhanced PARylation of MORC?2 (Figure
2E, compare lane 4 with 3). Since PARG is the main PAR-
degrading enzyme (18), we next knocked down PARG us-
ing two distinct siRNAs targeting PARG (siPARG #1 and
#2) and then examined the PARylation levels of MORC?2.
As expected, depletion of PARG enhanced PARylation of
MORC?2 (Figure 2F, compare lanes 3—4 with 2). In contrast,
knockdown of MacroD1, a mono-ADP-ribosylhydrolase
(35), by two siRNAs did not significantly affect PARylation
of MORC?2 (Figure 2G). Together, these results indicate that
MORC?2 is covalently modified by PARP1-mediated PARy-
lation.

PARP1 PARylates MORC?2 at two conserved residues within
its CW-ZF domain

To map the PARylation sites of MORC2 by PARP1, we next
carried out in vitro PARylation assays. Given that MORC2
runs with an almost similar size as PARP1 (118 versus 113
kDa), GST-MORC?2 deletion fragments were used to make
a distinction between the auto-PARylated PARPI and the
PARylated MORC?2. As shown in Figure 3A, the fragment
containing the ZF-CW domain (residues 491-718, lane 3)
was PARylated in the presence of recombinant full-length
PARPI1, NAD" as a donor of the ADP-ribose moiety and
sheared salmon sperm DNA. The activation of PARP1 was
confirmed by the detection of its auto-PARylation in the
upper part of the gel. As a negative control, GST-MORC2
(resides 491-718) failed to be PARylated in the absence of
NAD? (lane 7) or in the presence of PARP inhibitor Ola-
parib (lane 11). In agreement with these results, ectopic ex-
pression of HA-PARP1 enhanced the PARylation of wild-
type MORC?2, but not its ZF-CW domain deletion mutant
in vivo (Figure 3B, compare lane 5 with 3). These results
suggest that MORC?2 is primarily PARylated at its CW-ZF
domain.

PARylation most commonly takes place on aspartate (D),
glutamate (E) and lysine (K) residues of target proteins (17).
Sequence alignments of the CW-ZF domain of MORC2
from several species revealed five evolutionary conserved
residues (K504, ES16, K517, D518 and D521), which can
be potentially PARylated (Supplementary Figure S3A). To
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test whether these residues are PARylated in cells, we substi-
tuted those five residues with alanine (A) alone or in combi-
nation (termed 5SA) by site-directed mutagenesis, and then
transfected these expression vectors into HEK293T cells
with or without HA-PARPI. As shown in Figure 3C, mu-
tation of ES16 (lane 5) or K517 (lane 6) caused a significant
decrease in MORC2 PARylation in the presence of HA-
PARPI1 as compared with its WT counterpart and other
single mutants. Moreover, mutation of all 5 residues (5A)
resulted in no detectable PARylation of MORC?2 (lane 9).
Consistently, in vitro PARylation assays showed that the
PARylation levels of either GST-MORC2 E516A (lane 4)
or K517A (lane 5) were significantly decreased as com-
pared with its WT counterpart in the presence of PARPI,
NAD+ and DNA (Figure 3D). Moreover, the double mu-
tant (ES16A/K517A, hereafter termed 2A) showed no de-
tectable PARylation (lane 8). These results were further
demonstrated under the conditions of inhibition of PARP1
activity by Olaparib in vitro (Figure 3E) and ectopic expres-
sion of PARPI in vivo (Figure 3F). Collectively, these results
suggest that ES16 and K517 are the major PARylation sites
of MORC2 by PARPI.

As the PARylation sites (E516/K517) of MORC2 re-
side within its interaction domain with PARP1, mutation
of E516 and K517 may alter the conformation of its CW-
ZF domain, resulting in disrupting its interaction with
PARPI1 and therefore diminishing its ability to be PARy-
lated by PARPI. To rule out this possibility, HEK293T
cells were transfected with Flag-MORC2, Flag-MORC2-
2A and HA-PARPI, and treated with or without MMS
for 1 h after 48 h of transfection. IP and immunoblotting
analysis showed that HA-PARP1 interacted with both WT
MORC2 and MORC2-2A mutant under basal condition
(Supplementary Figure S3B, compare lane 4 with 2). In
contrast, treatment of cells with MMS enhanced the in-
teraction of PARP1 with WT MORC?2 but not MORC2-
2A mutant (Supplementary Figure S3B, compare lane 5
with 3). These results suggest that the PARylation defi-
ciency of MORC2-2A mutant is a result of mutation of
PARylation sites. Immunofluorescent staining and pulse-
chase experiments using protein synthesis inhibitor cyclo-
heximide (CHX) revealed that mutation of MORC2 PARy-
lation sites (2A) did not significantly affect its nuclear local-
ization (Supplementary Figure S3C) and half-live (Supple-
mentary Figure S3D), respectively.

PARP1 recruits MORC?2 to DNA damage sites and promotes
MORC?2 PARylation in response to DNA damage

As both MORC2 and PARP1 are DNA damage-responsive
proteins (10,15), we first examined whether the MORC2-
PARPI interaction is affected by DNA damage. To do this,
MCEF-7 cells were treated with or without DNA-damaging
agent MMS in the presence or the absence of PARP in-
hibitor Olaparib, and then subjected to IP and immunoblot-
ting analysis. Results showed that the association between
PARP1 and MORC2 was increased after MMS treatment
(Figure 4A and B, compare lane 6 with 5). As a positive
control, MMS treatment significantly enhanced the levels
of PAR and phosphorylated histone variant H2AX at serine
139 (termed vy H2AX), two surrogate markers of DNA dam-
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Figure 2. PARP1 PARylates MORC2. (A and B) Lysates from MCF-7 cells were immunoprecipitated with control IgG or an anti-PAR antibody (A) or an
anti-MORC?2 antibody (B), followed by immunoblotting with the indicated antibodies. (C) MCF-7 cells were treated with or without 5 wM Olaparib for 1
h. Lysates were immunoprecipitated with control IgG or an anti-MORC?2 antibody, and the status of PARylation was determined by immunoblotting with
an anti-PAR antibody. (D) Lysates from PARP1I WT or KO cells were immunoprecipitated with control IgG or an anti-MORC?2 antibody, followed by
immunoblotting with the indicated antibodies. (E) PARP1 KO cells were transfected with the indicated plasmid DNAs. After 48 h of transfection, lysates
were subjected to IP and immunoblotting analysis with the indicated antibodies. (F) MCF-7 cells were transfected with non-targeting control siRNA (siNC)
and two different siRNAs targeting PARG. After 48 h of transfection, lysates were subjected to IP and immunoblotting analysis with indicated antibodies.
For all in vivo PARylation assays (A-F), PARG inhibitor ADP-HPD (5 wM) was added to the lysis buffer to prevent degradation of PAR. (G) MCF-7 cells
were transfected with siNC and two different siRNAs targeting MacroD1. After 48 h of transfection, lysates were subjected to IP and immunoblotting
analysis with indicated antibodies.
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Figure 3. Identification of the PARylation sites of MORC?2. (A) In vitro PARylation assay was performed using purified deletion fragments of GST-MORC2
in the presence or absence of recombinant PARP1 enzyme, NAD™, sonicated salmon sperm DNA and PARP inhibitor Olaparib as indicated. PARylated
MORC?2 was detected with an anti-PAR antibody. (B) HEK293T cells were transfected with the indicated expression vectors. After 48 h of transfection,
lysates were subjected to IP and immunoblotting analyses with the indicated antibodies. (C) HEK293T cells were transfected with the indicated expression
vectors. After 48 h of transfection, lysates were subjected to IP and immunoblotting analyses with the indicated antibodies. (D) In vitro PARylation assay was
performed using purified GST-MORC?2 as indicated in the presence of recombinant PARP1 enzyme, NAD™ and sonicated salmon sperm DNA. PARylated
MORC?2 was detected using an anti-PAR antibody. (E) In vitro PARylation assay was performed using purified GST-MORC?2 proteins in the presence or
the absence of recombinant PARP1 enzyme, NAD+, sonicated salmon sperm DNA and Olaparib as indicated. PARylated MORC2 was detected using an
anti-PAR antibody. (F) HEK293T cells were transfected with the indicated expression vectors. After 48 h of transfection, lysates were subjected to IP and

immunoblotting analyses with the indicated antibodies.

age (36) (Figure 4C). Moreover, pretreatment with Olaparib
decreased MMS-induced PAR activation (Figure 4D) and
MMS-enhanced interaction between MORC2 and PARP1
(Figure 4E and F, compare lane 7 with 6). These results
suggest that activation of PARP1 by DNA damage en-
hances its interaction with MORC2. To determine DNA
damage affects MORC2 PARylation, we treated MCF-7
cells with DNA-damaging agents MMS, hydrogen peroxide
(H,0,) and camptothecin (CPT), which have been shown to
activate PARP1 enzymatic activity (29,37,38). IP and im-
munoblotting analyses showed that treatment with MMS
(Figure 4G, compare lane 4 with 3), H,O, (Figure 4H) and
CPT (Figure 4I) enhanced MORC2 PARYylation.

As many DNA repair factors, such as nuclear receptor
NRIDI1 (39), tyrosyl-DNA phosphodiesterase 1 (TDP1)
(38) and histone demethylase KDM4D (30), are recruited
to the sites of DNA damage in a PARP1-dependent man-
ner, we next examined whether PARP1 is required for the

recruitment of MORC?2 to sites of DNA damage by the ap-
plication of in situ proximity ligation assay (PLA) technique
(40), which allows sensitive monitoring of the localization
and interactions of DNA repair proteins at DNA breaks
(41). To do this, we stably expressed Flag-MORC2 and
Flag-MORC2-2A in MORC2 KO MCF-7 cells. MORC2
KO cells were verified by sequencing (Supplementary Fig-
ure S4A), and the protein levels of exogenous and endoge-
nous MORC?2 in these established cells were demonstrated
by immunoblotting (Figure 5A). During eukaryotic DDR,
one of the earliest events is activation of y H2AX (36), which
serves as a binding platform for recruitment and/or reten-
tion of chromatin-modifying complexes and DNA repair
factors in the vicinity of DNA lesions. In situ PLA assays
showed that Flag-MORC?2 co-localized with yH2AX fol-
lowing MMS treatment, but the noted co-localization was
compromised in Flag-MORC2-2A expressing cells (Fig-
ure 5B). As a negative control, PLA signals failed to be
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Figure 4. DNA damage enhances the interaction between MORC2 and PARP1 and MORC2 PARylation. (A and B) Lysates from MCF-7 cells treated
with or without | mM MMS for 1 h were immunoprecipitated with control IgG or an anti-MORC?2 (A) or an anti-PARP1 (B) antibody, followed by
immunoblotting analysis with the indicated antibodies. (C) MCF-7 cells were treated with or without 1 mM MMS for 1 h and then subjected to im-
munoblotting analysis with the indicated antibodies. (D-F) MCF-7 cells were pretreated with or without 5 wM Olaparib for 1 h and then treated with or
without 1 wM MMS for another 1 h. Lysates were subjected to immunoblotting analysis (D) or IP assays with control IgG or an anti-MORC?2 (E) or an
anti-PARPI1 (F) antibody. The interaction between MORC2 and PARP1 was detected by immunoblotting analysis with indicated antibodies (E and F). (G)
MCEF-7 cells were treated with DMSO or | mM MMS for 30 min. Lysates were subjected to IP and immunoblotting analysis with the indicated antibodies.
(H) MCF-7 cells were treated with or without 1 mM H;,O, for the indicate times, and then subjected to IP and immunoblotting analysis with the indicted
antibodies. (I) MCF-7 cells were treated with or without 1 wM CPT for the indicate times, and then subjected to IP and immunoblotting analysis with the

indicted antibodies.

detected when single antibody was used (Supplementary
Figure S4B). Consistently, chromatin fractionation assays
showed that MMS treatment resulted in an increase in
the amount of wild-type MORC?2, but not PARylation-
defective mutant (2A), in the chromatin-bound fraction
(Figure 5C). These results suggest that MORC2 accumula-
tion at sites of DNA damage is dependent on PARP1, which
PARylates MORC?2 after damage.

PARylation of MORC2 contributes to DNA damage re-
sponse

One of our recent studies demonstrated that MORC?2 exerts
DNA-dependent ATPase activity to facilitate chromatin
remodeling in response to DNA damage (10). Next, we
sought to address whether PARylation of MORC2 affects
its ATPase and chromatin remodeling activities following
DNA damage. Toward this end, we set up an in vitro ATPase

assay using immunoprecipitated Flag-MORC?2 and Flag-
MORC?2-2A proteins and ATPase activity assay kit. Results
showed that PARylation-defective mutant had decreased
ATPase activities in response to MMS-induced DNA dam-
age as compared with its WT counterpart (Figure 5D). To
examine whether PARylation of MORC?2 affects the state
of chromatin relaxation, we carried out MNase sensitivity
assay, which has been widely used to evaluate chromatin
condensation (3). Results showed that MMS treatment of
cells expressing WT MORC?2 caused an increase in chro-
matin accessibility to MNase, but this effect was compro-
mised in cells expressing PARylation-defective MORC2 mu-
tant (Figure 5E, compare lane 4 with 6). One of the hall-
marks of defective DNA repair is increased sensitivity to
genotoxic stress. Cell survival assays revealed that expres-
sion of PARylation-defective MORC?2 in MCF-7 cells led to
enhanced cellular sensitivity to MMS as compared with its
WT counterpart (Figure SF and G). Together, these results
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Figure 5. PARPI recruits MORC2 to DNA damage sites and PARylation of MORC?2 stimulates its chromatin remodeling activities. (A) Reconstitution
of MORC2 KO MCF-7 cells with Flag-MORC2 and Flag-MORC2-2A by lentiviral infection. Expression status of exogenous and endogenous MORC2
was validated by immunoblotting. (B) MCF-7 KO cells stably expressing pCDH, Flag-MORC?2 and Flag-MORC2-2A were treated with or without 1
mM MMS for 30 min, and then subjected to in vivo PLA assays with indicated antibodies. Three independent experiments were performed, and total 50
cells were counted for each experiment. (C) MCF-7 KO cells stably expressing Flag-MORC?2 and Flag-MORC2-2A were treated with or without | mM
MMS for 30 min, and subjected to cellular fractionation as described in ‘Materials and Methods’ section. Chromatin-bound fractions and total cellular
lysates from undamaged and DNA damaged cells were immunoblotted with the indicated antibodies. (D) MCF-7 KO cells stably expressing Flag-MORC2
and Flag-MORC2-2A were treated with or without 1 mM MMS for 30 min. Immunoprecipitated Flag-MORC?2 or Flag-MORC2-2A was subjected to
ATPase assays using the ATPase/GTPase Activity Assay Kit (Sigma). Data represent mean =+ s.d. from three biologically independent experiments. (E)
MCF-7 KO cells stably expressing pCDH, Flag-MORC2 and Flag-MORC2-5A were treated with or without | mM MMS for 30 min. Isolated nuclei
were subjected to MNase assays as described in ‘Materials and Methods’ section. (F and G) MCF-7 KO cells stably expressing pCDH, Flag-MORC?2 and
Flag-MORC2-2A were treated with or without increasing doses of MMS for 2 weeks. The representative images of Crystal Violet-stained colonies are
shown in F. Quantitative results (G) are represented as mean =+ s.d. as indicated from three independent experiments; *, P<0.05.
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suggest that PARylation is required for chromatin remodel-
ing activity of MORC?2 and for cell survival following DNA
damage.

MORC?2 stabilizes PARP1 through blocking ubiquitin-
dependent degradation

Since MORC?2 has been documented to regulate gene tran-
scription (14), we next examined whether MORC2 could af-
fect PARP1 expression. Knockdown of MORC2 by shRNA
targeting MORC2 (shMORC2) in MCF-7 and SK-BR-
3 cells (Figure 6A) or by three different siRNAs against
MORC2 (siMORC2 #1-3) in MCF-7 cells (Figure 6B) re-
duced PARPI protein abundance. A similar effect was ob-
served in MORC2 KO MCF-7 cells by the CRISPR-Cas9
system (Figure 6C). More importantly, reintroduction of
MORC?2 in MORC2-depleted MCF-7 and SK-BR-3 cells
partially restored PARPI expression (Figure 6D, compare
lane 3 with 2). These results suggest that MORC2 regulates
PARPI expression.

To determine whether MORC?2 regulates PARP1 at tran-
scriptional level, we performed real-time quantitative PCR
(qPCR) to measure PARP1 mRNA expression levels in
control and MORC2-depleted cells. Results showed the
mRNA levels of PARP1 were not significantly affected fol-
lowing knockdown of MORC?2 by shRNA or siRNA (Sup-
plementary Figure S5A and B), ruling out the possibil-
ity that MORC?2 transcriptionally regulates PARP1 expres-
sion. Immunofluorescent staining showed that knockdown
of MORC2 in MCF-7 and SK-BR-3 cells by siRNA did not
significantly affect nuclear localization of PARPI1 (Supple-
mentary Figure S5C).

As PARPI stability is controlled by ubiquitin-mediated
proteolysis (22,23), we next examined whether MORC2
could affect PARP1 ubiquitination and degradation. As
shown in Figure 6E, knockdown of MORC?2 in SK-BR-
3 and HEK293T cells led to a downregulation of PARPI,
which was reversed by treatment of cells with the protease
inhibitor MG-132 (compare lane 3 with 2), suggesting that
MORC2 regulates PARPI1 levels through a proteasome-
dependent pathway. In support of this notion, knockdown
of MORC?2 significantly decreased half-life of endogenous
PARPI1 protein in the presence of eukaryote protein synthe-
sis inhibitor CHX (Figure 6F).

To examine whether MORC2 regulates PARP1 ubiqui-
tination levels, HEK293T cells were transfected with plas-
mid DNAs encoding HA-PARP1, V5-ubiquitin and Flag-
MORC?2 alone or in combination. Lysates were immuno-
precipitated using an anti-HA antibody, followed by im-
munoblotting using an anti-V5 antibody. Results showed
that exogenously expressed MORC2 decreased the ubiqui-
tination levels of HA-PARPI (Figure 6G, compare lane 4
with 3). As a control, treatment of cells with PARPI in-
hibitor Olaparib did not significantly affect the appearance
of a smear of polyubiquitinated PARP1 (Supplementary
Figure S5D), suggesting that the observed smear of the
ubiquitinated PARP1 is not from massive PAR generated by
PARPI1. Conversely, knockdown of endogenous MORC?2
by shRNA enhanced the ubiquitination levels of endoge-
nous PARPI (Figure 6H, compare lane 2 with 1). These

data indicate that MORC?2 regulates PARP1 protein stabil-
ity via the proteasome-dependent pathway.

MORC?2 suppresses CHFR-mediated PARP1 ubiquitination
through blocking the CHFR-PARP1 interaction

Recent several studies have reported that the E3 ligase
CHEFR is responsible for the ubiquitination and degrada-
tion of PARP1 (22,23). Next, we tested whether MORC?2 af-
fects CHFR-mediated PARP1 ubiquitination. As expected,
knockdown of MORC2 increased CHFR-mediated PARP1
ubiquitination (Figure 61, left panel, compare lane 5 with
4). Recently, a proteomic screen has identified the lysine 949
(K949) residue is one of ubiquitination sites of PARP1 (42).
To verify this result, HEK293T cells were transfected with
HA-PARP1 or HA-PARP1 K949R alone or in combination
with V5-ubiquitin and Flag-CHFR. Sequential IP and im-
munoblotting analyses showed that the ubiquitination lev-
els of HA-PARP1 K949R were reduced as compared with
its WT counterpart (Supplementary Figure S5E, compare
lane 5 with 3). We further confirmed these results by mea-
suring PARP1 half-life in the presence of CHX. As shown
in Supplementary Figure S5F, the K949R mutant increased
the half-life of PARP1 as compared with its wild-type con-
trol. These results suggest that K949 is one of ubiquitination
sites for PARPI.

To address the underlying mechanism by which MORC?2
suppresses CHFR-mediated ubiquitination, we examined
whether MORC2 affects the interaction of PARP1 with
CHFR. We found that knockdown of MORC2 or re-
expression of MORC2 in MORC2 KO cells affected pro-
tein expression levels of PARP1 but not CHFR (Figure
6J). IP and immunoblotting analyses showed that knock-
out of MORC?2 in MCF-7 cells increased the interaction be-
tween CHFR and PARPI, and this effect was compromised
when MORC?2 was re-expressed in MORC2 KO cells (Fig-
ure 6K, compare lane 4 with 3). To confirm these results,
HEK293T cells were transfected with expression vectors en-
coding HA-PARP1 and Flag-CHFR under the condition of
overexpression of Myc-MORC?2 or knockdown of MORC2
by shRNA. IP and immunoblotting analysis revealed that
overexpression of MORC?2 suppressed the PARPI-CHFR
interaction (Figure 6L, compare lane 3 with 2), whereas
knockdown of MORC?2 enhanced the interaction between
both proteins (Figure 6M, compare lane 3 with 2). These
results suggest that MORC?2 suppresses CHFR-mediated
ubiquitination of PARP1 through, at least in part, compro-
mising the interaction of PARP1 with CHFR.

NAT10 acetylates PARP1 at lysine 949 and enhances its sta-
bility

PARPI1 undergoes acetylation (24), in addition to ubiq-
uitination (22,23). To gain more insights into the mecha-
nisms by which MORC?2 stabilizes PARP1, we next exam-
ined the possibility that MORC2 enhances PARP1 stability
through a crosstalk between those two PTMs. As shown in
Supplementary Figure S6A, treatment of HEK293T cells
with trichostatin A (TSA), an inhibitor of histone deacety-
lase (HDAC) classes I and 11, in combination with nicoti-
namide (NAM), an inhibitor of the sirtuin (SIRT) fam-
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Figure 6. MORC2 enhances PARPI stability through suppressing CHFR-mediated ubiquitination. (A) Lysates from MCF-7 and SK-BR-3 cells stably
expressing shNC and shtMORC?2 were analyzed by immunoblotting with the indicated antibodies. (B) MCF-7 cells were transfected with siNC or three
different siRNAs targeting MORC2 (siMORC?2). After 48 h of transfection, cells were harvested for immunoblotting with the indicated antibodies. (C)
Lysates from WT and MORC2 KO MCF-7 cells were analyzed by immunoblotting. (D) MCF-7 and SK-BR-3 cells stably expressing siMORC2 were
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(I) HEK293T cells were transfected with the indicated plasmid DNAs. After 48 h of transfection, cells were treated with 10 .M MG-132 for 6 h. IP and
immunoblotting analyses were performed with the indicated antibodies. In panels (G) to (I), lysis buffer was also supplemented with 10 puM MG-132 in the
subsequent assays. (J and K) WT and MORC2 KO MCF-7 cells were transfected with empty vector or Flag-MORC2. After 48 h of transfection, lysates
were subjected to IP and immunoblotting analyses with indicated antibodies. (L and M) HEK293T cells were transfected with the indicated expression
vectors. After 48 h of transfection, lysates were subjected to IP and immunoblotting analyses with indicated antibodies.

ily deacetylases, increased PARP1 acetylation levels. More- lates PARPI levels through, at least in part, an acetylation-

over, treatment with TSA and NAM enhanced PARP1 pro-
tein levels (Supplementary Figure S6B), and PARPI reduc-
tion following MORC?2 knockdown was rescued by addi-
tion of either TSA or NAM (Supplementary Figure S6C
and D, respectively). Further, TSA and NAM treatment
increased the half-live of PARP1 (Supplementary Figure
S6E) and decreased the ubiquitination levels of endogenous
and exogenous PARP1 (Supplementary Figure S6F and
G, respectively). These results indicate that MORC2 regu-

dependent pathway.

Upon examination of potential acetyltransferases that
could acetylate PARPI1, our attention was drawn to histone
acetyltransferase NAT10, which is a potential binding part-
ner of MORC?2 revealed by our proteomic assays (Supple-
mentary Figure S1B). NAT10 exerts acetyltransferase activ-
ity toward histones and non-histone proteins with emerging
roles in DDR and human cancer development and progres-
sion (43). To test whether PARPI is acetylated by NAT10,
we ectopically expressed Flag-PARP1 alone or in combi-
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nation with HA-NAT10 in HEK293T cells. IP assays with
an anti-Flag antibody followed by immunoblotting using an
anti-acetyl lysine (Ac-K) antibody revealed that the acetyla-
tion levels of PARP1 were increased in the presence of HA-
NATI10 (Figure 7A, compare lane 3 with 2). Conversely,
siRNA-mediated knockdown of NAT10 (Figure 7B, com-
pare lanes 3 and 4 with 2) or pharmacological inhibition of
NAT10 activity by small-molecule inhibitor Remodelin (44)
(Supplementary Figure S6H) reduced the acetylation levels
of PARPI1. Moreover, expression of wild-type NAT10, but
not its catalytically inactive G641E mutant (44), increased
the levels of PARP1 acetylation (Figure 7C). Together, these
results suggest that NAT10 acetylates PARP1 and its acetyl-
transferase activity is required for this event.

Recent proteomic studies have identified several poten-
tial acetylation sites of PARP1 (45) (Supplementary Figure
S7A). To verify these results, each lysine (K) residue was
mutated into arginine (R) individually. Then, HEK293T
cells were transfected with Flag-PARP1 and various mu-
tants alone or in combination with HA-NAT10. Sequential
IP and immunoblotting analyses demonstrated that ectopi-
cal expression of HA-NAT10 failed to enhance the acety-
lation of Flag-PARP1 K949R mutant as compared with its
WT counterpart and other mutants (Supplementary Figure
S7B and C). Independent experiments also demonstrated
that co-expression of NAT10 increased acetylation levels
of wild-type PARP1, but not PARP1 K949R mutant (Fig-
ure 7D, compare lane 3 with 5), indicating that K949 is the
main acetylation residue of PARP1 by NAT10. As K949
is also one of ubiquitination sites of PARP1 (42) (Supple-
mentary Figure S5E), it raises the possibility that PARP1
acetylation and ubiquitination might compete for the same
lysine residue. As expected, CHFR-induced PARP1 ubiqui-
tination was diminished in the presence of HDAC inhibitor
TSA or NAM (Figure 7E, compare lanes 3 and 4 with
2). Moreover, knockdown of NAT10 enhanced CHFR-
mediated PARPI ubiquitination (Figure 7F and G, com-
pare lane 4 with 3), reinforcing the idea that acetylation of
PARPI1 by NAT10 at K949 may positively regulate PARP1
stability by inhibiting its ubiquitination. In support of this
notion, treatment of MCF-7 cells with NAT10 inhibitor Re-
modelin downregulated the protein but not mRNA levels
of PARP1 (Supplementary Figure S7D and E, respectively).
Furthermore, knockdown of NAT10 by siRNA (Figure 7H)
or shRNA (Figure 7I) shortened the half-live of PARP1.
Conversely, overexpression of NAT10 prolonged the half-
live of PARPI (Figure 7J). CHX chase assays showed that
the K949R and K949Q mutants had enhanced stability
compared to its WT counterpart (Supplementary Figure
S7F). This occurs because the K949 is also one of ubiqui-
tination sites of PARP1 (46), the K949R and K949Q mu-
tants can not be ubiquitinated by E3 ubiquitin ligases such
as CHFR, resulting in enhanced stability of PARP1. To-
gether, these results indicate that NAT10 promotes PARP1
acetylation at K949 and enhances its stability.

MORC?2 mediates the interaction of PARP1 and NAT10 and
is required for NAT10-induced acetylation of PARP1

To address the mechanistic role for MORC2 in NAT10-
mediated PARP1 acetylation, we next examined whether

MORC?2 affects the interaction between PARPI and
NAT10. Reciprocal IP assays demonstrated that MORC?2,
PARP1 and NATI10 formed a ternary complex at the en-
dogenous level in human breast cancer MCF-7 and T47D
cells (Supplementary Figure S8A). The noted interactions
were not affected in the presence of DNase (Supplementary
Figure S8B). GST pull-down assays further demonstrated
that MORC2 and NAT10 bound to the central region of
PARPI1 (Supplementary Figure S8C), while MORC2 and
PARPI bound to the C-terminal region of NAT10 (Sup-
plementary Figure S8D). In addition, NAT10 interacted
with C-terminal region of MORC?2, while PARP1 bound
to the central region of MORC2 (Supplementary Figure
S8E). Knockout of MORC?2 in MCF-7 and HEK293T cells
did not affect NAT10 protein levels (Supplementary Figure
S8F). IP and immunoblotting analyses showed that knock-
down of MORC2 by shRNA attenuated the interaction
of exogenously expressed HA-PARP1 and GFP-NATI10
(Supplementary Figure S8G, compare lane 3 with 2). Con-
sistently, depletion of MORC2 impaired NAT10-mediated
acetylation of PARP1 (Supplementary Figure S§H, com-
pare lane 4 with 3). More importantly, expression of NAT10
suppressed wild-type PARP1 ubiquitination (Supplemen-
tary Figure S8I, compare lane 4 with 3), and this effect
was compromised under the condition of MORC?2 knock-
down (compare lane 5 with 4). In contrast, overexpression
of NAT10 alone or in combination with MORC2 knock-
down did not significantly affect the ubiquitination levels of
acetylation-deficient K949R mutant (Supplementary Fig-
ure S8I, lanes 8-9). Collectively, these results indicate that
MORC2 is required for NAT10-mediated acetylation of
PARPI, thus enhancing PARPI stability.

Depletion of MORC2 or expression of an acetylation-
defective PARP1 mutant impairs DNA damage-induced PAR
production and PAR-dependent DNA repair

Following DNA damage, PARP1 quickly relocates to DNA
damage sites and catalyzes the synthesis of PAR, which pro-
motes the recruitment of DDR factors to the sites of DNA
damage (15). To test the biological function of PARP1
stabilization by MORC2, we first examined the effects of
MORC?2 and PARPI acetylation on PAR production in re-
sponse to DNA damage. Immunoblotting analyses showed
that MORC?2 KO cells exhibited reduced PAR levels as com-
pared with its wild-type controls following MMS treatment
(Figure 8A and B). Moreover, re-expression of MORC?2 or
PARP1 in MORC2 KO cells partially restored the decreased
PAR levels in MORC?2 KO cells after MMS treatment (Fig-
ure 8A and B). It is interesting to note that K949 is located
in the catalytic domain of PARP1 (residues 788-1014) and
is very close to its catalytic active site E988 (34,46), acety-
lation of PARP1 at K949 might alter the conformation of
its catalytic domain and thus regulates the catalytic activity
of PARPI in response to DNA damage. To test this notion,
we examined the intrinsic PAR activity of PARP1 using pu-
rified WT, K949R or K949Q mutant of PARPI1. Results
showed that K949R mutant had decreased intrinsic auto-
PARylation activity compared to WT or K949Q PARPI1
(Supplementary Figure S9A). Consistently, PAR produc-
tion was increased following MMS treatment in cells ex-
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Figure 7. NAT10 acetylates PARP1 at K949 and enhances its stability. (A-D) HEK293T cells were transfected with the indicated expression vectors. After
48 h of transfection, lysates were subjected to IP and immunoblotting analyses with the indicated antibodies. The immunoprecipitated PARP1 has been
adjusted to be equal to make the levels of acetylated PARP1 comparable to those of immunoprecipitated PARPL. (E-G) HEK293T cells were transfected
with the indicated expression vectors. After 48 h of transfection, cells were treated with 10 puM MG-132 for 6 h and lysates were subjected to IP and
immunoblotting analyses with the indicated antibodies. Lysis buffer was also supplemented with 10 uM MG-132 in the subsequent assays. (H) MCF-7
cells were transfected with siNC or siNAT10. After 48 h of transfection, cells were treated with 100 pg/ml CHX for the indicated times and analyzed by
immunoblotting. Relative PARPI levels (PARP1/Vinculin) are shown in lower panel. (I) MCF-7 cells stably expressing shNC or shNAT10 were treated
with 100 pg/ml CHX for the indicated times and analyzed by immunoblotting. Relative PARP1 levels (PARP1/Vinculin) are shown in lower panel. (J)
HEK?293T cells were transfected with pCDH or HA-NAT10. After 48 h of transfection, cells were treated with 100 p.g/ml CHX for the indicated times and
analyzed by immunoblotting. Relative PARP1 levels (PARP1/Vinculin) are shown in lower panel. In panels (H) to (J), quantitative results are represented
as mean = s.d. as indicated from three independent experiments.
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Figure 8. Depletion of MORC2 or expression of an acetylation-defective PARP1 mutant impairs DNA damage-triggered PAR production and PAR-
dependent DNA repair signaling. (A) WT and MORC2 KO MCF-7 cells stably expressing empty vector or Flag-MORC?2 were treated with 1 mM MMS
for 30 min. Lysates were analyzed by immunoblotting with the indicated antibodies. (B) WT and MORC2 KO MCF-7 cells stably expressing empty vector
or HA-PARP1 were treated with 1 mM MMS for 30 min. Lysates were analyzed by immunoblotting with the indicated antibodies. (C) PARP1 KO MCE-7
cells stably expressing pCDH, HA-PARP1, HA-PARPI K949R and PARP1 K949Q were treated with or without | mM MMS for 30 min and analyzed
by immunoblotting with the indicated antibodies. (D) WT and MORC2 KO MCF-7 cells stably expressing empty vector or Flag-MORC?2 were treated
with or without 1 mM MMS for 30 min and then subjected to in situ PLA assays with the indicated antibodies. The representative images are shown in
left. The quantitative results (right) are represented as mean =+ s.d. as indicated from three independent experiments, and 50 cells were counted in each
experiment. (E) WT and MORC2 KO MCF-7 cells stably expressing empty vector or HA-PARP1 were treated with or without 1 mM MMS for 30 min
and then subjected to in situ PLA assays with the indicated antibodies. The representative images are shown in left. The quantitative results (right) are
represented as mean = s.d. as indicated from three independent experiments, and 50 cells were counted in each experiment. (F) PARP1 KO MCF-7 cells
stably expressing HA-PARP1, HA-PARP1 K949R and PARP1 K949Q were treated with or without 1 mM MMS for 30 min. In vivo PLA assays were
performed as described above. The representative images are shown in left. The quantitative results (right) are represented as mean =+ s.d. as indicated from
three independent experiments, and 50 cells were counted in each experiment. (G) PARP1 KO MCEF-7 cells stably expressing pCDH, HA-PARP1, HA-
PARP1 K949R and HA-PARP1 K949Q were treated with or without MMS at the indicated doses for 3 h and then cultured for another 24 h in the fresh
media to allow cellular repair. Cell viability was determined by CCK-8 assays. Data are represented as mean =+ s.d. as indicated from three independent
experiments. (H) WT and MORC2 KO MCE-7 cells stably expressing empty vector or HA-PARPI were treated with or without MMS at the indicated
doses for 3 h and then cultured for another 24 h in the fresh media to allow cellular repair. Cell viability was determined by CCK-8 assays. Data are
represented as mean =+ s.d. as indicated from three independent experiments. **, P<0.01, *, P<0.05.

pressing wild-type PARP1 and acetylation-mimicking mu-
tant (K949Q) as compared with acetylation-deficient mu-
tant (K949R) (Figure 8C).

It has been well established that following DNA dam-
age, synthesized PAR at the DNA damage sites provides
the platform to recruit DNA damage response proteins to
lesions (15,47). For example, it has been shown that PAR

synthesis promotes X-ray cross-complementing protein 1
(XRCC1), an essential scaffold protein for base excision re-
pair, recruitment at DNA damage sites and is important
for XRCClI function (47,48). In accordance with these re-
sults, in situ PLA assays showed that the co-localization of
XRCC1 with PAR after exposure to MMS was compro-
mised in MORC2 KO cells as compared with its WT coun-



terparts, and re-expressed MORC2 or PARP1 in MORC2
KO cells partially restored the co-localization of XRCC1
with PAR (Figure 8D and E). Moreover, cells express-
ing acetylation-defective PARP1 K949R had reduced co-
localization of XRCC1 with PAR as compared with cells
expressing WT or acetylation-mimic (K949Q) PARP1 (Fig-
ure 8F). As a negative control, PLA signals failed to be de-
tected when single antibody was used (Supplementary Fig-
ure S9B).

PARPI-deficient cells have reduced capacity to repair
DNA damage and are therefore hypersensitive to DNA-
damaging agents (19,20,37). Cell viability assays showed
that cells expressing acetylation-defective PARP1 K949R
were more sensitive to MMS as compared with its WT
counterpart and acetylation-mimetic PARP1 K949Q mu-
tant (Figure 8G). Moreover, cell survival was reduced in
MORC?2 KO cells, a phenotype that could be partially res-
cued by re-expression of PARP1 (Figure 8H). Together,
these results suggest that PARP1 recruits MORC2 to DNA
damage sites through their direct interactions and then cat-
alyzes MORC?2 PARylation to facilitate DNA damage re-
pair (Figure 9A). Moreover, MORC2-mediated stabiliza-
tion of PARP1 is implicated in DNA damage-induced PAR
production and PAR-dependent DNA repair events (Figure
9B).

DISCUSSION

In this study, we uncovered several interesting findings
concerning the functional and mechanistic link between
MORC?2 and PARPI in cellular response to DNA damage.

First, MORC?2 is a novel PARylation target of PARPI1.
DDR is tightly regulated by a multitude of PTMs of chro-
matin or chromatin-associated proteins, which dynamically
regulate protein stability, activity and protein—protein in-
teractions (49). One of such important PTMs is PARyla-
tion, which is primarily catalyzed by PARP1, an enzyme
responsible for ~90% of the PAR synthesized under geno-
toxic conditions (17,29). PARylation enables to induce lo-
cal chromatin restructuring through dynamic modification
of chromatin-associated proteins and/or recruitment of
chromatin-modifying proteins (50). Although PARylation
has been extensively studied in DDR, little is known about
PARylation acceptor proteins. Especially, few examples of
definitive biological roles for site-specific PARylation have
been reported (16). Here, we identified MORC2 as a novel
binding partner and PARylation target of PARP1 (Figures
1-3). In this context, pharmacologic inhibition of PARPI1,
PARPI1 knockdown or expression of catalytically inactive
PARP1 mutant impair MORC2 PARylation. In contrast,
the levels of MORC2 PARylation are elevated after geno-
toxic treatment and coincide with the activation of PARP1.
We further showed that MORC?2 is PARylated by PARP1
on two residues within the conserved CW-ZF domain. As
we previously demonstrated that MORC2 is phosphory-
lated by PAKI1 at serine 739 in response to DNA dam-
age (10), thus PARylation is the second identified PTM of
MORC?2 in response to DNA damage. However, whether
there is a crosstalk between phosphorylation and PARyla-
tion of MORC?2 in response to DNA damage remains to be
investigated in the near future.
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Second, PARP1 directs MORC?2 to sites of DNA dam-
age and PARP1-mediated PARylation stimulates its chro-
matin remodeling activities. Emerging evidence indicates
that MORC2 is a component of heterochromatin and is
implicated epigenetic gene silencing by the HUSH com-
plex (14,51). Interestingly, it has been shown that sev-
eral heterochromatin-building factors, such as heterochro-
matin protein 1 (HP1) (52,53), SET domain bifurcated 1
(SETDBI) (54), histone deacetylase 1/2 (55) and poly-
comb group proteins (PcG) (56), are recruited to DNA
damage sites, where they actively contribute to the DDR
events. For example, HDAC1 and HDAC?2, generally con-
sidered as repressive factors, accumulate at damage sites
where they stimulate double-strand break repair by non-
homologous end-joining (55). In addition, heterochromatin
proteins enable to undergo specific modifications to pro-
mote DNA repair in a manner that allows localized and
transient chromatin relaxation (57). A case in point is
KAPI, which forms heterochromatin in undamaged cells
by recruiting HP1, SETDBI1 and chromodomain helicase
DNA binding protein 3 (CHD?3) (58). Upon DNA dam-
age, ATM-mediated phosphorylation of KAPI at serine
824 enhances chromatin decondensation and efficient re-
pair of damaged DNA in heterochromatin (3,59). Like-
wise, HP1 proteins are also phosphorylated in response to
DNA damage and are important for recruiting DDR fac-
tors and dynamically reorganizing chromatin (53,60). Al-
though one of our recent studies showed that MORC2
plays a role in the DDR through ATPase-dependent chro-
matin remodeling (10), how MORC?2 is recruited to sites of
DNA damage remains unexplored. In this study, we demon-
strated that MORC2 accumulation at DNA damage sites
in a PARP1-dependent manner. Furthermore, we demon-
strated that PARylation, in addition to phosphorylation
(10), is an important PTM for regulating the ATPase and
chromatin remodeling activities of MORC?2 in response to
DNA damage. These findings extend our understanding of
the contribution of the PARylation signaling pathway in
the early chromatin remodeling at DNA lesions. In addi-
tion, previous studies have mechanistically linked PARyla-
tion at aspartate (D), glutamate (E) and lysine (K) residues
of target proteins with DDR. For example, PARylation of
p53 at E255, D256 and E268 has been implicated in DDR
(61). Similarly, the conserved D103 is an important site of
RUNX3 PARylation after DNA damage (62). As it was
recently reported that serine also serves as an acceptor of
PARylation upon DNA damage and this signaling is de-
pendent on HPF1 (63,64), we cannot rule out the possi-
bility that MORC2 PARylation at not yet identified serine
residues is implicated in DDR.

Third, MORC?2 stabilizes PARP1 through a crosstalk be-
tween NAT10-mediated acetylation and CHFR-mediated
ubiquitination. It has been documented that the function-
ality and the activities of PARPI are modulated by a vari-
ety of PTMs, such as ubiquitination and acetylation (17). In
this context, E3 ubiquitin ligase CHFR has been shown to
promote polyubiquitylation of PARP1 in response to DNA
damage and mitotic stress (22,23). In addition, PARPI is
acetylated by the acetyltransferases p300/CBP (24) and
p300/CBP-associated factor (PCAF) (65) and is deacety-
lated by SIRT1 (65) in addition to potential HDACI-3
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Figure 9. The proposed working model. (A) Upon DNA damage, PARP1 is recruited to DNA lesions and is rapidly activated to catalyze PARylation of
MORC?2 using NAD* as substrate. PARylation of MORC?2 enhances its chromatin remodeling activities, thereby promoting efficient DNA repair. (B)
MORC?2 mediates the interaction between PARP1 and NAT10 and thereby promotes NAT10-mediated PARP1 acetylation at K949, which blocks CHFR-
mediated ubiquitination and degradation of PARP1. Consequently, MORC?2 regulates DNA damage-induced PAR production at the DNA damage sites
and subsequent PAR-dependent recruitment of DNA repair proteins with specific PAR-binding motifs (such as XRCC1) to DNA lesions in response to

DNA damage; NAD*, nicotinamide adenine dinucleotide.

(24). Interestingly, recent two proteomic studies identified
the K949 is one of ubiquitination and acetylation sites of
PARPI1 (42,45), thus raising the possibility that PARPI
acetylation and ubiquitination might compete for the same
lysine residue. NAT10 is a member of GenS-related N-
acetyltransferases (GNAT) family of histone acetyltrans-
ferases and exerts lysine acetyltransferase activity toward
histones and nonhistone proteins (such as p53) (43). In this
study, we discovered that NAT10 is a novel acetyltrans-
ferase for PARP1 acetylation at K949 and enhances PARP1
stability. Mechanistically, MORC2 forms a ternary com-
plex with PARP1 and NAT10 and mediates the interaction
between PARP1 and NAT10, thereby facilitating NAT10-
mediated acetylation of PARP1 and stabilizing PARPI
(Supplementary Figure S8). In addition, we also found that
MORC2 suppresses CHFR-mediated PARP1 ubiquitina-
tion (Figure 6). Expression of PARP1 K949R mutant re-
duced CHFR-mediated PARP1 ubiquitination, indicating
that K949 could be one of ubiquitination sites for PARPI.
Based on these results, we proposed that MORC2 mediates
the interaction between PARP1 and NAT10 and thereby
promotes PARP1 acetylation at K949 by NAT10, which
blocks CHFR-mediated polyubiquitination of PARP1 at
the same residue and subsequent proteasomal degradation.
In support of our proposal, a crosstalk between acetyla-

tion and ubiquitination in the regulation of protein stability
by competing for the same lysine residues has been docu-
mented in other proteins, such as ATP-citrate lyase (ACLY)
(66).

Fourth, MORC?2 is required for DNA damage-induced
PAR production and PAR-dependent DNA repair signal-
ing cascades. In response to DNA damage, PARP1 is one
of the first proteins to be recruited and activated, which
generates large amounts of PAR and facilitates the recruit-
ment of DNA repair factors to DNA damage sites (15).
Consequently, PARP1-defective cells have impaired DDR
and are sensitive to DNA damaging agents (19,20). The
role of MORC?2 in controlling PARPI stability is further
supported by the evidence that DNA damage-triggered
PAR production and PAR-dependent DNA repair signal-
ing were diminished in MORC?2 KO cells or cells expressing
acetylation-defective PARP1 mutant. Functionally, cells de-
pleted MORC2 or expressing acetylation-defective PARP1
mutant are sensitive to MMS-induced DNA damage. More-
over, re-expression of PARP1 in MORC2 KO cells res-
cued decreased cellular sensitivity to MMS treatment (Fig-
ure 8). These results indicate that MORC?2 regulates DDR
through, at least in part, a PARP1-dependent pathway.

In summary, findings presented here suggest that
MORC2 stabilizes PARP1, which in turn PARylates



MORC2, thus forming a positive feedback loop (Figure
9). This study advances our understanding of the molec-
ular mechanisms by which multiple chromatin-remodeling
enzymes cooperatively regulate chromatin remodeling and
DDR to maintain genomic stability.
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