Published online 25 November 2020

Nucleic Acids Research, 2020, Vol. 48, No. 22 12711-12726

doi: 10.1093/narlgkaal 090

The deubiquitinase USP36 Regulates DNA replication
stress and confers therapeutic resistance through

PrimPol stabilization

Yuanliang Yan':%, Zhijie Xu®', Jinzhou Huang?, Guijie Guo?, Ming Gao?, Wootae Kim?,
Xiangyu Zeng?, Jake A. Kloeber “243, Qian Zhu?, Fei Zhao?, Kuntian Luo? and

Zhenkun Lou “2”°

'Department of Pharmacy, Xiangya Hospital, Central South University, Changsha 410008, Hunan, China,
2Department of Oncology, Mayo Clinic, Rochester, MN 55905, USA, 3Department of Pathology, National Clinical
Research Center for Geriatric Disorders, Xiangya Hospital, Central South University, Changsha 410008, Hunan,
China, *Mayo Clinic Medical Scientist Training Program, Mayo Clinic, Rochester, MN 55905, USA and ®Department
of Molecular Pharmacology and Experimental Therapeutics, Mayo Clinic, Rochester, MN 55905, USA

Received July 10, 2020; Revised October 21, 2020; Editorial Decision October 26, 2020; Accepted October 29, 2020

ABSTRACT

PrimPol has been recently identified as a DNA dam-
age tolerant polymerase that plays an important role
in replication stress response. However, the regula-
tory mechanisms of PrimPol are not well defined. In
this study, we identify that the deubiquitinase USP36
interferes with degradation of PrimPol to regulate the
replication stress response. Mechanistically, USP36
is deubiquitinated following DNA replication stress,
which in turn facilitates its upregulation and interac-
tion with PrimPol. USP36 deubiquitinates K29-linked
polyubiquitination of PrimPol and increases its pro-
tein stability. Depletion of USP36 results in replica-
tion stress-related defects and elevates cell sensi-
tivity to DNA-damage agents, such as cisplatin and
olaparib. Moreover, USP36 expression positively cor-
relates with the level of PrimPol protein and poor
prognosis in patient samples. These findings indi-
cate that the regulation of PrimPol K29-linked ubiq-
uitination by USP36 plays a critical role in DNA repli-
cation stress and chemotherapy response.

INTRODUCTION

DNA polymerases are enzymes that synthesize DNA dur-
ing genome duplication, and are critical for protecting cells
against DNA damage. Cancer cells universally display unin-
hibited DNA replication; therefore, DNA polymerases have
been suggested as potential therapeutic targets to combat
multiple types of cancer (1,2). Recently, a new DNA dam-
age tolerant polymerase, called PrimPol, has the ability to

catalyze both primase and DNA polymerase reactions (3).
The importance of PrimPol is underscored by the finding
that PrimPol-mediated adaptive responses might decrease
the efficiency of anti-cancer genotoxic drugs (4). Moreover,
itis important to note that overexpression of PrimPol is cor-
related with prolonged survival of a subset of cancer cells,
most likely by promoting the replication progression (5,6).
Therefore, the study of the PrimPol and its regulatory net-
work would not only reveal how PrimPol coordinates the
dynamic reactions in DNA replication, but also provide
novel targets for therapeutic intervention in cancers.
PrimPol has been recently characterized to initiate nu-
clear and mitochondrial uninterrupted fork progression fol-
lowing DNA replication stress (3,7). Functional interaction
indicated that proliferating cell nuclear antigen (PCNA)
is required for relocation of PrimPol to stalled replication
forks, and mediates the activity of both replicative and
translesion DNA synthesis (4,8). In a large-scale pull-down
assay, polymerase delta-interacting protein 2 (PolDIP2) was
discovered as a potential cellular binding partner of Prim-
Pol (9). It was reported that PoIDIP2 is required for the
DNA damage tolerance, specifically through stimulating
the DNA polymerase activity of PrimPol. PoIDIP2 also in-
teracts with PCNA, together to regulate DNA polymerase
activity of PrimPol (9,10). Another study demonstrated that
replication protein A (RPA) binds PrimPol, and is required
for relocating PrimPol onto sites of DNA damage (11). Like
other critical factors involved in DNA replication, PrimPol
activity and expression need to be tightly regulated. How-
ever, it is still unclear how PrimPol is dynamically regulated.
It is well known that ubiquitination plays an important
regulatory role in the response to DNA replication stress
(12,13). However, whether PrimPol is also directly regulated
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by a deubiquitinating enzyme (DUB) is unknown and de-
serves further investigation. In this study, we identified a
deubiquitinase, USP36, that regulates PrimPol ubiquitina-
tion in vitro and in cells. In addition, USP36 regulates can-
cer therapeutic resistance in a PrimPol-dependent manner.
In ovarian cancer tissues, USP36 overexpression is observed
to positively correlate with the level of PrimPol expression
and poor prognosis, indicating that the USP36-PrimPol axis
may play an important regulatory mechanism in the cancer
pathogenesis and treatment.

MATERIALS AND METHODS
Cell culture and inhibitor

HEK293T (CRL-3216) cell lines were purchased from
ATCC. Human ovarian cancer cell lines A2780 was kindly
provided by Dr Scott Kaufmann (Mayo Clinic). OVCARS
(CVCL-1629), SK-OV-3 (HTB-77), OV-90 (CRL-11732),
OVCARI10 (CVCL-4377), IGROV1 (CVCL-1304) were
purchased from ATCC. OVKATE (CVCL-3110) was from
serious papillary adenocarcinomas (14). OV-56 (96020759)
and PEOI1 (10032308) were purchased from Sigma. The
identities of all cell lines were confirmed by the Medical
Genome Facility at Mayo Clinic Center (Rochester, MN)
using short tandem repeat profiling upon receipt. Cell lines
were cultured in Dulbecco’s Modified Eagle’s Medium or
McCoy’s 5A supplemented with 10% fetal bovine serum
(FBS) at 37°C in 5% (v/v) CO;. The following inhibitors
were used: MG132 (Selleckchem: S2619), Cycloheximide
(Sigma: 01810).

Plasmids and antibodies

Myc-PrimPol WT vector was kindly provided by Dr Jun
Huang (15). All Flag-tagged USP36 truncated mutants
(WT, 1-420, 421-800, 1-800 and 801-1121), V5-tagged
USP36 (WT and CI131A mutant) and GST-tagged
USP36!%% (WT and CI31A mutant) plasmids were
kindly provided by Dr Mushui Dai (16). Flag-USP36-
WT-K329R, Flag-USP36-WT-K338R, Flag-USP36-
WT-K329R /K338R (2KR) were generated by site-directed
mutagenesis according to standard protocol. c-Myc shRNA
(#15662) was described previously (17,18) and obtained
from Addgene. The plasmid pRKS5-HA-Ubiquitin-K29R
(#17602) (19) was purchased from Addgene. The following
antibodies were used: anti-PrimPol (Novus Biologicals:
NBP2-67217, 1:750), anti-USP36 (Proteintech: 14783-1-
AP, 1:500), anti-Ubiquitin (Santa Cruz: sc8017, 1:1000),
anti-GAPDH (Proteintech: 60004-1-1g, 1:10,000), anti-
HA (Sigma: H6908, 1:1000), anti-Flag (Sigma: F1804,
1:1000), anti-V5 (Invitrogen: R960, 1:1000), anti-Myc (Cell
Signaling Technology: 2276S, 1:1000), anti-VDACI1 (Cell
Signaling Technology: 4866T, 1:1000), anti-BrdU antibody
(BD Bioscience: 347580, 1:100; Abcam: ab6326, 1:1000),
Alexa Fluor 594 anti-Rat IgG antibody (Invitrogen: A-
11007, 1:1000), Alexa Fluor 488 anti-Mouse IgG antibody
(Jackson ImmunoResearch: 115-545-062, 1:1000), Rho-
damine Red™-X anti-Mouse IgG (H+L) antibody (Jackson
ImmunoResearch: 115-295-146, 1:1000), Alexa Fluor 488
anti-Rabbit IgG antibody (Jackson ImmunoResearch:
111-545-045, 1:1000), anti-H3 (Cell Signaling Technology:

46208, 1:10 000), anti-Fibrillarin (Santa Cruz: sc166001,
1:100), yH2AX (Millipore: 05-636, 1:500).

Lentiviruses

All USP36 and Pirmpol shRNAs were purchased from
Sigma. USP36 shRNA-1: CCGGGCGGTCAGTC
AGGATGCTATTCTCGAGAATAGCATCCTGA
CTGACCGCTTTTT  (TRCN0000022447), USP36
shRNA-2: CCGGGCGACTGAAT ATACACCTGT
ACTCGAGTACAGGTGTATATTCAGTCGCTTTTT
(TRCN0000022444). PrimPol shRNAs: CCGGGCTC
CATGATGTGGCATTTAA CTCGAGTTAAATGCCA
CATCATGGAGCTTTTTTG (TRCNO0000135447),
CCG GGTCAGGTTCTCAGATACTTTACTCG
AGTAAAGTATCTGAGAACCTGACTTTTTTG
(TRCNO0000134668). TransIT-X2 (MIRUS Bio) was used
to co-transfect the shRNA vector, the envelope plas-
mid pMD2.G, and the packaging plasmid psPAX2 into
HEK293T cells. Media containing lentivirus was collected
48 h after transfection. The viruses were then used to infect
cells in the presence of polybrene (8 wg/ml). The cells were
harvested at 48 h posttransduction for immunoblotting
analysis.

Immunoprecipitation and immunoblotting

For immunoprecipitation, the cells were lysed with NETN
lysis buffer (20 mM Tris—HCI, pH 8.0, 500 mM NaCl, 1 mM
EDTA and 0.5% NP-40) supplemented with protease in-
hibitors for 15 min. After centrifugation at 12 000 rpm for
about 15min, the soluble fractions were collected. Cell
lysates were incubated with antibody and Agarose beads
(Thermo Scientific) for overnight at 4°C. After incuba-
tion, the Agarose beads were washed three times with
NETN buffer, eluted with 4x SDS loading buffer, and
resolved on SDS-PAGE. Then, PVDF membranes (Mil-
lipore) were blocked in 5% skim milk in TBST buffer
and immunoblotted with antibodies as indicated. For im-
munoblotting, cells were lysed in NETN lysis buffer sup-
plemented with protease inhibitors for 15 min. After cen-
trifugation at 12,000 rpm for about 15 min, the soluble frac-
tions were collected. The Supernatants were boiled in 4x
SDS loading buffer at 95°C for about 10 min, and then re-
solved on SDS-PAGE and immunoblotted with with anti-
bodies as indicated. Western blots were analyzed using the
Tanon 5200 imaging system.

Preparation of mitochondria fraction

Mitochondrial extracts were isolated according to the man-
ufacturer’s instructions (Thermo Scientific, 89874). In brief,
2 x 107 cells were suspended with 800 wl of Mitochondria
Isolation Reagent A for 2 min, and then 10 w1 of Mitochon-
dria Isolation Reagent B was added for 5 min. Subsequently,
800 wl of Mitochondria Isolation Reagent C was added to
the cell suspension. The supernatant was centrifuged at 12
000 g for 15 min at 4°C. The pellet (mitochondria) was
rinsed with 500 pl of Mitochondria Isolation Reagent C
and recentrifuged at 12 000 g for 5 min. Then, the pellets
of mitochondria were lysed with 100 wl of 2% CHAPS in



TBS. After centrifugation at high speed for 2 min, the super-
natant containing mitochondrial proteins can be separated
by SDS-PAGE and immunoblotted with indicated antibod-
ies.

Deubiquitination in vivo and in vitro

The in vivo and in vitro deubiquitination assays were per-
formed as described previously (20). USP36 WT and CA
mutant and Myc-PrimPol were overexpressed in HEK293T
cells. After treatment with MG132, cells were lysed in the
SDS buffer and boiled for 10 min. After diluting with
NETN buffer (1:10 ratio) containing 1 mM iodoacetamide
and 20 mM NEM, cell lysates were immunoprecipitated
with anti-Myc beads for overnight at 4°C. Precipitates were
washed with NETN about 4 times and were immunoblot-
ted as described above. For the in vitro assay, His-Ub con-
jugated Myc-PrimPol was purified from HEK293T cells
through multiple steps as previously described (20). The
purified GST-tagged USP36! 3% (WT and C131A mutant)
was incubated with Ub-Myc-PrimPol in deubiquitination
buffer for overnight at 16°C

Quantitative real time-PCR analysis

Total RNA was isolated from cells using Trizol (Invitro-
gen, #15596026). Reverse transcriptions were performed
with High-Capacity cDNA Reverse Transcription Kit (In-
vitrogen, #4368813). A quantitative Real Time-PCR (qRT-
PCR) was developed on an ABI StepOne real-time PCR
system (Applied Biosystems) using Power SYBR™ Green
PCR Master Mix (Bio-Rad, #4367659). All reactions were
carried out in triplicate. Relative gene expression was cal-
culated using the AC; method following the manufacturer’s
instruction. The primers for PrimPol are 5-TTACCTTGT
GACAACCTATGCTG-3 and 5-ACACCGTATAACT
CTTGAAGTGC-3'. And the primers for USP36 are 5'-A
GGGAGCTAGTCGCCACAA-3 and 5-GTGTGTAGG
TCAAGCACTGGA-3'.

Colony formation assay

To measure cell survival in the presence of cisplatin, ola-
parib, ultraviolet irradiation (UV), or hydroxyurea (HU),
800 cells were plated in triplicate in each well of six-well
plates. After 16 h, cells were treated with the indicated con-
centrations of the DNA damaging agents, and left for 10-14
days at 37°C to allow colony formation. Colonies were fixed
with 100% ethanol, stained with 0.006% crystal violet so-
lution (0.006% crystal violet, 25% methanol), and colonies
were counted. Results were normalized to plating efficien-
cies.

DNA fiber assay

To check restart efficiency of stalled replication forks, cells
were pulse-labeled with 5-lodo-2'-deoxyuridine (IdU) and
5-chloro-2'-deoxyuridine (CIdU) as previously reported
(21). After first labeling with 1dU 25 wM for 20 min, cells
were washed twice with media. Cells were then washed and
treated with HU 4mM for 2h. After additional washes
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with media, cells were recovered in fresh medium contain-
ing CIdU 200 wM for 1 h. Labeled cells were harvested and
resuspended in 150 pl of lysis buffer (200 mM Tris—HCI, pH
7.4,50 mM EDTA and 0.5% SDS) on a clean glass slide. For
immunodetection of labeled tracks, fibers were incubated
with primary antibodies at 4°C for overnight and the corre-
sponding secondary antibodies for 1 h at room temperature,
in a humidity chamber. Fiber images were visualized using a
Nikon eclipse 80i Fluorescence microscope. All fiber lengths
were measured and analyzed using Image J software.

Immunofluorescence and in situ PLA assay

For yH2AX immunofluorescence assays, cells were spun
onto glass slides and stained as described (22). For USP36
immunofluorescence, cells were permeabilized in 0.5%
Triton-X solution for 5 min at room temperature, and then
fixed with 3% paraformaldehyde for 15min. The samples
were incubated with primary antibody for 1 h at 37°C,
washed three times with TBST to remove the non-specific
binding, incubated with the secondary antibody for about
30 min. Cells were then stained with DAPI to visualize nu-
clear DNA. The in situ PLA assay was carried out using
a Duolink in situ PLA kit (Sigma, # DUO92101) accord-
ing to the manufacturer’s instructions. Cells grown on cover
glass were washed with PBS twice and incubated in 3%
paraformaldehyde for 15min, and permeabilized in 0.5%
Triton-X solution for 5min at room temperature. After
blocking, samples were incubated with USP36 and PrimPol
antibodies for 1 h. Samples were washed twice times and in-
cubated with Duolink PLA Probe for 1 h at 37°C, Duolink
Ligation buffer for 30 min at 37°C and Amplification buffer
for 100 min at 37°C. Cells were then stained with DAPI to
visualize nuclear DNA. The coverslips were mounted onto
glass slides with anti-fade solution and visualized using a
Nikon eclipse 801 fluorescence microscope. Counting of the
PLA signal dots was done using Imagel.

Isolation of proteins on nascent DNA (iPOND)

iPOND assay was performed as previously described (23).
In brief, after first labeling with EAU 10 uM for 10 min,
cells were washed three times with the washing buffer. Cells
were then treated with HU 10 mM for 4 h. Following this,
cells were fixed with 1% formaldehyde solution for 20 min at
room temperature. Formaldehyde was quenched by adding
1 ml of 1.25M glycine. Cells were harvested and incubated
in permeabilization buffer (0.25% triton X-100 in PBS) for
30 min at room temperature. After this, cells were incubated
with click reaction buffer (10 mM sodium ascorbate, 2 mM
CuSOy, 10 uM biotin-azide in PBS). After click reaction,
cells were sonicated with lysis buffer (1% SDS in 50 mM
Tris—HCI, pH 8.0) and centrifuged for 10 min at 16 100 x
g. Protein samples were incubated overnight at 4°C with 50
plstreptavidin—agarose beads. After incubation, beads were
washed twice with 1 ml cold lysis buffer for 5 min, once with
ImL of 1 M NaCl, and two additional times with cold lysis
buffer. Beads in SDS sample buffer were heated for 25 min
at 95°C, analyzed by SDS-PAGE and immunoblotted with
indicated antibodies.
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Micronuclei assay

To visualize UV-induced micronuclei, cells were cultured
on coverslips and treated with 5 J/m? UV for 48 h. After
3% paraformaldehyde fixation, cells were permeabilized in
0.5% Triton-X solution and stained with DAPI. Micronu-
cleated cells were counted manually from DAPI stained
U20S cells. The micronuclei assays were repeated for three
times, and at least 200 cells were counted for each exper-
iment. The Criteria for scoring micronuclei included the
following: (i) separate extra-nuclear structures that were
rounded shape and DAPI positive and (ii) DAPI staining
intensity of cellular micronucleus did not exceed the main
nucleus. The DAPI staining intensity and shape of cellular
micronuclei were further verified by the visual observations.

Tissue microarray

The tissue microarrays of ovarian cancer specimen were
purchased from US Biomax (# OVC1501). Immunohis-
tochemistry (IHC) was performed as described previously
(24). In brief, immunohistochemical staining of USP36 (di-
lution 1:200), and PrimPol (dilution 1:200) were performed
using THC Select® HRP/DAB kit (Millipore, # DAB150).
The images of the sections were independently scored by
two pathologists. The extent of staining was scored as 0
(<10%), 1 (11-25%), 2 (26-50%), 3 (51-75%) and 4 (>75%).
And the staining intensity was scored as 0 (negative), 1
(weak brown), 2 (moderate brown) and 3 (strong brown).
The THC score was calculated by combining the percentage
of positively stained cells with staining intensity. The final
staining score >1 was identified as high expression; other-
wise, it was identified as low expression. The Pearson corre-
lation coefficient and x 2 test were used for statistical anal-
ysis of the correlation between USP36 and PrimPol protein
levels.

Statistics

Data in bar and line graphs are presented as mean + SD of
at least three of independent experiments, unless otherwise
indicated. The statistical significance of differences between
different groups was calculated by two-tailed Student’s z-
test as indicated. A P-value <0.05 was considered signifi-
cant. And statistical significance is represented in all figures
by: *P < 0.05; **P < 0.01.

RESULTS
Identification of USP36 as a positive regulator of PrimPol

DUBs are a large group of proteases that cleave covalently
attached ubiquitin from proteins, thus controlling substrate
abundance and/or activity (22,25). We overexpressed a
panel of Flag-tagged deubiquitinases in HEK293T cells
individually, and performed immunoblotting to identify
the potential deubiquitinase of PrimPol. Among the pro-
teins in our screening panel, USP36 overexpression in-
duced the most significant upregulation to PrimPol pro-
tein level (Figure 1A, and Supplementary Figure SIA-C).
We further confirmed the protein levels of PrimPol were
dose-dependently upregulated in HEK293T cells follow-
ing USP36 overexpression (Supplementary Figure S1D).

Knock-down of USP36 by two different USP36-specific
short hairpin RNAs (shRNAs) reduced PrimPol protein
level but not its mRNA level (Figure 1B, and Supplemen-
tary Figure S1E), indicating that USP36 regulates PrimPol
in a post-transcriptional manner. Moreover, the downregu-
lated PrimPol level after depletion of USP36 was reversed
by the addition of MG132, a proteasome inhibitor (Figure
1C), indicating that USP36 regulates PrimPol protein accu-
mulation in a proteasome pathway-dependent manner. Re-
constitution of V5-tagged wild-type USP36 (USP36-WT)
but not catalytically inactive mutant of USP36 (USP36-CA)
in shRNA-2-mediated USP36-depleted cells restored Prim-
Pol protein levels (Figure 1D), suggesting that the USP36
deubiquitination enzyme activity is critical for PrimPol reg-
ulation. In addition, we performed cycloheximide (CHX)
chase assays to further determine the protein stability of
PrimPol. We found that knock-down of USP36 expect-
edly attenuated the half-life of PrimPol protein in both
HEK293T and OVCARS cells (Figure 1E, F and Supple-
mentary Figure S2A, B). Conversely, PrimPol stability was
significantly increased in HEK293T cells stably expressing
Flag-USP36 (Supplementary Figure S1F, G). Further, be-
cause PrimPol is important for the nuclear and mitochon-
drial DNA maintenance (26), we further performed nu-
clear and mitochondrial fractionations to evaluate whether
USP36 has similar effects on PrimPol in the nucleus and
mitochondria. Knockdown of USP36 by two different
shRNAs reduced PrimPol protein levels in the nucleus and
mitochondria, whereas USP36 overexpression upregulated
PrimPol expression in both these compartments (Supple-
mentary Figure SIH, I). In addition, given that USP36 is
a c-Myc target gene (16), we assessed whether c-Myc plays
arole in the stabilization PrimPol. As shown in Supplemen-
tary Figure S1J, knockdown of c-Myc did not significantly
affect the PrimPol protein level induced by USP36 overex-
pression. Collectively, these data suggest that USP36 stabi-
lizes PrimPol through its deubiquitinase activity in cells.

USP36 interacts with PrimPol via its USP domain

In light of the above findings, we tested whether USP36
might physically interact with PrimPol in cells. We detected
endogenous binding between USP36 and PrimPol by im-
munoprecipitation assay (Figure 2A). PrimPol was also de-
tected in immunoprecipitates using anti-Flag agarose beads
from cells expressed Flag-USP36 (Figure 2B). Moreover,
treatment with the replication-damaging agent hydroxyurea
(HU) promoted the interaction between USP36 and Prim-
Pol (Figure 2C, D). We further confirmed the close interac-
tion between USP36 and PrimPol by proximity ligation as-
say (PLA). Few dots that represent the interaction of USP36
and PrimPol were observed in the nuclei in unstressed cells.
Treatment with HU for 4 h and UV for 4 h resulted in a
significant increase in the average number of PLA puncta
(Figure 2E, F and Supplementary Figure S3A, B).

To identify the region(s) of USP36 mediating PrimPol in-
teractions, we obtained a series of vectors encoding Flag-
tagged USP36 deletion mutants. Co-IP analysis displayed
that the N-terminal ubiquitin-specific protease (USP) do-
main of USP36 is both sufficient and necessary for binding
PrimPol (Figure 2G, H). Because of PrimPol’s role in repli-
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Figure 1. USP36 stabilizes PrimPol protein. (A) A panel of deubiquitinases was expressed in HEK293T cells, and the protein levels of PrimPol were assayed
using western blot. A heatmap representing the PrimPol changes after overexpression of a panel of deubiquitinases in three repeat experiments. Red and
blue represent the increase and decrease in the PrimPol expression level, respectively. With three biological replicates, a total of three deubiquitinases
(USP36, USP7 and VCPIP1) were found to upregulate PrimPol protein level (fold-change > 2.0). Among all of them, USP36 was identified to induce the
most significant upregulation to PrimPol protein level. (B) USP36 depletion reduces PrimPol protein level. HEK293T cells were transduced with lentivirus
encoding control (Ctrl) or USP36 shRNAs, and cell lysates were blotted with indicated antibodies. (C) HEK293T cells stably expressing Ctrl or USP36
shRINA were treated with vehicle or MG132 (50 wM) for 3 h. Cell lysates were then blotted with indicated antibodies. (D) HEK293T cells stably expressing
Ctrl or USP36 shRNA-2 were transiently transfected with the wild-type (WT) and catalytically inactive C131 A mutant (CA) of V5-tagged USP36. The cells
were lysed and western blot was performed with the indicated antibodies. (E) HEK293T cells stably expressing Ctrl or USP36 shRNAs were treated with
CHX (0.1 mg/ml), and harvested at the indicated times. Cells were lysed and cell lysates were then blotted with the indicated antibodies. (F) Quantification
of the PrimPol protein levels relative to GAPDH. The graphs represent mean + SD, two-tailed, Student’s z-test. *P < 0.05.

cation stress (4), we wanted to know whether USP36 can ment (Supplementary Figure S3D). Overall, these results
also be recruited to replication forks. We conducted iPOND suggest that USP36 interacts with PrimPol at stressed repli-
assays, and found that both USP36 and PrimPol localized cation forks in cells.

to replication forks. And, HU treatment could increase the Next, we studied how HU treatment promoted the in-
accumulation of USP36 and PrimPol at replication forks teraction between USP36 and PrimPol. It is now evident
(Supplementary Figure S3C). Given that USP36 can local- that some posttranslational processes, like ubiquitination,
ize to the nucleolus and has an essential role in maintaining have been implicated in the regulation of DUBs (28). We

nucleolar function (27), we next asked whether USP36 relo- first studied how USP36 ubiquitination is regulated upon
cated to nucleoplasmic replication forks during replication replication stress, and found decreased USP36 polyubiqui-
stress. As expected, we found decreased nucleolus-localized tination following HU treatment (Figure 3A). Given that
USP36 and increased nucleoplasmic signals after UV treat- USP36 protein levels, but not mRNA levels, increased fol-
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Figure 2. USP36 is a PrimPol binding protein. (A) Interaction between endogenous USP36 and PrimPol. HEK293T cell were collected and subjected
to immunoprecipitation using control IgG and anti-USP36 antibodies. Blots were then probed with the indicated antibodies. (B) Interaction between
exogenous USP36 and endogenous PrimPol. Cell lysates from HEK293T cells transiently transfected with Flag-USP36 were subjected to immunoprecip-
itation with anti-Flag agarose beads, and then blotted with the indicated antibodies. (C) HEK293T cells were transiently transfected with Flag-USP36
for 48h, then left untreated or treated with HU (10 mM) for 8 h. The cell lysates were subjected to immunoprecipitation with anti-Flag agarose beads,
and immunoprecipitated lysates were equalized for Flag-USP36. Then cell lysates were blotted with the indicated antibodies. (D) Quantification of the
amount of PrimPol in the pull-down relative to the PrimPol input level. The graphs represent mean + SD, two-tailed, Student’s z-test. *P < 0.05. (E) In
situ PLA between endogenous USP36 and PrimPol after treated with/without HU (10 mM) for 4 h in OVCARS cells. Representative images are shown
with merged PLA and nuclei (DAPI) channels from PLA experiments. Scale bar in the bottom left is 10 wm. **P < 0.01. Each red dot represents the
detection of USP36-PrimPol interaction complex, and the mean + SD are shown in (F). (G) The N-terminal USP domain of USP36 is required for binding
to PrimPol. HEK293T cells were transiently transfected with Myc-PrimPol together with Wild-type (WT) and truncated mutants (1-420, 1-800, 421-800
and 801-1121aa) of Flag-USP36. The protein interaction was assayed by immunoprecipitation with anti-Flag agarose beads, and then blotted with the
indicated antibodies. Schematic representation of the Flag-USP36 and its deletion mutants are shown in (H). USP: Ub-specific protease domain. CTD:
Carboxy-terminal domain.
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lowing UV or HU treatment (Supplementary Figure S4A—
E), we next examined whether replication stress decreased
the K48-specific polyubiquitination of USP36. As shown
in Figure 3B, HU treatment significantly down-regulated
K48 ubiquitin chain (Ub-K48) on USP36. Moreover, we
used Ub-K48 and its mutants, Ub-K48R and found that
USP36 polyubiquitination was abrogated by the Ub-K48R
mutation (Supplementary Figure S4F). These results could
explain the upregulation of USP36 after replication stress.
Additionally, HU treatment similarly enhanced the expres-
sion of USP36-WT and USP36-CA. PrimPol protein levels
in USP36-WT cells, but not USP36-CA cells, increased af-
ter HU treatment (Supplementary Figure S4G). These data
suggest that increased USP36 by DNA replication stress is
not due to its own enzymatic activity. The deubiquitination
might be caused by a decrease of E3 ligase activity or acti-
vation of another DUB, which remains to be studied in the
future. Next, we tried to identify the ubiquitination sites of
USP36 that are regulated by replication stress. Recently, two
independent groups have reported that the lysine residues,
K329 and K338, might be the potential ubiquitination sites
of USP36 regulated by DNA damage (29,30). Accordingly,
we generated USP36-WT K329R and K338R mutants, and
found that single site mutants (K329R and K338R) had lit-
tle effect on the K48-linked polyubiquitination, while the
two K to R mutants (2KR) almost abolished the K48-linked
polyubiquitination on USP36 (Figure 3C). Next, we tested
whether these two lysine residues (K329R and K338R) were
essential for the regulation of USP36-PrimPol interaction.
We found that the 2K R mutation enhanced their interaction
even in unstressed cells (Figure 3D). However, in contrast to
USP36-WT, treatment with HU did not further enhance the
interaction between USP36-WT-2KR and PrimPol (Figure
3E, F). The PLA assay also confirmed the increased inter-
action of USP36-WT-2KR and PrimPol in the nuclei in un-
stressed cells, which could not be further enhanced by HU
treatment (Figure 3G, H). Together, these findings clearly
establish the essential roles of K329 and K338 of USP36,
whose deubiquitination is important for induced interac-
tion with PrimPol upon DNA replication stress.

USP36 deubiquitinates PrimPol, especially the K29-linked
polyubiquitin chains

Because we found that USP36 stabilizes PrimPol through its
deubiquitinase activity in cells, we next evaluated the roles
of USP36 on PrimPol ubiquitination. We found that USP36
knock-down in both HEK293T and OVCARS cells signif-
icantly increased the polyubiquitination of PrimPol com-
pared to control (Ctrl) cells (Figure 4A, and Supplementary
Figure S5A). Under denaturing conditions, IP of ubiquiti-
nated proteins followed by immunoblot assay of PrimPol
also showed increased polyubiquitination of endogenous
PrimPol in USP36 knock-down cells (Figure 4B). In ad-
dition, in USP36-depleted cells, overexpression of USP36-
WT, but not USP36-CA mutant, resulted in a reduction
in PrimPol polyubiquitination (Figure 4C, and Supplemen-
tary Figure S5B). To determine whether USP36 directly
deubiquitinates PrimPol in vitro, we purified ubiquitinated
PrimPol from HEK293T cells co-transfected with Myc-
PrimPol and His-Ub using affinity purification. The polyu-

biquitinated PrimPol was incubated with purified recom-
binant USP domain-containing GST-USP36!3% (WT or
CA) or control buffer followed by immunoblot with anti-
Ub antibody. USP36' 80-WT also interacted with Prim-
Pol (Figure 2G-H). As shown in Figure 4D, USP36!800-
WT, but not USP36!80-CA mutant, reduced the Prim-
Pol polyubiquitination. Taken together, these results sug-
gest that USP36 could be a bona fide deubiquitinase tar-
geting PrimPol protein for deubiquitination.

It is well known that ubiquitin has several lysine
residues (Ub-K6, Ub-K11, Ub-K27, Ub-K29, Ub-K33,
Ub-K48 and Ub-K63), which can be used to form distinct
linkage types of ubiquitin chains and perform different cel-
lular functions (31). To further understand the features of
USP36-mediated PrimPol deubiquitination, we set out to
determine the types of ubiquitin linkage using a series of
ubiquitin mutant plasmids in which only one lysine was
retained. USP36-depleted cells were transfected with one
of these ubiquitin mutants and Myc-PrimPol, followed by
ubiquitination assays. Interestingly, we found that PrimPol
was extensively ubiquitinated with Ub-K11, Ub-K27 and
Ub-K29 linkages (Supplementary Figure S6A). We fur-
ther examined these linkages (Ub-K11, Ub-K27 or Ub-
K29) with or without USP36 knock-down, and found that
USP36 depletion only increased K29-linked polyubiquiti-
nation of PrimPol (Figure 5A, and Supplementary Figure
S6B). Furthermore, in USP36-depleted cells, expression of
USP36-WT but not USP36-CA mutant resulted in a reduc-
tion in PrimPol K29-linked polyubiquitination (Figure 5B).
Using Ub-K29 and its mutant Ub-K29R, we found that
the USP36 depletion induced increase in polyubiquitina-
tion was abrogated by the Ub-K29R mutation (Figure 5C).
However, we still observed polyubiquitin chains of PrimPol
in cell expressing K29R, suggesting that other types of ubiq-
uitin chains might be not affected by USP36. In addition,
given that the Drosophila homolog of USP36 (dUSP36) has
been reported to hydrolyze K63-polyUb chains (32), we
wanted to know whether USP36 affected the K63-specific
ubiquitination of PrimPol. As shown in Supplementary
Figure S6C, no significant change of PrimPol K63-linked
polyubiquitination could be induced by USP36 depletion.
Our data unambiguously show that USP36 deubiquitinates
PrimPol through K29-linked polyubiquitin chains.

USP36 participates in DNA replication stress through a
PrimPol-dependent manner

As PrimPol is reported to play a crucial role in DNA replica-
tion stress (15,33), we first examined whether the expression
of USP36 is influenced by treatment with different types of
replication stress, including UV and HU. PrimPol expres-
sion levels increased following UV or HU treatment (Sup-
plementary Figure S4A-D), as has been reported previously
(34). Intriguingly, the USP36 protein levels, but not mRNA
levels, were similar and followed the same trend (Sup-
plementary Figure S4A-E). Furthermore, knock-down of
USP36 attenuated replication stress-induced PrimPol up-
regulation (Supplementary Figure S4A-D).

Next, we evaluated whether USP36-depleted cells showed
an increased sensitivity to these DNA replication stress-
inducing agents. We found that knock-down of USP36
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Figure 4. USP36 deubiquitinates PrimPol. (A) HEK293T cells stably expressing control (Ctrl) or USP36 shRNAs were transiently transfected with Myc-
tagged PrimPol. After 48 h, cells were treated with MG 132 (50 M) for 3 h. Cell lysates were subjected to immunoprecipitation with anti-Myc agarose beads,
and then blotted with the indicated antibodies. (B) HEK293T cells stably expressing Ctrl or USP36 shRNAs were transiently transfected with HA-tagged
ubiquitin. After 48 h, cells were treated with MG132 (50 wM) for 3 h. Cell lysates were subjected to immunoprecipitation with anti-HA agarose beads, and
then blotted with the indicated antibodies. (C) HEK293T cells with USP36 stably knocked-down were transiently transfected with indicated constructs.
After 48 h, cells were treated with MG132 (50 wM) for 3 h before collecting. Cell lysates were subjected to immunoprecipitation with anti-HA agarose
beads, and then blotted with the indicated antibodies. (D) Deubiquitination of PrimPol in vitro by USP36. Ubiquitinated PrimPol was incubated with
purified USP36!80-WT or USP36!890-CA in vitro. Cell lysates were subjected to immunoprecipitation with anti-Myc agarose beads, and then blotted
with the indicated antibodies.
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caused hypersensitivity to UV and HU in a human ovarian
cancer cell line (OVCARS) (Figure 6A-B, and Supplemen-
tary Figure S7A). Notably, restoring PrimPol expression in
USP36-depleted cells reversed the hypersensitivity to UV
and HU (Figure 6C, D and Supplementary Figure S7B).
These results suggest that USP36 regulates the cellular re-
sponse to DNA-damaging agents in a PrimPol-dependent
manner.

Previous studies showed that another indication of repli-
cation stress is a higher percentage of interphase cells with
micronuclei after downregulation of PrimPol (26). We also
observed an increased frequency of micronuclei in USP36
knock-down OVCARS cells (Figure 6E, F and protein ex-
pression is shown in Supplementary Figure S7A). Recon-
stitution of V5-tagged USP36-WT but not USP36-CA in
USP36-depleted (shRNA-2) OVCARS cells reversed the in-
crease of micronuclei (Figure 6G, and Supplementary Fig-
ure S7C). Meanwhile, ectopic expression of PrimPol in
USP36-depleted OVCARS and PEOI1 cells completely re-
versed the increase of micronuclei (Figure 6H, Supplemen-
tary Figure S7D and protein expression is shown in Supple-
mentary Figure S7B). These findings indicate that USP36
regulates genomic stability through PrimPol.

To better characterize whether USP36-deficient cells have
a defective response upon replication stress, we performed
DNA fiber assays. Quantification of CIdU track length
shows that under replication stress conditions, USP36-
depleted OVCARS cells exhibited a significant decrease in
replication strand lengths compared to Ctrl cells (Figure 61-
J, and protein expression is shown in Supplementary Fig-
ure S7A). Reconstitution of V5-tagged USP36-WT but not
USP36-CA in USP36-depleted OVCARS cells partially re-
stored replication strand lengths (Figure 6K, and protein
expression is shown in Supplementary Figure S7C). Addi-
tionally, the decreased replication strand lengths induced by
USP36 knock-down were efficiently reversed by the ectopic
expression of PrimPol in both OVCARS and PEOI cells
(Figure 6L, Supplementary Figure S7E, and protein expres-
sion is shown in Supplementary Figure S7B). These results
reveal that USP36 regulates the restart efficiency of stalled
replication forks in a PrimPol-dependent manner.

In addition, we knocked down USP36 in OVCARS cells
using two different USP36-specific shRNAs and assessed
vH2AX foci, a hallmark of replication fork stalling (35).
USP36 status had little effect on the initial induction of
vH2AX induced by HU, whereas y H2AX signals remained
higher in USP36 knock-down cells than Ctrl cells over the
24 h time course after HU release (Supplementary Figure
S7F, G and protein expression is shown in Supplementary
Figure S7A). Taken together, the above-mentioned findings
demonstrate that USP36 plays an important role in replica-
tion stress response through regulating PrimPol.

USP36 expression is correlated with the level of PrimPol in
ovarian cancer and regulates the treatment response

Recent findings have reported that the upregulation and in-
creased chromatin recruitment of the PrimPol protein in
ovarian cancer cells (34). Until now, our hypothesis is that
USP36 upregulation causes PrimPol protein deubiquitina-
tion and stabilization, which might affect chemotherapy re-
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sponse. To test our hypothesis, we examined the correla-
tion between the expression of USP36 and PrimPol proteins
in human ovarian cancer cells and specimens. As shown
in Figure 7A-B, a positive correlation between USP36 and
PrimPol protein levels (P = 0.0286, Pearson r = 0.7205) was
observed in ovarian cancer cell lines. We then performed
immunohistochemical staining of USP36 and PrimPol in
an ovarian cancer tissue microarray containing a cohort of
ovarian cancer samples (n = 140). Representative images
of staining of USP36 and PrimPol are shown in Figure 7C.
The majority of tumors expressed a high level of USP36
and PrimPol protein, and we observed a significantly posi-
tive correlation between USP36 and PrimPol (P < 0.0001,
Pearson r = 0.435) as 84% (84 of 100) of USP36-high sam-
ples had high level of PrimPol (Figure 7D). These data indi-
cate that upregulated expression of USP36 correlates with
increased expression of PrimPol in ovarian cancer.

In addition, given PrimPol-mediated adaptive response
to multiple drugs, such as cisplatin, we evaluated whether
USP36 plays a role in response to therapy in ovarian cancer
cells. The Kaplan—Meier Plotter tool (36) was used to eval-
uate the correlation of USP36 expression with clinical out-
come in ovarian cancer patients. The clinical data suggest
that the upregulation of USP36 expression was significantly
related to shorter overall survival (Figure 7E). Meanwhile,
USP36 expression was negatively associated with the sen-
sitivity of cancer cells to the anti-cancer drug olaparib, as
evidenced by analysis of the data from the CellMinerCDB
(37) in 43 ovarian cancer cell lines (Figure 7F). These find-
ings suggest that high USP36 expression is correlated with
poor therapeutic response and poor prognosis in ovarian
cancer patients.

Finally, to establish a causal effect for USP36 in
chemosensitivity, we sought to evaluate whether targeting
USP36 could sensitize ovarian cancer cells to cisplatin and
olaparib. Indeed, the cytotoxicity of cisplatin or olaparib
against ovarian cancer cells OVCARS and PEO1 was in-
creased after knock-down of USP36, as compared to Ctrl
cells (Figure 7G, H, protein expression is shown in Sup-
plementary Figure S7A, and Supplementary Figure S8A-
C). Furthermore, ectopic expression of PrimPol in USP36-
depleted OVCARS and PEOI cells completely reversed the
cytotoxicity of cisplatin or olaparib (Figure 71, J, Supple-
mentary Figure S8D-E and protein expression is shown
in Supplementary Figure S7B). Taken together, these data
support an important role of USP36 in regulating the re-
sponse of cancer cells to anti-cancer drugs through PrimPol
stabilization.

DISCUSSION

PrimPol is an important component to maintain adaptive
DNA replication by repriming replication restart down-
stream of replication stalling lesions and structures (38,39).
Understanding how cells adapt to genotoxic agents and
how PrimPol mediates responses in replication fork restart
has become increasingly important to optimize tumor ther-
apy. To date, few studies focus on the detailed mechanisms
of PrimPol regulation after exposure to multiple replica-
tion stalling agents. Previous studies showed that PrimPol’s
interactor RPA is critical for the recruitment of PrimPol
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Figure 6. USP36 participates in DNA replication stress through a PrimPol-dependent manner. (A, B) OVCARS cells from Supplementary Figure S7TA
were treated with indicated does of UV or HU. Cell survival was determined by colony formation assay. Error bars represent £ SD from three independent
experiments. (C, D) OVCARS cells from Supplementary Figure S7B were treated with indicated does of UV or HU. Cell survival was determined by colony
formation assay. Error bars represent + SD from three independent experiments. (E) Representative images of micronuclei labeled with the DNA dye DAPI
in OVCARS USP36-knockdown cells from Supplementary Figure S7A. Cells were left untreated or treated with UV (5 J/m?) for 48 h. Cells were fixed,
permeabilized in 0.5% Triton X-100, stained with DAPI, then analyzed by Nikon eclipse 80i fluorescence microscope for micronuclei. The micronuclei
assays were repeated for three times, and at least 200 cells were counted for each experiment. Scale bar in the bottom left is 10 pm. (F) Quantification of
micronuclei in cells from E. (G) OVCARS8 USP36-knockdown cells reconstituted with V5-tagged USP36 (WT and C131A mutant) from Supplementary
Figure S7C were used for measuring micronuclei. (H) OVCARS USP36-knockdown cells reconstituted with Myc-PrimPol from Supplementary Figure
S7B were used for measuring micronuclei. (I) Representative images of DNA fibers in OVCARS USP36-knockdown cells from Supplementary Figure
S7A. Cells were labeled with IdU for 20 minutes as a control to label the active replication, and followed by incubation with 4 mM HU for 2 h. Cells were
then labeled with CIdU for 1h to evaluate the DNA replication upon genotoxic stress. DNA fibers were stretched on a microscope slide, stained with IdU
and CIdU antibodies, imaged, and the lengths of fiber tracks measured. Scale bar in the bottom left is 10 wm. (J) Quantification of DNA fibers in cells
from I. (K) OVCARS USP36-knockdown cells reconstituted with V5-tagged USP36 (WT and C131A mutant) from Supplementary Figure S7C were used
to detect the restart efficiency of stalled replication forks. (L) OVCARS USP36-knockdown cells reconstituted with Myc-PrimPol from Supplementary
Figure S7B were used to detect the restart efficiency of stalled replication forks. The graphs represent mean + SD, two-tailed, Student’s 7-test. *P < 0.05;
**P < 0.01; NS = not significant.
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subjected to cisplatin or olaparib treatment. Survival of the cells was assessed by colony formation assay. Error bars represent + SD from three independent
experiments. *P < 0.05; **P < 0.01.
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Figure 8. A schematic for PrimPol stabilization by deubiquitinase USP36,
which promotes replication fork progression following DNA replication
stress. Overexpressed USP36 binds to PrimPol and interferes with its
K29-linked polyubiquitination and degradation. The PrimPol protein is
markedly stabilized by USP36 overexpression and promotes stalled fork
restart in the response to DNA replication stress in cancer cells.

to the stalled replication fork, contributing to replication
restart (11). Deletion of the C-terminal RPA-binding mo-
tif of PrimPol impairs its interaction with RPA, and thus
weakens the primase and polymerase activities of PrimPol
(40,41). However, whether and how PrimPol itself is regu-
lated following DNA replicative stress is still unclear. Thus,
the identification and characterization of the underlying sig-
naling pathway modulating PrimPol stabilization will be of
importance to establish its biological function, and can be
exploited for promising therapeutic interventions.

The ubiquitin-specific protease, USP36, has been re-
ported to interact with histone 2b (H2B) and deubiquiti-
nates the monoubiquitinated H2B in vitro (42). Moreover,
USP36 has been shown to be overexpressed in multiple
types of human cancers, and might have oncogenic activ-
ity. Overexpression of USP36 promotes cancer cell prolifer-
ation through deubiquitinating and stabilizing c-Myc pro-
tein in the nucleolus (43). More recently, it has been shown
that USP36 enhances CHD7 protein stability by direct deu-
biquitination, subsequently facilitating tumor progression
(44). Here, our studies indicate that USP36 is crucial in
maintaining stalled fork restart following replication stress
(Figure 8). Mechanistically, USP36 deubiquitinates and sta-
bilizes PrimPol. Cancer cells generally have higher replica-
tion stress, and the USP36-PrimPol axis might be required
to adapt to this stress. Indeed, we also demonstrate up-
regulated USP36 in ovarian cancer patients that correlates
with higher PrimPol level and poor prognosis. Our results
also suggest targeting USP36 might be effective to sensitize
cells to chemotherapy. As a proof of concept for targeting
this pathway, we show that depletion of USP36 sensitizes
ovarian cancer cells to therapeutic response by inhibiting
PrimPol-mediated fork restart. Our study reveals a novel
mechanism governing PrimPol protein stability by USP36
in human cancers.

The dynamic and highly conserved ubiquitination mod-
ification of proteins is a tightly controlled biological pro-
cess, which has emerged as an important mechanism for
several pathologies (45,46). Seven lysine residues on ubig-
uitin can be modified for the synthesis of polyubiqui-
tin chains on protein substrates, contributing the main-
taining protein homeostasis (47). Especially, all non-K63
linkages may target proteins for degradation, supporting
the notion that non-K63 polyubiquitin chains are crit-
ical for the ubiquitin-proteasome system function (48).
Among these, K29 polyubiquitination plays an important
role in proteasome-mediated protein degradation, involving
in DNA damage response (49). Depletion of the ubiquitin
ligase HUWEI reduces the K29-linked polyubiquitination
of IMJDIA, thereby impairing DNA damage repair and
sensitizing prostate cells to topoisomerase inhibitors or the
PARP inhibitor olaparib (50). The ubiquitin-binding Ufd1-
Npl4 complex were shown to be required for disassembly of
ubiquitylated CMG helicase during DNA replication ter-
mination in eukaryotes, followed by K29-dependent degra-
dation of Mcm?7 (51). In our study, USP36 exhibits a strong
preference for K29-linked ubiquitin peptides on PrimPol.
Based on the findings here, we would suggest that deubiqui-
tinase USP36 attenuates the K29-linked polyubiquitination
of PrimPol, which could induce PrimPol stability contribut-
ing to DNA replication.

In conclusion, our work introduces the important con-
cept that a deubiquitinase cooperates with the dual
primase—polymerase PrimPol on replication repriming in
replication stress. We envision that USP36 is important for
genome stability. On the other hand, in cancer cells, higher
expression of USP36 might render cancer cells resistant to
replication stress, while lower USP36 level or inhibition of
USP36-PrimPol axis might sensitize cancer cells to geno-
toxic insults. In future work, it will be important to screen
and identify USP36 specific inhibitors that suppress USP36
activity in cancer cells and that will consequently inhibit
PrimPol-dependent repriming and sensitize ovarian cancer
to therapeutic drugs.
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