4560-4574 Nucleic Acids Research, 2018, Vol. 46, No. 9
doi: 10.1093/narlgky220

Published online 24 March 2018

RNA-splicing factor SART3 regulates translesion DNA

synthesis

Min Huang', Bo Zhou', Juanjuan Gong?, Lingyu Xing', Xiaolu Ma', Fengli Wang?, Wei Wu',
Hongyan Shen', Chenyi Sun', Xuefei Zhu?, Yeran Yang', Yazhou Sun', Yang Liu’,

Tie-Shan Tang?" and Caixia Guo'”’

TCAS Key Laboratory of Genomics and Precision Medicine, Beijing Institute of Genomics, University of Chinese
Academy of Sciences, Chinese Academy of Sciences, Beijing 100101, China and ?State Key Laboratory of
Membrane Biology, Institute of Zoology, University of Chinese Academy of Sciences, Chinese Academy of Sciences,

Beijing 100101, China

Received November 15, 2017; Revised March 05, 2018; Editorial Decision March 13, 2018; Accepted March 15, 2018

ABSTRACT

Translesion DNA synthesis (TLS) is one mode of
DNA damage tolerance that uses specialized DNA
polymerases to replicate damaged DNA. DNA poly-
merase m (Poly) is well known to facilitate TLS across
ultraviolet (UV) irradiation and mutations in POLH
are implicated in skin carcinogenesis. However, the
basis for recruitment of Poly to stalled replication
forks is not completely understood. In this study,
we used an affinity purification approach to isolate a
Poln-containing complex and have identified SART3,
a pre-mRNA splicing factor, as a critical regulator
to modulate the recruitment of Poly and its partner
RAD18 after UV exposure. We show that SART3 inter-
acts with Poly) and RAD18 via its C-terminus. More-
over, SART3 can form homodimers to promote the
Poly/RAD18 interaction and PCNA monoubiquitina-
tion, a key event in TLS. Depletion of SART3 also im-
pairs UV-induced single-stranded DNA (ssDNA) gen-
eration and RPA focus formation, resulting in an im-
paired Poly recruitment and a higher mutation fre-
quency and hypersensitivity after UV treatment. No-
tably, we found that several SART3 missense muta-
tions in cancer samples lessen its stimulatory effect
on PCNA monoubiquitination. Collectively, our find-
ings establish SART3 as a novel Poly/RAD18 asso-
ciation regulator that protects cells from UV-induced
DNA damage, which functions in a RNA binding-
independent fashion.

INTRODUCTION

Mammalian cells are under endogenous and exogenous at-
tacks every day, causing a variety of genomic lesions. These
DNA lesions can often result in replication forks stalling,
which if not resolved in time lead to replication fork collapse
and even double strand breaks (DSBs), one of the most
deleterious DNA damages. In order to cope with this situa-
tion, damage tolerance pathways are evolved for the cellular
survival (1,2). Translesion DNA synthesis (TLS) is one ma-
jor mode of DNA damage tolerance, which utilizes special-
ized polymerases that lack 3'-5" exonucleolytic proofreading
activity and replicate DNA with low fidelity and processiv-
ity. The best-characterized TLS polymerases are Y-family
polymerases, including Polm, Pol, Polk and REV1 (3-7).
Among them, Poln can correctly bypass ultraviolet (UV)-
induced cis—syn thymine—thymine cyclobutane—pyrimidine
dimers (CPDs). Loss of functional Poln has been known to
cause the variant form of the skin cancer-prone syndrome,
Xeroderma Pigmentosum (XPV) (8-10).

It is well known that the TLS pathway can be efficiently
triggered by replication stress, which usually generates
stretches of single-stranded DNA (ssDNA) through uncou-
pling of replicative polymerase and helicase activities. The
ssDNAs are rapidly coated by replication protein A (RPA),
which recruits the ubiquitin E3 ligase RADIS to stalled
replication forks to promote monoubiquitination of Pro-
liferating cell nuclear antigen (PCNA) at Lys164 (11-13).
Monoubiquitinated PCNA (PCNA-mUDb) then facilitates
optimal TLS through its enhanced binding with Y family
polymerases (14). Compelling evidence reveals that PCNA-
mUDb, the key event in TLS, is tightly regulated by sev-
eral DDR factors, including USP1, MSH2, BRCA1, Poln,
REV1 and Parkin (15-20). In contrast to USP1, which can
deubiquitinate PCNA-mUDb (15,21), MSH2, BRCA1 and
Parkin have been shown to facilitate UV-induced PCNA-
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mUDb through promoting ssDNA generation and RPA fo-
cus formation (16,19,20). And Poln and REV1, two TLS
polymerases, can promote RADIS8 recruitment after UV
irradiation (17,18). Poln has also been shown to bridge
RADI18 and PCNA to promote efficient PCNA-mUDb for-
mation after DNA damage. Notably, this Poln scaffolding
function is independent of its DNA polymerase activity but
relies on the Poln/RADIS association (17). Interestingly,
RADIS is also required to guide Poln to stalled replica-
tion sites through Polm/RADIS8 physical interaction (12).
Although RADI8 phosphorylation mediated by Cdc7 or
JNK enhances the Poln/RAD18 association (22,23), how
Poln/RAD18 interaction is regulated remains largely un-
known.

SARTS3 (Squamous Cell Carcinoma Antigen Recognized
By T-Cells 3) is a nuclear RNA-binding protein (RBP),
which contains half-a-tetracopeptide repeats (HAT) in the
N-terminus and two RNA recognition motifs (RRMI1 and
RRM?2) near the C-terminus. Being a U4/U6 recycling fac-
tor, SART?3 can assist pre-mRNA splicing, thereby regulat-
ing gene expression (24). In line with this, SART3 is indis-
pensable for embryonic development, whose deficiency is
reported to be embryonic lethal (25,26). Moreover, SART3
also expresses at high levels in the nucleus of malignant tu-
mor cell lines and majority of cancer tissues (27). Here, we
identified SART3 to be a novel partner of Poln, whose de-
pletion decreases ssDNA generation, RPA focus formation
as well as the chromatin binding of RADIS8 in the pres-
ence of UVC treatment. Consistently, knockdown SART3
impairs Poln focus formation and CPD lesion bypass af-
ter UVC exposure, leading to UV hypersensitivity. Fur-
thermore, we found that SART3 can form homodimers
and associate with RAD18. And SART3 can promote the
Poln/RAD18 interaction though its coiled-coil domain to
facilitate PCNA-mUDb formation. Lastly, several missense
mutations of SART3 identified in tumor samples fail to aug-
ment PCNA-mUD levels and activate TLS pathway. Collec-
tively, we define an RNA binding-independent function for
SART3 in TLS by facilitating RAD18 /Poln interaction and
RADI18 chromatin accumulation to promote PCNA-mUb
formation, providing insights into how SART3 promotes
genome integrity and contributes to cancer development.

MATERIALS AND METHODS
Plasmids and reagents

SART3 ¢cDNA was a gift from Dr. Jiahuai Han (Xiamen
University). SFB (S-Flag-Streptavidin binding peptide)-
and Myc-tagged RADI18 plasmids were gifts from Dr Jun
Huang (Zhejiang University). Full-length and truncations
of SART3 were PCR amplified and cloned into pEGFP-
C3 (Clontech) or pCMV5-Flag to generate GFP- or Flag-
tagged fusion proteins. Full-length and truncations of Polr
were amplified and cloned into p2xFlag-CMV-14 (Sigma)
or pEGFP-C3 vector.

Anti-Flag M2 agarose affinity gel, mouse monoclonal
antibody against Flag and BrdU for labeling ssDNA
were purchased from Sigma (St. Louis, MO, USA). An-
tibody against BrdU was from BD science. Antibodies
against RADI18 for western blotting, SART3 and RPA32
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were from Abcam. Anti-RADI18 antibody for immunoflu-
orescence was purchased from Bethyl Laboratories. An-
tibodies against CPD was from Cosmo Bio Co (Tokyo,
Japan). Monoclonal antibodies against PCNA (PC10) and
GFP (FL) were from Santa Cruz Biotechnology. Antibody
against USP1 was from Cell Signaling Technology. Alexa
Fluor-555-labeled goat anti-mouse-IgG was from Invitro-
gen.

Cell culture and reagents

Human U20S and 293T cells were obtained from the Amer-
ican Type Culture Collection (Rockville, MD, USA). SV40-
transformed MRC5 (Poln normal) and XP30RO (Poln-
deficient) cells were kindly provided by Dr Alan Lehmann.
RADIS8 knockout 293T cell lines were prepared through
TALEN as described (18). All cells were treated with my-
coplasma removal agent (MPbio) and cultured in DMEM
medium supplemented with 10% fetal bovine serum (FBS)
at 37°C in the presence of 5% CO; if not specified. For tran-
sient transfection experiments, cells were transfected with
indicated constructs using VigoFect (Vigorous Biotechnol-
ogy Beijing Co., Ltd, China) following the manufacturer’s
protocol. Forty-eight hours later, transfected cells were col-
lected for further experiments.

For RNAI experiments cells were transfected with siR-
NAs purchased from GenePharma (Shanghai, China) us-
ing RNAIMAX (Invitrogen) according to manufacturer’s
instruction, and analyzed 72 h later. The gene-specific tar-
get sequences were as follows: SART3 (3’ UTR-1) (GGAG
ACAGGAAATGCCTTA), SART3 (3’ UTR-2) (GATG
TGGTGTCCTGAGATA), SART3 (CDS) (GCUGAGAA
GAAAGCGUUAA) and POLH (CAGCCAAATGCCCA
TTCGCAA). The negative control (siNC) sequence (UU
CUCCGAACGUGUCACGU) was also obtained from
GenePharma. Unless otherwise specified, SART3-3" UTR-
2 was used as the representative siRNA against SART3 in
all experiments. Western blots were used to validate knock-
down efficiency of theses siRNAs. For focus formation as-
say, cells were further transfected with GFP-Poln 48 h later
after siRNA transfection.

Co-immunoprecipitation and western blotting

HEK293T cells were transfected with Flag-SART3 and
GFP-Poln or Flag-Poln and GFP-SART3. Forty-eight
hours later, the cells were harvested and lysed with HEPES
buffer (50 mM HEPES pH 7.5, 150 mM NaCl, ImM
EDTA, 1 mM EGTA, 10% glycerol, 1% Triton X-100, 25
mM NaF, 10 uM ZnCl,). The whole cell lysates were im-
munoprecipitated with anti-Flag M2 agarose in the pres-
ence or absence of RNase A, ethidium bromide (EB), as in-
dicated. For mapping the regions within SART3 responsi-
ble for its interaction with Polm and RAD1S8, GFP-tagged
wild-type (WT) and a series of truncated SART3 were
co-transfected with Flag-Poln or SFB-RADI18 (SFB: S-
Flag-Streptavidin binding peptide) in HEK293T cells for
co-immunoprecipitation experiments. The immunoprecip-
itated products were separated by SDS-PAGE and detected
by immunoblotting with indicated antibodies. For isolation
of chromatin-fractions, U20S cells were treated with UVC
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(15 J/m?), and the triton-insoluble fractions were harvested
as previously described (16).

Mutation frequency

Mutation frequencies were measured using the supF shut-
tle vector system as described previously (28), which is used
to measure TLS activity in mammalian cells. HEK293T
cells were transfected with siNC or SART3 siRNAs twice.
Forty-eight hours after the first transfection, cells were
transfected with UVC-irradiated (400 J/m?> UVC) pSP189
reporter plasmid. 48 h later, pSP189 plasmid from 293T
cells was extracted by using a DNA miniprep kit (Tiangen,
China) and the purified plasmid was digested with Dpnl
followed by transformation into the MBM7070 bacterial
strain. The transformed MBM7070 cells were cultured on
Luria-Bertani plates with 200 puM IPTG, 100 pg/ml X-gal
and 100 pwg/ml ampicillin. The mutation frequency in the
supF coding region was calculated by the ratio of white
(mutant) and blue (WT) colonies. The pSP189 plasmid and
MBM?7070 strain were gifts from Dr M. Seidman (29).

Micronucleus

Micronucleus assay was performed as described (20,30).
Briefly, U20S cells transfected with siNC or siSART3 were
irradiated with UVC (3 J/m?) followed by incubating with
6 wg/ml Cytochalasin B in complete medium for 48 h. The
cells were trypsinized and washed with PBS once, further
treated with 0.075 M KCl for 20 min. Cells were centrifuged
to remove most hypotonic buffer and stained with 0.01%
acridine orange. Cells with two nuclei were counted to cal-
culate the micronuclei rate.

Immunofluorescence (IF)

IF was performed as described (16,18). Briefly, cells were
seeded on cover glasses and irradiated with UVC. The cells
were permeabilized with 0.5% Triton X-100 for 5-30 min
before being fixed in 4% paraformaldehyde. The samples
were then blocked with 5% donkey serum (for RADIS
staining) or 5% FBS and 1% goat serum (for RPA32 stain-
ing) for 30 min. The cells were next incubated with indicated
antibodies for 45 min followed by incubation with Alexa
Fluor 568 goat anti-mouse (Invitrogen, Molecular Probes)
for 45 min. The cells were later counterstained with DAPI
and images were acquired with a Leica DM5000 (Leica)
equipped with HCX PL S-APO 63 x 1.3 oil CS immersion
objective (Leica) and processed with Adobe Photoshop 7.0.

For quantitative analysis of UV-induced Poln focus for-
mation, U20S cells transfected with GFP-Polm were treated
with 15 J/m? UVC and fixed with 4% paraformaldehyde 10
h later as previously described. GFP-Poln-expressing cells
with more than 30 Polr foci were counted as GFP-Poln foci
positive cells. More than 200 cells were analyzed for each
treatment.

Detection of un-replicated CPDs in UV-treated cells

Detection of CPDs in single-stranded DNA templates was
performed as previously described (31-33). Briefly, cells cul-
tured on coverslips were treated with 0 or 10 J/m?> UVC.

Four hours later, cells were permeabilized with 1% Tri-
ton X-100 in PBS for 2 min, followed by fixation with 2%
formaldehyde in 0.5% Triton X-100/PBS for 15 min at room
temperature. Un-bypassed CPDs in non-denatured DNA
were detected by using primary mouse monoclonal anti-
bodies against it (TDM?2, CosmoBio). Cells were subse-
quently incubated with Alexa Flour 568 goat anti-mouse
(Invitrogen, Molecular Probes) and stained with DAPI. To
check the UV-induced CPDs, cells were further treated with
2 M HCl for 10 min to denature DNA after fixation. Images
were obtained using a fluorescence microscope.

Immunofluorescent detection of ssDNA

Cells were seeded on glass coverslips to reach a confluence
of about 50% the next day. BrdU (Sigma) (10 wM) was
added to the cells and incubated for 48 h. Cells were then ir-
radiated with 20 J/m? UVC. Two hours later, the cells were
permeabilized with solution buffer (20 mM HEPES pH 7.4,
50 mM NacCl, 300 mM sucrose, 3 mM MgCl,, 0.5% Tri-
ton X-100) for 5 min at room temperature, followed by fix-
ation in 4% paraformaldehyde for 10 min. SSDNAs were
identified in non-denatured DNA with primary antibod-
ies against BrdU (BD). To check the BrdU incorporation
efficiency, cells were further treated with 2 M HCI for 10
min after fixation. Images were analyzed by fluorescent mi-
Croscopy.

RESULTS

SARTS3 interacts with Poly and regulates Poly) focus forma-
tion after UV radiation

To determine the mechanism of regulation of Polm in re-
sponse to UV irradiation, we transfected 2xFlag-Polr in
HEK?293T and performed immunopurification as described
(34). The protein samples at the indicated region on a
SDS-PAGE gel were digested and analyzed with liquid
chromatography-tandem mass spectrometry (Supplemen-
tary Figure S1) (34). The analysis identified several po-
tential Polrrinteracting proteins, including SART3, which
is a factor implicated in pre-mRNA splicing and gene ex-
pression. The association of GFP-Poln with Flag-SART?3
was confirmed by co-immunoprecipitation (co-IP) (Figure
1A). Given that the C-terminus of SART3 has two RNA-
recognition motifs (RRM1 and RRM2), which can rec-
ognize and bind RNA, we examined whether RNA is re-
quired for the interaction between SART3 and Poln. Cell
lysates were treated with RNase A prior to co-IP. The re-
sult showed that RNase A treatment had no apparent ef-
fect on the association between Flag-SART3 and GFP-Poly
(Figure 1B). We further observed that the binding between
Flag-Poln and GFP-SART3 was not affected after treat-
ment of cell lysates with ethidium bromide (EtBr), which is
known to disrupt protein—-DNA interactions (Figure 1C).
These results exclude the possibility that the association be-
tween SART3 and Poln is mediated via DNA or RNA. Ad-
ditionally, we found that Flag-Poln could also precipitate
endogenous SART3 (Figure 1D). Intriguingly, their asso-
ciation manifested a dynamic change after UV treatment,
namely, the level of interaction between the two proteins in-
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Figure 1. SART3 interacts with Polr and regulates Polr focus formation after UV radiation. (A) SART3 interacts with Poln. Flag-SART3 and GFP-Poln
were co-transfected into 293T cells. The cell lysates were immunoprecipitated with anti-Flag agarose M2 beads and detected with antibodies against GFP
and Flag. The input included 2.5% of the cell lysate used. (B) The interaction between Flag-SART3 and GFP-Poly is independent of RNA. 293T cells were
co-transfected with Flag-SART3 and GFP-Polv. The cell lysates were immunoprecipitated using anti-Flag M2 agarose beads in the presence of RNase A
(100 ng/pl). (C) The interaction between SART3 and Polr is not mediated by DNA. 293T cells were transfected with Flag-Polm and GFP-SART3. The
cell lysates were immunoprecipitated in the presence of EtBr (200 pg/ml) and detected using anti-GFP or anti-Flag antibody. (D) The interaction between
Flag-Polm and SART3 after UV irradiation. 293T cells were transfected with Flag-Polv. Forty-eight hours later, the cells were irradiated with 15 J/m?
UVC and further incubated. At the indicated time points, the cells were harvested for immunoprecipitation. Levels of relative SART3 were analyzed by
western blot and quantified using Image J. Data represent means from three independent experiments. (E and F) SART3 depletion decreases GFP-Polr
focus formation after UV irradiation. U20S cells transfected with siSART3-3" UTR or siNC were further co-transfected with Flag-SART3 and GFP-Poln.
(E) Cells were treated with 15 J/m? UVC, and repaired for 10 h. The proportion of GFP-Poln cells with more than 30 foci were measured, and at least 200
cells were counted. Data represent means £ SEM from three independent experiments. Statistical analyses were performed using a two-tailed Student’s
t-test. (F) The cell pellets were harvested 72 h later, and lysed by RIPA buffer. The expression of Flag-SART3 was detected with anti-Flag antibody. The
blot was stripped and re-immunoblotted with a SART3 antibody. Tubulin: loading control.
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creased at 4 h and decreased to background at 8 h after UV
treatment (Figure 1D).

Given that Poln plays an important role in UV-induced
TLS, to uncover the significance of SART3 binding to Poln
in vivo, we examined whether SART3 depletion impairs
Poln focus formation after UV irradiation. SART3 in U20S
cells was depleted by siRNA directed to its 3’ UTR. The
knockdown cells were transfected with GFP-Poln, followed
by UVC (15 J/m?) treatment and incubated for 10 h. We
noted that the proportion of GFP-Polm foci-positive cells
in the SART3-depleted group (39.3%) was significantly de-
creased compared to non-targeting siRNA (siNC)-treated
control (55.2%) (Figure 1E). To exclude the possibility that
the reduced Polm focus formation results from siRNA off-
target effect, we also co-transfected Flag-SART3 and GFP-
Poln into the SART3-depleted U20S cells and checked its
Polm focus formation. We found that expression of Flag-
SART?3 (57.3%) could rescue the reduced Polr focus for-
mation in SART3-depleted cells to the siNC-treated con-
trol level (55.2%) (Figure 1E and F). This result indicates
that SART3 is required for optimal Poln association with
stalled replication forks following UV exposure.

SART3 depletion impairs UV-induced PCNA-mUb and
RAD18 focus formation

It is well-established that PCNA-mUb plays an impor-
tant role in the recruitment of Y-family TLS polymerases
to stalled replication factories after replication stress. We
then determined whether the reduced Polm focus forma-
tion caused by SART3 depletion is due to an impaired for-
mation of PCNA-mUDb after UV irradiation. To test that,
we first tried to establish SART3 knockout cells using the
CRISPR /Cas9 method, but were unsuccessful, hinting that
SART3 might be important for cell survival. We then gen-
erated U20S stable cells expressing either GFP-SART3
or GFP vector (GFP) by lentivirus infection (Figure 2A).
The expression levels of exogenous and endogenous SART3
were comparable in the U20S stable cells expressing GFP-
SARTS3. The cells were transfected with two independent
siSART?3 oligos targeting SART3 3’ UTR regions followed
by UVC treatment. The triton-insoluble fractions were col-
lected and analyzed by immunoblotting. We noticed that
depletion of endogenous SART3 in GFP stably expressing
cells led to a dramatically decrease in PCNA-mUDb at 4 h af-
ter UV irradiation, compared to siNC control (Figure 2B).
Similarly, SART3 ablation with two different siRNA oli-
gos targeting its 3’ UTR or CDS regions, attenuated the
UV-inducible level of PCNA-mUb (Supplementary Figure
S2A). In contrast, depletion of endogenous SART3 in GFP-
SARTS3 stably expressing cells manifested no obvious effect
on PCNA-mUb, supporting that the reduced PCNA-mUb
observed in SART3-depleted cells results from knockdown
of SART3 (Figure 2C). Moreover, U20S cells stably over-
expressing GFP-SART3 showed more efficient formation of
PCNA-mUDb than GFP-expressing cells (Figure 2D).
Given that the level of PCNA-mUDb is negatively regu-
lated by the USP1 deubiquitinase (15), we compared the
levels of USP1 in SART3-depleted and control U20S cells
under the presence and absence of UV radiation. SART3
depletion did not cause appreciable alterations in USP1 ex-

pression (Figure 2C), excluding the possibility that the com-
promised PCNA-mUDb formation in SART3-depleted cells
is caused by upregulation of USP1.

The level of PCNA-mUD is also positively regulated by
the RAD18-RADG6 ubiquitin ligase complex. We first com-
pared the level of RADI18 in the control and SART3-
depleted cells and found that SART3 depletion had no ob-
vious effect on RADI18 expression (Figure 2C). Consider-
ing that PCNA-mUDb occurs in a chromatin context, we
further analyzed whether SART3 regulates the chromatin
association of RADIS. Interestingly, the result showed
that depletion of SART3 reduced the level of chromatin-
associated RAD18 (Figure 2C), while expressing siRNA-
resistant GFP-SART3 could rescue this reduction. We also
wanted to know whether SARTS3 is required for RAD18 fo-
cus formation after UV irradiation. IF results showed that
depletion of SART3 in GFP but not GFP-SART?3 express-
ing cells led to a dramatic decrease in the RAD18 focus for-
mation at 4 h after UV treatment (Figure 2E-F). These re-
sults indicated that the reduced formation of PCNA-mUb
observed in SART3-depleted cells after UV treatment re-
sults from impaired RAD18 accumulation at stalled repli-
cation forks.

To rule out the possibility that SART3 depletion reduces
Poln focus formation through downregulation of Poly, we
knocked down the endogenous SART3 in U20S cells sta-
bly expressing GFP-SART3 or GFP and examined the pro-
tein level of Polm with or without UVC treatment (Fig-
ure 2G). No apparent reduction in Polr level was noted
after SART3 depletion. In addition, SART3 ablation at-
tenuated UV-inducible PCNA-mUb in MRCS5 cells as well
as in XP30RO (Polm-deficient) cells (Supplementary Fig-
ure S2B), suggesting that SART3 regulates formation of
PCNA-mUBb in a Poly-independent pathway.

Collectively, these results indicate that SART3 regulates
UV-induced Poln focus formation through RADI8 and
PCNA-mUb-dependent fashion.

SART3 regulates UV-induced RPA focus formation and
single-stranded DINA generation

As RADI18 is recruited to chromatin through its direct
interaction with RPA-coated ssDNA (35), we then tested
whether SART3 depletion impairs the chromatin associa-
tion of RPA. Endogenous SART3 in GFP or GFP-SART?3
expressing cells was depleted and RPA focus formation
as well as the extents of RPA binding to chromatin af-
ter UV exposure were compared. IF results showed that
UV-induced RPA32 focus formation was dramatically de-
creased in SART3-depleted cells (13.3%) relative to siNC
control (23.3%) (Figure 3A and B). Expression of siRNA-
resistant GFP-SART?3 was able to rescue the impaired RPA
focus formation (28.0%). Consistently, we found that de-
pletion of SART3 in GFP but not GFP-SART3 expressing
cells reduced the level of RPA32 on chromatin (Figure 3C),
while it had no effect on RPA32 expression (Figure 3C).
We also pulsed labeled SART3-depleted U20S cells with
EdU (10 wM) for 1 h followed by reaction with Alexa488-
azide. After checking the proportion of EAU positive cells
in siNC and siSART?3, we found that SART3 depletion also
impaired DNA replication (Supplementary Figure S3A).
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h. (E) Representative images of cells stained with DAPI or antibody against RAD18 after UV irradiation. The cells were permeabilized with 0.5% Triton
X-100 for 5min and fixed, then immunostained with anti-RAD18 antibody and mounted with DAPI. (F) Western blots showed the knockdown efficiency
of siRNA in cells. (G) SART3 depletion exhibits no appreciable reduction in Polr levels. U20S cells stably expressing either GFP or GFP-SART3 were
transfected with siNC or siSART3. Seventy-two hours later, the cells were irradiated and further incubated. Then the cell pellets were lysed by RIPA buffer
and analyzed with indicated antibodies.
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Figure 3. SART3 regulates UV-induced RPA focus formation and single-stranded DNA generation. (A and B) SART3 ablation attenuates RPA focus
formation after UV irradiation. U20S cells stably expressing either GFP or GFP-SART?3 were transfected with siNC or siSART3 and incubated for 72 h.
Then the cells were irradiated with 15 J/m?> UVC and further cultured. (A) Representative images of cells stained with DAPI or antibody against RPA32
after UV irradiation. The cells were permeabilized with 0.5% Triton X-100 for 30 min and fixed, immunostained with anti-RPA32 antibody and mounted
with DAPI. (B) Quantification of the percentage of cells with RPA32 foci. The proportion of cells with more than 10 RPA32 foci were measured, at least
200 cells were counted. Data represent means += SEM from three independent experiments. Western blots showed the knockdown efficiency in cells. (C)
Depletion of SART3 reduces the level of RPA32 on chromatin. U20S cells stably expressing either GFP or GFP-SART3 were transfected with siNC
or siSART3, and irradiated with 15 J/m? UVC, repaired for 4 h. The triton-insoluble fractions (TIF) and whole-cell lysates (WCL) were harvested and
analyzed with the indicated antibodies. (D and E) SART3 deficiency displays an obvious reduction in ssDNA formation. U20S cells stably expressing
either GFP or GFP-SART3 were transfected with siNC or siSART3 and incubated overnight, then the cells were labeled with 10 wM BrdU for 48 h,
followed by 20 J/m? UVC irradiation, further incubated for 2 h. The cells were permeabilized with 0.5% Triton X-100 for 5 min and fixed, immunostained
with anti-BrdU antibody. Representative images are shown (D). (E) The percentage of cells with more than 10 BrdU foci was quantified (at least 200 cells
were counted). Data represent means + SEM from three independent experiments. Western blots showed the knockdown efficiency of siRNA in cells.

RPA32 is known to be recruited to stalled replication DNA but not dsDNA was monitored by immunofluo-
forks through its avid affinity with ssDNA. We then checked rescence with an anti-BrdU antibody without denatura-
whether the compromised RPA32 chromatin loading in tion of DNA. The result revealed that, at 2 h post-UV,
SART3 knockdown cells results from impaired ssDNA gen- SART3-depleted cells exhibited a significant reduction in
eration after UV exposure. The cells were labeled with a UV-induced ssDNA formation (Figure 3D and E). The
thymidine analogue 5-bromo-2’'-deoxyuridine (BrdU) for percentage of BrdU-positive cells in SART3-depleted cells
48 h prior to UVC exposure. BrdU corresponding to ss- (24.3%) was remarkably reduced, compared with that in



siNC controls (34.5%). Moreover, exogenous expression of
SART?3 could rescue the ssDNA formation defect (34.5%)
(Figure 3D and E). We also performed a denatured im-
munofluorescence to show that the entire nuclear DNA was
more or less evenly labeled with BrdU (Supplementary Fig-
ure S3B). These results indicate that SART3 facilitates effi-
cient ssDNA generation after exposure to UV.

SARTS3 is required for optimal cellular response after UV
treatment

To further define the role of SART3 in UVC-induced TLS
pathway, we determined the ability of SART3-depleted
cells to bypass UV-induced CPD lesions as previously re-
ported. Analogous to Poln-depleted cells (27.4%), SART3
knockdown cells (21.9%) exhibited an obviously increased
CPD signal in ssDNA compared to siNC-treated control
cells (10.9%) (Figure 4A and B). In line with the result
that SART3 is required for optimal Polr focus formation
after UV treatment, expressing siSART3-resistant GFP-
SART?3 in SART3 knockdown cells reversed the CPD sig-
nal in ssDNA (13.1%) close to siNC level (Figure 4A and
B and Supplementary Figure S3C). Notably, equivalent
amounts of CPDs were detected in denatured DNA in these
cells (Supplementary Figure S3C). These results reveal that
SART3 is required for gap filling opposite genomic CPD
lesions.

Previous studies have shown that cells depleted of Polm
exhibit an elevated mutation frequency (3,36). Given that
depletion of SART3 abrogates Polm recruitment after UVC
exposure, we speculated that SART3 depletion may also
increase UV-induced genome mutagenesis. To test that, a
mutagenesis assay based on a UV-irradiated shuttle vector
pSP189 that carries a mutant supF suppressor tRNA33 was
performed (29). As expected, the normalized mutation fre-
quencies in SART3 depleted cells were elevated (1.87-fold
increase for siUTR-1, 1.79-fold increase for siUTR-2, as
compared to siNC control) (Figure 4C). We also noticed
that depletion of SART3 in U20S cells sensitized the cells to
UV killing, although the extent was less than that of deple-
tion of Polrm in GFP-expressed U20S cells (Figure 4D and
E). Moreover, the SART3 depletion-derived UV hypersen-
sitivity could be rescued by exogenously expressed siRNA-
resistant SART3 (Figure 4D). To further uncover the bi-
ological significance of SART3 in the cellular response to
UV irradiation, we also performed a micronucleus (MN)
assay. We found that knockdown of SART3 significantly
increased the proportion of cells with unperturbed MN
(13.4% vs 7.03%) or MN after UV exposure (21.4% ver-
sus 10.4%), which was completely rescued by exogenously
expressed siRNA-resistant SART3 (Figure 4F). These data
suggest that SART3 plays an important role in preventing
genomic instability in response to UV irradiation.

SART3 interacts with RAD18 and Polv, through its RRMs

To identify the domains in SART3 responsible for its in-
teraction with Polm, Flag-Poln and a series of GFP-SART?3
truncations (Figure 5A) were transiently co-transfected into
293T cells followed by co-IP. We found that peptides con-
taining RRMs (RNA recognition motifs) of SART3 associ-
ated with Polm (Figure 5B), indicating that the HAT domain
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does not appear to be the major interactor with Poln. We
also examined the interactions between SFB-SART3 and
GFP-Poln truncations (Figure 5C). We found that SART3
bound to the N terminus of Polm, which is distinct from the
Poln-RAD18 binding region (Figure 5D). Similar result was
obtained through a GST-SART3 pull down assay (Supple-
mentary Figure S4A).

Interestingly, we found that SART?3 also associated with
RADIS through a co-IP assay (Figure 5E), which was fur-
ther confirmed by showing that GST-SART3 bound to en-
dogenous RAD18 but not GST protein alone (Supplemen-
tary Figure S4B). To map the domain in SART3 required
for its interaction with RADI18, we co-transfected GFP-
SARTS3 truncations and SFB-RADI1S into 293T followed
by co-IP. Intriguingly, the RRMs in SART3 also bound with
SFB-RADI18 (Figure 5F), suggesting that SART3 binds
both RAD18 and Polr through the same domain.

SART3 promotes RAD18/Poly association through its ho-
modimerization

Since RADI18 can associate with Poln (12), it was nec-
essary to rule out the possibility that the interaction be-
tween SART3 and Polm is mediated by RAD18. To do this,
we transfected Flag-Poln into WT or RADI18 knockout
293T cells (18) followed by co-IP experiments (Figure 6A).
The result showed that the association between Flag-Poln
and endogenous SART3 were comparable in these two cell
lines, indicating that RAD18 is not necessary for the in-
teraction. Meanwhile, Flag-Poln precipitated endogenous
RADIS as well (Figure 6A). We then determined whether
Polm mediates the interaction between RAD18 and SART3
by transfecting SFB-RADI18 into MRCS5 and XP30RO
(Polm-deficient) cells followed by a co-IP assay. We found
that SFB-RADIS8 still associated with SART3 in the ab-
sence of Poln (Figure 6B). To further support this result,
we generated a GFP-RAD18 mutant lacking the binding
domain for Polm (GFP-RAD18-APID). We found that al-
though GFP-RADI18-APID failed to interact with Flag-
Poln (Supplementary Figure S4C), it still bound to Flag-
SARTS3 (Supplementary Figure S4D, lane 5). These results
suggest that SART3 interacts with both RAD18 and Poln
independently.

Given that SART3 interacts with Poln and RADI8
through the same RRMs and the coiled-coil domain is one
of the principal subunit oligomerization motifs in proteins
(37), we wondered whether SART3 can interact with it-
self through its coiled-coil domain, then promote Poln and
RADIS8 association through forming a complex. To test
this hypothesis, we first co-transfected 293T cells with GFP-
SART3 and Flag-SART?3 followed by immunoprecipitation
with anti-Flag antibodies. The result showed that GFP-
SART3 but not GFP-SART3-ACC (deletion of the coiled-
coil domain) could be efficiently co-precipitated (Figure
6C). To further confirm that, 293T cells transfected with
Flag-SART?3 were treated with different concentrations of
a crosslinking reagent. We found that Flag-SART3 could
form homodimers in vivo, which was not affected by UVC
exposure (Figure 6D). These data indicate that SART3 can
form homodimer mediated via its coiled-coil domain.
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Figure 4. SARTS3 is required for optimal cellular response after UV treatment. (A and B) SART3 deficiency exhibits significantly increased levels of CPD
lesions. U20S cells stably expressing either GFP or GFP-SART3 were transfected with siNC or siSART3, siPolr. 72 h later, the cells were irradiated with
10 J/m? UVC, further incubated for 2 h. Then the cells were permeabilized and fixed, immunostained with anti-CPD antibody and mounted with DAPI.
(A) Data represent means = SEM from three independent experiments. More than 200 cells were counted. (B) Knockdown efficiency was checked by
immunoblotting. (C) SART3 ablation increases U V-induced mutation frequency. 293T cells were transfected with siNC or siRNAs of SART3 twice. Forty-
eight hours after the first transfection, cells were transfected with UVC-irradiated (400 J/m?) pSP189 reporter plasmids. 48 h later, pSP189 plasmids
were extracted from 293T cells and digested with Dpn1, followed by transformed into the MBM 7070 bacterial strain for mutation frequency analysis. Data
represent means + SEM from three independent experiments. Statistical analyses were performed using a two-tailed Student’s 7-test. Knockdown efficiency
was confirmed by immunoblotting. (D and E) The depletion of SART3 exhibits hypersensitivity to UV irradiation. Cell survival assays in SART3-depleted
or Poln-depleted cells after UV exposure. SINC, siSART?3 or siPoln transfected cells were irradiated with indicated dosage of UVC, which were permitted
to grow for 14 days before being counted. (D) Experiments were performed in triplicate. Error bars represent standard error. (E) Knockdown efficiency
was confirmed by immunoblotting. (F) Percentage of cells containing one or more micronuclei in SART3 knockdown cells significantly increases under
both basal and UV irradiation conditions. U20S cells stably expressing either GFP or GFP-SART3 were transfected with siNC or siSART3, followed by
3 J/m? UVC exposure or not, then further incubated with 6 pg/ml CB for 48 h. Cells with micronuclei were counted. Data represent means + SEM from
three independent experiments.
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Figure 6. SART3 promotes RAD18/Polr association through its homodimerization. (A) The binding of SART3 to Polr is independent of RAD18. WT or
RADI18 knockout 293T cells were transfected with Flag-Poln. Co-IP was performed using Flag M2 beads, and checked using indicated antibodies. (B) Poln
is dispensable for the association between endogenous SART3 with SFB-RAD18. MRCS5 and XP30RO cells were transfected with SFB-RAD18 (SFB:
S-Flag-Streptavidin binding peptide) followed by an immunoprecipitation with Flag M2 beads. The immunoprecipitates were checked with the indicated
antibodies. (C) The self-assembly of SART3 depends on its coiled-coil domain. 293T cells were co-transfected with GFP-SART3 or GFP-SART3-ACC
(deletion of coiled-coil domain, residues 559-620) and Flag-SART?3, co-IP was performed using Flag M2 beads. Western blot analysis was performed as
indicated. (D) Flag-SART3 forms homodimers in vivo. 293T cells were transfected with Flag-SART3, and left untreated or treated with 20 J/m?> UVC,
repaired for 2 h. Then the cells were crosslinked with the indicated concentrations of DSS at room temperature for 20 min. The crosslinking reaction was
quenched by the addition of 1M Tris (pH 8.0) to 100 mM final concentration for 20 min and sonicated at 4 °C in a water bath sonicator. The products were
separated by 3-8% Tris-Acetate Protein Gels along with the HiMark Pre-Stained Protein Standard molecular mass marker followed by immunoblotting
with an anti-Flag antibody. Tubulin: loading control. (E) SART3 is essential for the binding of RADI8 to Poln. 293T cells were transfected with siNC
or siSART3, followed by transfection with Flag-Polv. 48 h after transfection, co-IP was performed using Flag M2 beads, and detected with indicated
antibodies. NS: non-specific band. (F) SART3 homo-dimerization enhances RAD18/Poly association. The indicated plasmids were transfected into 293T
cells, co-IP was performed using Flag M2 beads and analyzed with indicated antibodies. (G) SART3 homodimerization elevates the level of PCNA-mUb.
U208 cells were transfected with the indicated plasmids, irradiated with 15 J/m? UVC, further cultured. The triton-insoluble fractions (TIF) and whole-cell
lysates (WCL) were harvested and checked with indicated antibodies.



We then determined whether SART3 enhances the associ-
ation between Polmand RAD18. We found that depletion of
SARTS3 in 293T cells significantly impaired the interaction
between Flag-Poln and endogenous RADI18 (Figure 6E).
In addition, overexpression of GFP-SART3, which could
form homodimers, enhanced the interaction between Flag-
Poln and RADI18 (Figure 6F). In contrast, overexpression
of GFP-SART3-ACC showed no stimulatory effect (Fig-
ure 6F), although it still localized in the nucleus (Supple-
mentary Figure S4E). Considering that Poly/RADI18 in-
teraction plays a key role in targeting RADIS8 to PCNA
and promoting formation of PCNA-mUb at stalled replica-
tion forks (17), we isolated the chromatin fractions to exam-
ine whether SART3 homodimerization is vital for PCNA-
mUD as well. As shown in Figure 6G, the overexpression of
GFP-SARTS3, instead of GFP or GFP-SART3-ACC, pro-
motes formation of PCNA-mUDb. Notably, GFP-SART3-
ACC manifested a dramatically reduced chromatin associ-
ation (Figure 6G).

Cancer-associated SART3 mutants affect TLS

Given that TLS is important for genome stability and
cancer progression, we wondered whether SART3 mu-
tants identified in patients affect the TLS process. SART3-
V591IM (Valine591 is mutated to Methionine) is a SART3
missense mutation found in a Chinese pedigree with dis-
seminated superficial actinic porokeratosis (DSAP) (38).
When complemented into SART3-depleted cells, both WT
and SART3-V591M were able to restore Polm focus forma-
tion and PCNA-mUDb formation in SART3 depleted cells
(Supplementary Figure S5A-C), suggesting that SART3-
V591M does not lose its ability to activate TLS. Through
exploring the cBioPortal database (http://www.cbioportal.
org/index.do) (39,40), several missense mutations with re-
peated incidence in SART3 coiled-coil and RRM domains
were identified in multiple cancers, including melanoma,
cervical squamous cell carcinoma and breast cancer (Fig-
ure 7A, Table 1). We first constructed several GFP-SART3
mutants in which the target amino acids were mutated into
alanine (K614A, R742A and R836A) and transfected them
into U20S cells. In contrast to WT and SART3-V591M,
K614A and R836A mutants were less efficient in promot-
ing PCNA-mUDb formation (Figure 7B), while R742A mu-
tation did not obviously compromise SART?3 ability to stim-
ulate PCNA-mUDb formation (Figure 7B). Then we gener-
ated several mutants as are the cases in patients, including
K614N, K614R and R836W. We found that they displayed
lower efficiency in promoting PCNA-mUb formation than
that of WT (Figure 7C). We found that the mutations at
K614 (K614N, K614R and K614A) did not impair SART3
homodimerization (Supplementary Figure S6A). However,
K614N, K614R and R836W mutations significantly com-
promised SARTS3 ability to stimulate RAD18/Poln associ-
ation (Supplementary Figure S6B). We further found that
K614N, K614R and R836W mutations also impaired the
ability of SART3 binding to chromatin after UV irradia-
tion (Supplementary Figure S6C), indicating that SART3
chromatin binding is likely a prerequisite for its effect on
RAD18/Polr association. We also noticed that mutation
of R580I did not impair SART3 homodimerization as well
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as its chromatin association (Supplementary Figures S6D
and S6E). Taken together, the ability to promote PCNA-
mUDb formation after UV was impaired in several SART3
missense mutants of coiled-coil and RRMs domains, hint-
ing that the dysfunction of SART3 mutants in promot-
ing RAD18/Poln association and activating TLS may con-
tribute to genome instability and cancer progression. No-
tably, taking all the SART3 coding mutations into com-
parison, we found that the mutation burden of cancer pa-
tients with SART3 mutants was higher than those with WT
SART3 (Supplementary Figure S7).

DISCUSSION

Polm/RADI18 physical interaction plays very important
roles in TLS regulation. On one hand, RADI18 can guide
Poln to stalled replication sites (12), and on the other hand,
Polm has been shown to bridge RAD18 and PCNA to pro-
mote efficient PCNA-mUDb formation after DNA damage
(17). Therefore, it seems that RADI8 and Poln play mu-
tually dependent roles in TLS pathway activation through
their association. Given their interaction confers cellular re-
sistance to UV killing and regulates genome mutagenesis
(17,41). It is necessary to explore how Poln/RADI1S inter-
action is regulated in vivo.

SART?3 was previously regarded as a pre-mRNA splic-
ing factor, which can promote the formation of the U4/U6
di-snRNP to regulate pre-mRNA splicing and gene ex-
pression (42-44). In this study, we have provided several
lines of evidence to show that SART3 is a critical regula-
tor of Polm/RADIS8 interaction and PCNA-mUb forma-
tion in response to UV damage. First, SART3 physically in-
teracts with Polmand RAD18. Second, depletion of SART3
significantly impairs UV-induced Poln and RADI18 focus
formation. Third, SART3 depletion remarkably decreases
PCNA-mUb and RPA focus formation after UV irradia-
tion. Fourth, cells depleted of SART3 displays a defective
TLS efficiency, an increased genome instability and hyper-
sensitivity in response UV treatment. Finally, SART3 pro-
motes Poln/RADI8 association through its dimerization.
Notably, the novel role of SART3 in TLS is independent
of its RNA binding activity. Hence, our data suggest that
SARTS3 not only promotes the generation of ssDNAs at
stalled replication forks to facilitate RPA focus formation,
but also promotes Poln/RADIS association, which syner-
gistically enhances PCNA-mUDb and Poln focus formation
after UV irradiation, modulating TLS process (Figure 7D).

The TLS pathway is known to be efficiently triggered by
replication stress, which leads to uncoupling of replicative
polymerase and helicase activities, and generating stretches
of ssDNA (45). However, how ssDNA generation is regu-
lated remains largely unclear. Here, we found that SART3
regulates ssSDNA generation after UV irradiation. Consid-
ering that SART3 can function as a histone chaperone to
associate with USP15 for the H2B deubiquitination (46),
while the absence of H2BK 123 ubiquitination (H2Bubl) in
yeast leads to an ‘open’ chromatin structure (47), it is plau-
sible that SART3 might modulate ssDNA generation by
regulating chromatin dynamics. In support of it, H2Bub1-
deficiency cells accumulate unrepaired DNA lesions and/or
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Figure 7. Cancer-associated SART3 mutants affect TLS. (A) Schematic representation of SART3 mutants with repeated incidence found in tumor samples.
(B) Two SART3 mutants exhibit lower efficiency in promoting PCNA-mUb. U20S cells were transfected with a series of GFP-SART3 mutants (targeted
amino acids were mutated into alanine), then the cells were treated with 15 J/m? UVC and incubated for 4 h. The triton-insoluble fractions (TIF) and
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PCNA-mUb were quantified using Imagel. (C) Several SART3 mutants with repeated incidence from cancer patients manifest impaired PCNA-mUb
formation as compared to that of WT. U20S cells were transfected with a series of GFP-SART3 mutants (found in patients), then treated with 15 J/m?
UVC and further cultured. The triton-insoluble fractions (TIF) and whole-cell lysates (WCL) were harvested and separated by SDS-PAGE. Levels of
PCNA and PCNA-mUDb were quantified using Image J. (D) The working model of how SART3 regulates TLS after UV irradiation. SART3 functions
in TLS at dual mode. On the one hand, SART?3 facilitates ssDNA generation followed by promoting RPA and RADI18 recruitment. On the other hand,
SART3 enhances RAD18/Polr interaction via its homodimerization, which synergistically promotes PCNA-mUb formation, modulating TLS.

Table 1. SART3 missense mutations recurrently identified in cancer patients

Sample ID Cancer Study AA change Chr Position Ref Var Location
TCGA-JW-A5VL-01 Cervical K614N chrl2 1.09E+08 C G CC
TCGA-HU-A4HB-01 Stomach K614R chrl2 1.09E+08 T C CC
TCGA-AN-A046-01 Breast R5801 chrl2 1.09E+08 C A cC
TCGA-AX-A0J0-01 Uterine R5801 chrl2 1.09E+08 C A CC
coadread_dfci_2016_3523 Colorectal R742C chrl2 1.09E+08 G A RRMI1
TCGA-AA-A010-01 Colorectal R742H chrl2 1.09E+08 C T RRMI
DLBCL-Ls1899 DLBCL R836W chrl2 1.09E+08 G A RRM2
TCGA-FW-A3R5-06 Melanoma R836W chrl2 1.09E+08 G A RRM2

replication intermediates enriched with RPA foci indicative RADI8/Polr interaction. Moreover, based on the fact that

of ssDNA gaps (48).

We found that SART3 could form homodimers in vivo,
which is consistent with a recent report (49). In addition,
we noticed that SART3 interacts with both RADI1§ and
Polm. Interestingly, we found that depletion of SART3 at-
tenuates the association of RAD18 with Poly, indicating
that, through dimerization, SART3 is required for enhanced

K614N and K614R mutations compromised SART3 abil-
ities in chromatin binding and in promoting RADI18§/Poln
association but not in SART3 dimerization, it is likely that
SART?3 chromatin binding is a prerequisite for its stimu-
latory effect on RADI18/Polr association. This mode of
regulation of SART3 on RADI18/Poly interaction is dis-
tinct from that of Cdc7, which was reported to function via



phosphorylation of RAD18 (23). Moreover, unlike SART?3,
Cdc7 depletion has no effect on PCNA-mUDb formation.

SARTS3 has been implicated as a candidate gene in DSAP,
which is an uncommon autosomal dominant chronic disor-
der of keratinization and develops on sun-exposed areas of
skin (38). We found that V591M mutation does not affect
UV-induced PCNA-mUb and Polm focus formation, sug-
gesting that the potential DSAP-causing mutation does not
function through regulation of TLS to contribute to this dis-
ease. We also found that several SART3 missense mutations
in SART3 coiled-coil and RRMs with repeated incidence
detected in cancer patients impair their ability to promote
UV-induced PCNA-mUD formation. Notably, the mutation
burden of cancer patients harboring SART3 coding muta-
tions was higher than patients with WT SART3, hinting
that other Poln-independent error-prone DDR pathways
might be responsible for it.

In conclusion, our work identified a novel role of SART3
in TLS regulation. Interestingly, SART3 was found upreg-
ulated in cisplatin resistant ovarian cancer cell lines com-
pared with the parental cell lines (P = 0.007 and 0.04,
respectively) in two datasets (GSE45553 and GSE43694).
Given that Polm can protect tumor cells from cisplatin treat-
ment (50), the function of SART3 in these tumor cells
might also contribute to cisplatin chemoresistance. Addi-
tional studies of the functions of SART3 in DDR should
yield a greater insight into its role in governing genome sta-
bility.
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