Published online 11 June 2015

Nucleic Acids Research, 2015, Vol. 43, No. 13 6321-6333
doi: 10.1093/narlgkv592

SERBP1 affects homologous recombination-mediated
DNA repair by regulation of CtIP translation during S

phase

Jang-Won Ahn'-', Sunjik Kim"’, Wooju Na', Su-Jin Baek?3, Jeong-Hwan Kim?,
Keehong Min', Jeonghun Yeom*®, Hoyun Kwak®, Sunjoo Jeong®, Cheolju Lee*?,

Seon-Young Kim?3 and Cheol Yong Choi'”

'Department of Biological Sciences, Sungkyunkwan University, Suwon 440-746, Republic of Korea, 2Human
Genomics Research Center, KRIBB, Daejeon 305-806, Republic of Korea, 3Department of Functional Genomics,
University of Science of Technology, Daejeon 305-350, Republic of Korea, “Center for Theragnosis, Korea Institute of
Science and Technology, Seoul 136-791, Republic of Korea, *Department of Biological Chemistry, University of
Science and Technology, Daejeon 305-333, Republic of Korea and ®Department of Molecular Biology, Dankook

University, Yongin 448-701, Republic of Korea

Received December 14, 2014; Revised May 13, 2015; Accepted May 24, 2015

ABSTRACT

DNA double-strand breaks (DSBs) are the most se-
vere type of DNA damage and are primarily repaired
by non-homologous end joining (NHEJ) and ho-
mologous recombination (HR) in the G1 and S/G2
phase, respectively. Although CtBP-interacting pro-
tein (CtIP) is crucial in DNA end resection dur-
ing HR following DSBs, little is known about how
CtIP levels increase in an S phase-specific manner.
Here, we show that Serpine mRNA binding protein 1
(SERBP1) regulates CtIP expression at the transla-
tional level in S phase. In response to camptothecin-
mediated DNA DSBs, CHK1 and RPA2 phosphoryla-
tion, which are hallmarks of HR activation, was abro-
gated in SERBP1-depleted cells. We identified CtIP
mRNA as a binding target of SERBP1 using RNA
immunoprecipitation-coupled RNA sequencing, and
confirmed SERBP1 binding to CtIP mRNA in S phase.
SERBP1 depletion resulted in reduction of polysome-
associated CtIP mRNA and concomitant loss of CtIP
expression in S phase. These effects were reversed
by reconstituting cells with wild-type SERBP1, but
not by SERBP1 ARGG, an RNA binding defective
mutant, suggesting regulation of CtIP translation by
SERBP1 association with CtIP mRNA. These results
indicate that SERBP1 affects HR-mediated DNA re-
pair in response to DNA DSBs by regulation of CtIP
translation in S phase.

INTRODUCTION

DNA double strand breaks (DSBs) are the most serious le-
sion that can occur, since a single DSB can cause cell death if
not repaired properly. Cells have developed elaborate mech-
anisms to cope with DSBs, in which DNA damage is rec-
ognized and repaired by the sequential action of damage
sensors, signal transducers and effector molecules (1). DNA
damage regulators are recruited to the site of DNA damage
in an orchestrated fashion leading to a DNA damage re-
sponse (DDR) such as cell cycle arrest, DNA repair, tran-
scription activation and apoptosis, depending on cellular
physiological status (2,3).

Different types of DNA repair pathways are activated de-
pending on the cell cycle. In the G1 phase, DSBs are quickly
repaired by non-homologous end joining (NHEJ). NHEJ is
an error-prone solution, since the two DNA broken ends are
ligated without dependence on a homologous template (4—
6). In the presence of the sister chromatid in the S/G2 phase,
DSBs are repaired by error-free homologous recombination
(HR) in which the damaged DNA strand is replaced by us-
ing the sister chromatid as a template for second strand syn-
thesis (7,8). Pathway choice is controlled by signaling cas-
cades at the molecular level. In the G1 phase, RIF1 is re-
cruited to the site of DNA damage for 53BP1 phospho-
rylation. This prevents DNA end resection and promotes
NHEJ. In the S/G2 phase, CtIP becomes phosphorylated
by CDK and associates with BRCA1. These proteins dis-
place RIF1 and 53BP1, and recruit the MRN complex to
initiate DNA end resection (9-14).

DNA end resection refers to the generation of 3’ over-
hang single strand DNA tails from the blunt ends of DNA
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DSBs and is a critical step for HR-mediated DNA re-
pair. CtIP is a central regulator of HR-mediated DNA re-
pair in the S/G2 phase since endonuclease activity is re-
quired to produce short overhangs, followed by further re-
section by Exol and Dna2 nuclease to extend the short over-
hangs (15-19). Following DNA end resection, the single
strand-binding protein RPA2 is phosphorylated in an ATR-
and CHK1-dependent manner. Phosphorylated RPA?2 rec-
ognizes and binds to end-resected DNA, and is then re-
placed by Rad51 which forms nucleoprotein filaments and
is involved in the search for homology and strand pair-
ing with homologous DNA molecules (20,21). Therefore,
CtIP-derived DNA end resection is a critical step for HR-
mediated DNA repair. Consistent with the cell cycle-specific
role of CtIP in HR, CtIP expression increases markedly dur-
ing S phase. At the boundary of G1/S, CtIP expression is
enhanced and regulated by the E2F/RB pathway (22) which
is a main regulator for transcriptional activation of S phase-
specific genes.

Serpine mRNA binding protein 1 (SERBP1) was iden-
tified as a binding protein to the 3’ region of the mRNA
encoding plasminogen activator inhibitor (PAI) type I, sug-
gesting regulation of PAT mRNA stability (23). Although
there is little evidence for a functional relationship, amino
acid sequence homology suggests that SERBP1 is a member
of the HABP4 family which has the hyaluronan binding do-
main and an RNA binding motifin common. SERBP1 does
not contain RNA recognition motif (RRM) or K homol-
ogy (KH) domain, but has an arginine-glycine (RG)-rich
and arginine-glycine-glycine (RGG) box for target mRNA
binding (24). SERBPI interacting proteins were identi-
fied using the yeast two-hybrid system. Interestingly, al-
though SERBP1 predominantly localizes to the cytoplasm,
a number of nuclear proteins, such as CHD3, Daxx, Topors
and PIASy, were identified as SERBP1-interacting proteins
(25,26). SERBP1 has been implicated in tumorigenicity and
resistance to anti-cancer drugs. Over-expression of SERBP1
has been observed in various cancers including acute lym-
phoblastic leukemia (27), breast cancer (28), ovarian car-
cinoma (29,30), glioblastoma (31) and squamous lung-cell
carcinoma (32). In the case of ovarian and non-small cell
lung cancer, SERBP1 over-expression was associated with
high grade tumor development (29) and high metastatic po-
tential (33), respectively. Furthermore, in various human
cancer cell lines, cells that overcome a cisplatin challenge to
become cisplatin resistant also expressed increased levels of
SERBP1 (34,35). Although a number of studies suggest that
SERBP1 may be involved in regulation of transcription,
RNA metabolism, cell proliferation and apoptosis, specific
cellular functions of SERBPI remain to be uncovered. In
particular, although SERBPI is an RNA binding protein
containing RNA binding motifs and interacts with other
RNA binding proteins in an RNA binding-dependent man-
ner in stress granules (36), little is known about the func-
tional target RNAs of SERBPI.

Since CtIP plays a critical role in HR-mediated DNA re-
pair, the increase of CtIP expression in S phase is important
in the choice of repair pathway and maintenance of chromo-
some integrity during S phase. Although CtIP transcription
was reported to be enhanced by the E2F/RB pathway at the
boundary of G1/S phase, transcriptional regulation is not

sufficient to explain the marked induction of CtIP protein
levels compared to the modest increase in CtIP mRNA lev-
els (22). Here, we show that SERBP1 binds to CtIP mRNA
and enhances CtIP expression at the translational level in
S phase. In SERBP1-depleted cells, levels of polysome-
associated CtIP mRNA were reduced and thereby CtIP ex-
pression was abrogated in S phase. Therefore, SERBP1 af-
fects HR-mediated DNA end resection, checkpoint acti-
vation, and DNA repair following camptothecin-induced
DNA DSBs by regulation of CtIP expression at the trans-
lational level.

MATERIALS AND METHODS
Plasmid construction

SERBP1 was constructed by RT-PCR from mRNAs pre-
pared from HCT116 cell extract. A DNA fragment encod-
ing SERBP1 was cloned into the pPCEFL-GST mammalian
expression vector. EGFP-SERBP1 WT was constructed by
insertion of DNA fragment encoding SERBPI into the
EcoRI/BamHI sites of pEGFP-C2. EGFP-SERBP1 AR
(deletion of 126-137), ARG (deletion of 163-184) and
ARGG (deletion of 343-359) mutants were generated us-
ing wild-type EGFP-SERBP1. All constructs were verified
by DNA sequencing. A cDNA fragment containing the 5'-,
3’-UTR and coding region of CtIP was prepared by RT-
PCR from mRNA and inserted into the Nhel and BamHI
sites of the pCI mammalian expression plasmid to generate
5'/3’UTR-CtIP. The expression plasmid 3’UTR-CtIP was
constructed with the same strategy with the SV40 poly(A)
sequences replaced by the CtIP 3'-UTR. To construct the
plasmid containing 5 UTR-CtIP and CtIP with no UTRs,
each corresponding cDNA fragment was inserted into the
Nhel and Xbal sites of the pCI plasmid. In these plasmids,
the SV40 poly(A) sequences are utilized for CtIP expres-
sion.

Antibodies and other materials

Rabbit anti-phospho-Chk1 (pS345, #2341), anti-phospho-
Chk2 (pT68, #2661), anti-H2AX (#2595), anti-Chkl
(#2360), anti-Chk2 (#3440), anti-UBCI13 (#4919S) and
mouse anti-Cyclin E (#4129) were purchased from Cell
Signaling Technology. Rabbit anti-CtIP (A300—488A) and
anti-phospho-RPA2 (p4/p8, A300-245A) were purchased
from Bethyl Laboratories. Mouse anti-phospho-H2AX (05-
636) and anti-RPA2 (04-1481) were purchased from Milli-
pore. Mouse anti-Actin (ab8227), anti-RADS52 (ab18264)
and anti-RAD54B (ab137584) were purchased from Ab-
cam, and anti-green fluorescent protein (GFP; 632381)
was purchased from Clontech Laboratories. Anti-RADS51
(sc-8349) and anti-XRCC2 (sc-5895) were purchased from
Santa Cruz Biotechnology. Rabbit anti-SERBP1 antibody
was raised against a peptide containing the SERBP1 se-
quence (186-SRGKREFDRHSGSDRS-202).

Cell culture, and cell lines expressing GST-SERBP1 or GFP-
SERBP1

U20S and HeLa cells were grown in Dulbecco’s modi-
fied Eagle’s medium, supplemented with 10% fetal bovine



serum. U20S cells were pre-synchronized at Gl phase
by serum-starvation for 48 h. This was followed by in-
cubation with 0.4 pg/ml aphidicolin for 20 h. Alterna-
tively, U20S cells were synchronized at early S phase by
incubation with 1.6 wg/ml aphidicolin for 20 h. Dou-
ble strand breaks in S phase were induced by treatment
with 1 wM of CPT for 2 h. To generate cell lines stably
expressing GST-SERBP1, EGFP-SERBP1 WT and dele-
tion mutants, expression plasmids encoding GST-SERBP1,
siRNA-resistant EGFP-SERBP1I WT and deletion mu-
tants were transfected into HeLa cells and U20S cells,
respectively, and transfected cells were selected on G418-
containing media for 2 weeks. The selected clones were
maintained on 600 wg/ml of Geneticin (Gibco). Stable ex-
pression was regularly monitored by immunoblotting with
anti-SERBP1 and anti-GFP antibodies.

RT-qPCR

TRIzol (Invitrogen) was used to extract RNA. Reverse tran-
scription was performed according to the manufacturer’s
protocol (iIQ SYBR® Green Supermix, Bio-Rad Labo-
ratories). PCR primers for detecting CtIP mRNA were
S'-AGATCGGTTAAGAGCAGGCTT-3' (sense) and 5'-
GATTCTGCTGCCGGATATTT-3 (antisense), and actin
mRNA were 5-ACC- GAGCGCGGCTACAG-3' (sense)
and 5-CTTAATGTCACGCACGATTTCC-3 (antisense).
Real-time quantitative PCR (qPCR) analysis was per-
formed using CFX96 Real-Time PCR Systems (Bio-Rad
Laboratories).

Immunoblotting

Immunoblotting was performed as previously described
(37). Total cell extracts were prepared by scraping cells
in Laemmli buffer (0.8% SDS, 4% glycerol, 280 mM B-
mercaptoethanol, 25 mM Tris—HCI, pH 6.8). Proteins were
resolved by SDS-PAGE, transferred onto PVDF mem-
branes (Millipore) and probed using the appropriate pri-
mary and secondary antibodies coupled to horseradish
peroxidase (HRP; Dako-Pierce). Detection was performed
with the ECL western blotting detection reagent (Thermo).

Colony forming assays

Forty-eight hours after siRNA transfection, cells were re-
plated and exposed to camptothecin for 1 h. Subsequently,
cells were incubated for an additional 14 days at 37°C to
allow colony formation. Colonies were stained with 0.5%
crystal violet/20% ethanol and counted. Results were nor-
malized to plating efficiencies.

Immunocytochemistry

U20S cells were transfected with the appropriate siRNA.
Twenty-four hours after transfection, cells were treated
with CPT 1 uM for 1-2 h before being fixed with 4%
paraformaldehyde for 5 min and incubated with the appro-
priate antibody. Fluorescence microscopy was conducted
with a Zeiss Axioskop 2 microscope; excitation wavelengths
of 543 nm (rhodamine red) and 488 nm (GFP) were used.
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The acquired images were processed with Adobe Photo-
shop. For RPA immunofluorescence, permeabilization was
performed prior to fixation in pre-extraction buffer (10 mM
PIPES pH 7.0, 100 mM NaCl, 300 mM sucrose, 3 mM
MgCls, 0.5% Triton-X100) for 10 min at room temperature.
Samples were then blocked in 5% bovine serum albumin
and immunostained with the appropriate primary and sec-
ondary antibodies. Secondary antibodies coupled to Alex-
aFluor 488 and 594 were purchased from Molecular Probes.

Homologous recombination (HR) assays

A HeLa cell line containing an HR reporter (HeLa-DR-
GFP) was used. One day after siRNA transfection, HeLa-
DR-GFP cells were co-transfected with an I-Scel express-
ing vector (pCBA-I- Scel). After 48 h, cells were collected
and subjected to FACS analysis to determine HR efficiency.
Cells that were dually positive for GFP were measured for
all siRNA or treatments, background was subtracted and
the final results were normalized to control siRNA.

Immunoprecipitation of RNP complex (RIP) and RNA se-
quencing

For immunoprecipitation (IP) of endogenous RNP com-
plexes from whole-cell extracts, cells were lysed in 20 mM
Tris—HCl at pH 7.5, 100 mM KCI, 5 mM MgCl,, and 0.5%
NP-40 for 10 min on ice and centrifuged at 10 000 x g for 15
min at 4°C. The supernatants were incubated with protein
A-Sepharose beads coated with anti-SERBP1 antibody or
anti-GFP antibody or control IgG (Santa Cruz Biotechnol-
ogy) for 1 h at 4°C. After the beads were washed with NT2
buffer (50 mM Tris—HCl at pH 7.5, 150 mM NaCl, 1 mM
MgCl,, and 0.05% NP-40), the complexes were incubated
with 20 U of RNase-free DNase I (15 min at 37°C) and
further incubated with 0.1% SDS/0.5 mg/ml Proteinase K
(15 min at 55°C) to remove DNA and proteins, respec-
tively. The RNP isolated from IP was further assessed by
RT-qPCR analysis. RIP for RNA sequencing of endoge-
nous targets of GST-SERBPI1 in the S phase was performed
using the HeLa-GST-SERBPI stable cell line and GST-
coated beads. Asynchronous HeLLa-GST-SERBP1 cells and
double thymidine-blocked, S phase-arrested HeLa-GST-
SERBPI cells were lysed, and pull-down was performed
using GST-coated beads. RNA from the two RIP samples
(asynchronous and S phase) were converted to cDNA li-
braries according to the Illumina TruSeq RNA SamplePrep
Guide. The HeLa-GST-SERBP1 cell RIP-seq libraries were
sequenced in 2 x 100 bp using the Illumina HiSeq-2000
platform. Then, S phase-specific SERBP1 target mRNAs
were identified by comparing the asynchronous sample with
the S phase-arrested sample (Supplementary Table S1). Tar-
get mRNAs enriched in S phase were classified by using the
DAVID ontology system to obtain HR related genes (Sup-
plementary Table S2).

Polysome profile analysis

U208 cells (5 x 10° per sample) at ~80% confluence were
incubated for 15 min in 0.1 mg/ml cycloheximide, then
lifted by scraping in 1 ml PEB lysis buffer (0.3 M NaCl, 15
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mM MgCl,, 15 mM Tris-HCI, pH 7.6, 1% Triton X-100,
1 mg/ml heparin, and 0.1 mg/ml cycloheximide) and lysed
on ice for 10 min. Nuclei were pelleted (10 000 x g, 10 min)
and the resulting supernatant was fractionated through a
10-50% linear sucrose gradient. After centrifugation (Beck-
man SW55, 38 000 rpm, 120 min, 4°C), the material was
fractionated into 0.5 ml fractions. TRIzol LS (Invitrogen)
was used to isolate RNA from each fraction, and half of the
RNA isolated from each fraction was used for RT-qPCR.

In vivo labeling of CtIP

U20S cells were mock-depleted or SERBP1-depleted and
transfected with the CtIP expression plasmid containing
the 5'- and 3’-UTR along with GFP expression plasmid as
a negative control. Transfected cells were synchronized at
S phase by treatment with aphidicolin, followed by a 24
h incubation in culture media containing **S-methionine
and 3°S-cysteine. Cell lysates were immunoprecipitated with
anti-CtIP and anti-GFP antibodies, and the proteins were
resolved in 10% SDS-PAGE. Proteins were transferred to
PVDF membrane and the blots were exposed in a Phospho-
imager and utilized in immunoblotting using anti-CtIP and
anti-GFP antibodies.

RESULTS

SERBP1 is crucial in ATR-dependent double strand break
signaling

SERBP1 is over-expressed in various cancers including
ovarian cancer, breast cancer, non-small cell lung carci-
noma, glioblastoma and acute lymphoblastic leukemia (27—
31,33). SERBPI is associated with the stress response, since
it is a component of stress granules induced by hydrogen
peroxide (36). In addition, SERBPI is over-expressed in
cells exhibiting resistance to the anti-cancer drug cisplatin
(35). Therefore, we were curious whether SERBP1 is in-
volved in the DNA damage response induced by DNA
DSBs.

To investigate the functional relevance of SERBP1 in the
DDR, the viability of SERBP1 depleted cells was examined
upon exposure to DSB-inducing agents. SERBP1-depleted
HeLa cells were exposed to increasing doses of ionizing ra-
diation (IR) or the topoisomerase I inhibitor camptothecin
(CPT), and cell survival rates were measured by counting
the number of colonies. We found that SERBP1 depletion
rendered cells more sensitive to IR and CPT (Figure 1A and
B), suggesting that SERBP1 is involved in cellular responses
to DSBs. Administration of cells with CPT induces DSBs
only during S phase of the cell cycle, whereas ionizing radi-
ation induces DSBs throughout the cell cycle. In this study,
we addressed the role of SERBP1 in the cellular response to
CPT-mediated DNA DSB in S phase.

To determine the effects of SERBP1 depletion on the
DDR to CPT treatment at the molecular level, checkpoint
signaling including phosphorylation of CHK1, CHK?2 and
H2AX was examined by immunoblotting in SERBPI-
depleted cells. Interestingly, CHK1 phosphorylation was
significantly impaired in SERBP1-depleted cells following
CPT treatment (Figure 1C and D), whereas phosphoryla-
tion of CHK2 and H2AX were not affected (Figure 1C

and D), demonstrating that SERBPI is crucial for ATR-
dependent DSB signaling, and not for ATM-dependent
phosphorylation of H2AX and CHK2. Consistent with
DSBs induced during S phase being the major cytotoxic le-
sions caused by camptothecin, SERBP1 depletion did not
affect DNA damage-induced CHK1 phosphorylation in
cells arrested at early S phase by treatment with high doses
of the DNA-replication inhibitor aphidicolin (Figure 1D,
lanes 2 and 5). These data suggested that SERBP1 deple-
tion impairs cell survival when DSBs are generated during
S phase.

SERBP1 is involved in homologous recombination-mediated
DNA repair during S phase

DSBs are generated when replication forks encounter DNA
lesions, and are repaired by homologous recombination in
S phase. Defects in CHK1 activation by SERBP1 deple-
tion led us to examine if DNA end resection of DSBs oc-
curs by phosphorylation of RPA2, an upstream marker for
ATR-dependent CHK1 activation. Immunoblotting with
anti-phospho-RPA2 antibody following CPT treatment in-
dicated that DNA damage-induced phosphorylation of the
RPA2 subunit on Ser4 and Ser8 was markedly reduced
upon SERBP1 depletion (Figure 2A). Consistently, forma-
tion of DNA damage-induced RPA2 foci was defective in
cells where y-H2AX foci were normally detected at the
sites of DNA damage (Figure 2B). These data indicate that
SERBP1 depletion impairs RPA2 phosphorylation and foci
formation following CPT treatment. Next, the cellular re-
sponse to CPT-induced DNA damage was determined us-
ing the DR-GFP system, which consists of direct repeats
of mutated GFP (38), upon SERBP1 depletion. Consis-
tent with the defects in CHK1 and RPA2 activation upon
SERBP1 depletion, a chromosomal I-Scel-mediated gene
conversion assay indicated that the efficiency of HR was
markedly reduced to 42% of the control, comparable to the
effect of depleting CtIP as a positive control (19) (Figure
2C). From these data, we conclude that SERBP1 is involved
in RPA activation and HR-mediated DNA repair during S
phase.

SERBP1 RGG box is required for DNA end resection of
DSBs

Next, we determined which functional domain(s) of
SERBP1 regulates DNA end resection and HR. An expres-
sion plasmid encoding GFP-SERBP1 was mutated to be
resistant to knockdown by SERBP1 siRNA for reconsti-
tution experiments. This plasmid was further mutated to
delete the R-rich, RG-rich or RGG-box (Figure 3A, left
panel). To address the functions of the SERBP1 deletion
mutants, cell lines expressing each SERBP1 deletion mu-
tant were established. Expression of SERBP1 siRNA in
these cell lines caused depletion of endogenous SERBPI,
but not the chromosome-integrated GFP-SERBP1 dele-
tion mutants (Figure 3A, right panel). Localization of the
SERBPI deletion mutants was not altered by deletion of
each SERBP1 domain (Supplementary Figure S1). Ex-
pression levels of chromosome-integrated siRNA-resistant
GFP-SERBPI1 and deletion mutant proteins were similar to
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Figure 1. SERBPI is required for the ATR-dependent signaling pathway in response to CPT treatment. (A and B) SERBP1 depletion causes hypersensitivity
to ionizing radiation (IR) and camptothecin (CPT). SERBP1-depleted and mock-depleted HeLa cells were exposed to increasing doses of IR (A) or CPT
(B). Cell survival rates were determined by counting colony numbers. Data are presented as the mean & SEM. (C) SERBPI depletion results in impairment
of CHK1 phosphorylation upon CPT treatment. SERBP1-depleted and mock-depleted U20S cells were left untreated or treated with CPT, followed by
immunoblotting using the indicated antibodies. (D) SERBPI depletion does not affect aphidicolin-induced DNA damage and CHK 1 phosphorylation.
SERBPI-depleted and mock-depleted U20S cells were left untreated or treated either with CPT or aphidicolin, followed by immunoblotting using the

indicated antibodies.

the levels of endogenous SERBPI1, suggesting that the re-
constitution approach we took is physiologically relevant.
Immunostaining of cells indicated that RPA2 phosphory-
lation and RPA2 foci formation was impaired by SERBP1
depletion following CPT treatment. Reconstitution of cells
with wild-type SERBP1 restored RPA2 phosphorylation
and RPA2 foci formation. However, cells reconstituted
with GFP-SERBP1 ARGG, but not GFP-SERBP1 AR or
ARG, were defective in CPT-induced RPA phosphoryla-
tion and formation of RPA foci (Figure 3B and C). Sim-
ilar results were observed regarding CHK 1 phosphoryla-
tion (Supplementary Figure S2). We were able to rule out
off-target effects of the siRNA against SERBPI, since de-
fects in RPA2 phosphorylation by depletion of endogenous

SERBP1 was recovered by expression of siRINA-resistant
wild-type SERBPI1, but not by expression of the siRNA-
resistant SERBP1 ARGG mutant, which is an RNA bind-
ing defective mutant. To address the functional contri-
bution of SERBP1 RGG-box to cell survival upon CPT
treatment, endogenous SERBP1 was depleted in SERBP1
mutant-expressing cells, followed by CPT administration.
SERBPI depletion resulted in reduction of cell survival rate.
However, cells reconstituted with SERBP1 wild-type, AR,
or the ARG mutant showed a recovery in survival rate, but
not cells reconstituted with the SERBP1 ARGG mutant
(Figure 3D). Since the RGG box is an RNA binding motif,
the RNA-binding activity of SERBP1 is required for RPA2-
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Figure 2. SERBPI is involved in RPA activation and homologous recombination in response to CPT treatment. (A) SERBPI1 depletion results in impair-
ment of RPA2 phosphorylation. SERBP1-depleted and mock-depleted U20S cells were left untreated or treated with CPT, followed by immunoblotting
using the indicated antibodies. (B) SERBP1 depletion abrogates RPA2 foci formation, not y-H2AX foci formation. SERBP1-depleted and mock-depleted
U20S cells were left untreated or treated with CPT, followed by immunostaining using the indicated antibodies. The percentage of y-H2AX foci positive
cells with RPA2 foci is depicted on the right. Data are presented as the mean + SEM. (C) Defects in HR-mediated DNA repair by SERBP1 depletion.
HelLa cells containing direct repeat of mutated GFP (DR-GFP) were mock-depleted or depleted of SERBPI1, following induction of DSBs by transfection
of the I-Scel expression plasmid. The intensity of GFP fluorescence, an indicator of HR, was analyzed by FACS. HR efficiencies are depicted on the right.
Data are presented as the mean = SEM. Immunoblot indicates SERBP1 depletion in DR-GFP HeLa cells. All experiments were conducted in parallel

with CtIP depletion as a positive control of HR.

mediated DNA repair and regulation of cell survival upon
CPT treatment.

SERBP1 binds to CtIP mRNA and induces CtIP expression
during S phase

Since SERBP1 regulates DNA end resection through the
RGG box which contains RNA binding activity, we hypoth-
esized that SERBP1 affects DNA end resection by regula-
tion of factor(s) which participate in HR. To identify the
target mRNAs of SERBPI, RNA immunoprecipitation-
coupled RNA sequencing (RIP-Seq) was performed using

cytoplasmic lysates from asynchronous or S phase HeLa-
GST-SERBPI stable cell lines with glutathione beads. Us-
ing an RIP-Seq approach, we identified 6900 target mRNAs
of SERBP1 which show enhanced binding at S phase (Sup-
plementary Table S1). Gene ontology analyses of S phase-
enriched SERBPI target genes indicate that nine genes rel-
evant to HR were identified (Figure 4A and Supplementary
Table S2). We confirmed that SERBP1 binds to the mRNAs
of the HR-related genes by qPCR following immunopre-
cipitation of GFP-SERBP1 WT and ARGG mutant (Sup-
plementary Figure S3). Among the nine HR-related genes,
we focused on CtIP (CtBP-interacting protein) for further
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Figure 3. SERBP1 RGG-box is associated with RPA2 activation, RPA2 foci formation and cell survival in response to CPT treatment. (A) Establishment
of cell lines expressing GFP-SERBP1 deletion mutants. Schematics of SERBP1 deletion mutants (AR, aal26-137 deletion; ARG, aal63-184 deletion;
ARGG, aa343-359 deletion) are shown. U20S cells expressing GFP-SERBP1 deletion mutants were left undepleted or depleted of endogenous SERBP1,
followed by immunoblotting with anti-SERBP1 antibody. (B and C) Effects of SERBP1 deletion mutants on RPA2 phosphorylation and RPA2 foci
formation following CPT treatment. Parental U20S cells and U20S cells expressing GFP-SERBP1 deletion mutant were left undepleted or depleted
of endogenous SERBP1, followed by no treatment or CPT treatment, as indicated in the figure. Cells were either stained with anti-RPA2 and y-H2AX
antibodies (B) or subjected to immunoblotting using the indicated antibodies (C). DAPI indicates nuclear staining. (D) Cell survival rates upon expression
of SERBP1 deletion mutants in response to increasing doses of CPT treatment. Parental U20S cells and U20S cells expressing GFP-SERBP1 deletion
mutant were treated with increasing amounts of CPT. Cell survival rates were determined by counting colony numbers. Data are presented as the mean +

SEM.

study, since CtIP is a critical player in the regulation of
HR and the most upstream regulator of HR among the
nine targets identified. We performed experiments to con-
firm whether CtIP mRNA is a binding target of SERBPI.
As shown in Figure 4B, CtIP mRNA was enriched more
than eightfold in SERBP1 immunoprecipitation (IP) sam-
ples compared with control IgG IP samples. This enrich-
ment was enhanced in cells arrested at S phase by an
aphidicolin block (Figure 4C). In addition, binding to CtIP

mRNA was not observed with SERBP1 ARGG, indicat-
ing that SERBP1 binding to CtIP is mediated by the RGG-
box. These data indicate that SERBP1 associates with CtIP
mRNA in S phase.

Since the effects of SERBP1 depletion on RPA phos-
phorylation are similar to the effects of CtIP depletion, we
examined the effects of SERBP1 depletion on CtIP pro-
tein levels. To determine the effects of SERBPI1 depletion,
SERBPI depleted cells were arrested at G1 and S phase by
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Figure 4. Identification of CtIP mRNA as an SERBP1 binding target, and SERBP1 binding to CtIP mRNA in an S phase-specific manner. (A) SERBP1
RNA binding targets relevant to HR. List of SERBP1 binding targets relevant to HR, identified by RIP-seq analysis. (B) SERBP1 binding to CtIP mRNA.
U20S cell lysates were immunoprecipitated with control IgG or anti-SERBP1 antibody, followed by quantitation of associated CtIP mRNA using qPCR.
Data are presented as the mean == SEM. (C) SERBP1 binds to CtIP mRNA in S phase through the RGG box. Parental U20S cells and U20S cells expressing
wild-type GFP-SERBPI or the GFP-SERBP1 ARGG mutant were left untreated or treated with aphidicolin to arrest the cell cycle in S phase. U20S cells
expressing wild-type GFP-SERBP1 or the GFP-SERBP1 deletion mutants were depleted of endogenous SERBP1 before immunoprecipitation with anti-
GFP antibody. Cell lysates were prepared from these cells and immunoprecipitated with anti-GFP antibody, followed by quantitation of associated CtIP
mRNA using qPCR. Fold difference of SERBP1-associated CtIP mRNA abundance after normalization of input CtIP mRNA is depicted on the graph.

Data are presented as the mean + SEM.

exposure to serum starvation and aphidicolin treatment, re-
spectively, and cells were harvested at the indicated time
points after release from cell cycle arrest. Immunoblot-
ting indicated that CtIP protein levels were not induced
during S phase in SERBPI1 depleted cells, whereas CtIP
was induced during S phase in control cells (Figure 5A
and B). The reduction of CtIP expression was not due to
proteasomal degradation, since CtIP levels were not re-
covered by MG132 treatment (Figure 5C). Also, siRNA-
mediated depletion of SERBP1 did not alter cell-cycle dis-
tribution profiles (Supplementary Figure S4). Next, we ex-
amined whether CtIP expression is induced by SERBPI at
the transcriptional level and/or by regulation of mRNA sta-
bility. Quantitative real-time PCR (qPCR) indicated that

CtIP mRNA levels are not altered upon SERBP1 depletion,
suggesting that the reduced CtIP expression is not due to
changes in CtIP mRNA levels (Figure 5D). To determine
whether the reduction in CtIP levels upon SERBP1 deple-
tion is due to changes in mRNA stability, the CtIP mRNA
half-life (1 2) was analyzed following treatment of cells with
actinomycin D to inhibit de novo mRNA synthesis. CtIP
mRNA levels, normalized to GAPDH mRNA, were deter-
mined by RT-qPCR. CtIP mRNA stability was not affected
by SERBPI1 depletion (Figure SE). These data indicate that
SERBP1 does not affect the synthesis and stability of CtIP
mRNA.
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Figure 5. SERBP1 depletion results in loss of CtIP expression during S phase. (A and B) SERBP1 depletion results in loss of CtIP expression during S
phase. U20S cells were left undepleted or depleted of SERBP1 and subjected to serum starvation (SS) for 36 h (A) or treated with aphidicolin (Aph) to
arrest the cell cycle in S phase (B). U20S cell were released from cell cycle arrest and harvested at the indicated time points. Cell lysates were analyzed
by immunoblotting using the indicated antibodies. (C) Loss of CtIP expression by SERBP1 depletion is not due to proteasomal degradation. U20S cells
were left undepleted, depleted of SERBPI, or treated with MG132 for 1 h following SERBP1 depletion. Cell lysates were analyzed by immunoblotting
using the indicated antibodies. (D) CtIP mRNA levels are not altered by SERBP1 depletion. U20S cells were left undepleted or depleted of SERBP1. Cell
lysates were prepared and mRNA was isolated, followed by RT-PCR. The levels of mRNA were determined by electrophoresis on a 1% agarose gel. The
band intensities are depicted on the right. Data are presented as the mean + SEM. A and S indicates asynchronous and S phase, respectively. (E) CtIP
mRNA stability is not affected by SERBP1 depletion. U20S cells were left undepleted or depleted of SERBP1 and cells were treated with aphidicolin to
arrest the cell cycle in S phase. The cells were released from S phase by removing aphidicolin in the presence of actinomycin D to inhibit de novo synthesis
of CtIP mRNA. Cells were harvested at the indicated time points and the levels of CtIP mRNA were determined by qPCR following mRNA preparation
from cell lysates.

SERBP1 is required for CtIP translation during S phase

Next, we performed polysome profiling analysis to deter-
mine whether CtIP translation is affected by SERBP1. Cy-
toplasmic extracts from G1 and S phase cells were frac-
tionated through sucrose density gradient centrifugation,
with the lightest components sedimenting at the top (frac-
tions 1 and 2), the small (40S) and large (60S) ribosomal
subunits and monosomes (80S) in fractions 3-5, and pro-
gressively larger polysomes in fractions 6-10 as shown by
rRNA patterns (Figure 6A). Quantitation of CtIP mRNA
in each fraction indicated that actively translated CtIP mR-
NAs associated with polysome was decreased by SERBP1
depletion in S phase (Figure 6B), while translation of CtIP
mRNA in G1 phase was not affected (Figure 6A). These re-
sults indicate that basal level CtIP translation in G1 phase
is not affected by SERBP1 depletion, but translational in-
duction of CtIP in S phase is mediated by SERBP1. Con-
sistently, SERBP1 depletion at S phase caused a decrease
in CtIP levels which is dependent on the SERBP1 RGG
domain (Supplementary Figure S5), while SERBP1 deple-
tion in G1 phase did not affect basal CtIP levels (Figure
6D). To further confirm that SERBP1-mediated regulation
of CtIP translation is associated with SERBP1 binding to

CtIP mRNA, CtIP translation was determined with cell
lysates prepared from cells expressing the SERBP1 ARGG
mutant following endogenous SERBP1 depletion. Consis-
tent with the results from SERBP1 depletion, CtIP trans-
lation in S phase was not enhanced in cells expressing the
SERBP1 ARGG mutant (Figure 6C). Also consistently, the
SERBP1 ARGG mutant did not allow recovery of CtIP lev-
els following depletion of endogenous SERBP1 in S phase,
in contrast to wild-type SERBP1 (Figure 6E). Taken to-
gether, these findings indicate that SERBP1 binding to CtIP
mRNA through the RGG box is required for translational
induction of CtIP in S phase.

The CtIP 3'-UTR is required for SERBP1 regulation of CtIP
expression at the translational level during S phase

To determine which region of CtIP mRNA is required for
SERBPI1-mediated translational control, siRNA-resistant
CtIP expression plasmids containing the 5-UTR and/or 3'-
UTR were constructed (Figure 7A). siRNA-resistant CtIP
expression plasmids were transfected into U20S cells with
endogenous CtIP depleted using siRNA against CtIP, so
that expressed CtIP originates from the transfected CtIP



6330 Nucleic Acids Research, 2015, Vol. 43, No. 13
A 807 cpmRNA  —*siCon 80 71 ActinmRNA ~ —*—siCon
40S60S80S__ Polysomes - 4@ - siSB1 - -® - siSB1
FractonNo. 1 2 3 4 5 6 7 8 9 10 60 4 | Relative mMRNA 60 4 | Relative mMRNA
siCon J
G1
phase| i
siSB1
012 3 456 7 8 910 012 3 456 7 8 910
B Fraction number Fraction number
80 -~ —&—siCon 80 A " —e— siCon
40S60S80S__Polysomes CUPmMRNA - cise Actin mRNA & - sise1
FractionNo. 1 2 3 4 5 6 7 8 9 10 60 4 | Relative mRNA 60 { | Relative mRNA
siCon - - J \
s .
phase i
siSB1
01 2 3 456 7 8 910 01 2 3 456 7 8 910
c Fraction number Fraction number
80 —o— WThsisB1 80 7 5 . —&— WT + siSB1
40S60S80S_Polysomes CtIP mRNA m. ARGG + siSBA Actin mRNA ccagphes ErEen e e
FractonNo. 1 2 3 4 5 6 7 8 9 10 Relative mMRNA 60 4 [ Relative mRNA
GFP-SB1
+ siSB1
GFP-SB1
ARGG
+ siSB1
01 2 3 4546 7 8 910 01 2 3 4 5 6 7 8 910
Fraction number Fraction number
D E
= . 25 WT'\ ARGC'S\ 15
IS IS
S Q o © o3 9§ © 1
99909 c15 % <
z 222 5 IB: anti-CtiP  [S5 E*CHP =
IB: anti-CtIP [ s 8 s |« CtI P < 1 e GFP- <05
o il : SERBP1 &
Anti-SERBP1[w= e |« SERBP1 50'2 SIIESERCE e l<Endo- O
R ; SERBP1
Anti-Actin <Actin S S Anti-Actin e Actin S o SO
o 9 9 9 o 9 o 9

- e

WT  ARGG

Figure 6. SERBPI induces CtIP expression at the translational level in S phase. Graph and inset indicates% mRNA and relative mRNA, respectively. (A
and B) CtIP translation is induced by SERBP1 in the S phase, but not in the G1 phase. U20S cells were synchronized at the G1 (A) and S phase (B) by
serum starvation and aphidicolin treatment, respectively. The synchronized cells were left undepleted or depleted of SERBP1. Cell lysates were prepared
and subjected to polysome profiling. rRNA in each fraction was separated on a 1% agarose gel as depicted on the left. (C) Translational induction of
CtIP mRNA is mediated by the SERBP1 RGG-box. U20S cells expressing siRNA-resistant wild-type SERBP1 or SERBP1 ARGG were depleted of
endogenous SERBP1 and treated with aphidicolin to arrest the cell cycle in S phase. Cell lysates were prepared and subjected to polysome profiling. rRNA
in each fraction was separated on a 1% agarose gel as depicted on the left. (D) U20S cells were synchronized at the G1 and S phase by serum starvation and
aphidicolin treatment, respectively. The synchronized cells were left undepleted or depleted of SERBP1. Cell lysates were subjected to immunoblotting using
the indicated antibodies. The band intensities of CtIP to Actin are depicted on the right. (E) U20S cells expressing siRNA-resistant wild-type SERBP1
or SERBP1 ARGG were depleted of endogenous SERBPI1 and treated with aphidicolin to arrest the cell cycle in S phase. Cell lysates were subjected to
immunoblotting using the indicated antibodies. The band intensities of CtIP to Actin are depicted on the right. The asterisk indicates a nonspecific band.
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Figure 7. The CtIP 3’-UTR is required for SERBP1 binding and regulation of CtIP expression by SERBPI at the translational level during S phase.
(A) A schematic representation of the siRNA resistant CtIP expression plasmids, and summary of SERBP1 binding and regulation of CtIP by SERBPI.
Asterisks indicate point mutations which render expressed mRNA resistant to siRNA against CtIP. (B) CtIP depleted U20S cells were transfected with
each siRNA-resistant CtIP and GFP expression plasmids, and cells were arrested at G1 or S phase by incubation of cells with serum-free media for 48 h or
aphidicolin-containing media for 24 h, respectively. Cell lysates were analyzed by immunoblotting with the indicated antibodies. (C and D) CtIP-depleted
U20S cells were transfected with each siRNA-resistant CtIP and GFP expression plasmids, and cells were arrested at G1 phase (C) or S phase (D) in
the presence of control siRNA or siSERBP1. Cell lysates were analyzed by immunoblotting with the indicated antibodies. (E) A CtIP expression plasmid
containing both the 5'- and 3’-UTR was transfected into U20S cells along with the GFP expression plasmid, and cells were arrested at S phase in the
presence of control siRNA or siSERBPI. S phase cells were incubated with culture media containing 33S-methionine and 3°S-cysteine for 24 h. Cell lysates
were immunoprecipitated with anti-CtIP and anti-GFP, and the precipitated proteins were resolved in 10% SDS-PAGE followed by transfer to PVDF
membrane. The membrane blot was utilized to quantitate 33S-labeled CtIP and GFP using a phosphor-imager, and utilized in immunoblotting using anti-
CtIP and anti-GFP antibodies. (F) CtIP-depleted U20S cells expressing GFP-SERBP1 were transfected with CtIP expression plasmids containing the
5’-UTR and/or 3'-UTR followed by administration of aphidicolin for 24 h to arrest the cell cycle at S phase. Cell lysates were immunoprecipitated with
anti-GFP antibody followed by quantitation of associated CtIP mRNA using qPCR. Fold difference of SERBP1-associated CtIP mRNA abundance after
normalization of input CtIP mRNA is depicted on the graph. Data are presented as the mean & SEM.

expression plasmids. Comparison of CtIP expression indi-
cated that CtIP expression was induced at S phase when
CtIP expression plasmids containing the 3'-UTR (both
5'/3'UTR-CtIP and 3'UTR-CtIP) were transfected, but not
when plasmids without the 3’-UTR were transfected (Fig-
ure 7B). Furthermore, in SERBP1 depleted cells, CtIP ex-
pression was inhibited in the S phase, but not in the Gl
phase when CtIP expression plasmids containing the 3'-
UTR (both 5'/3'UTR-CtIP and 3'UTR-CtIP) were trans-
fected. This effect was not observed when CtIP expres-
sion plasmids without the 3’-UTR were transfected into
U20S cells (Figure 7C and D). Since CtIP expression from

the plasmid containing both the 5- and 3'-UTR mim-
ics endogenous CtIP expression, we confirmed SERBP1-
mediated translational control of CtIP expression using
33S-methionine/cysteine incorporation. U20S cells trans-
fected with the 5'- and 3’-UTR CtIP expression plas-
mid were synchronized at S phase and the levels of *S-
methionine/cysteine incorporated into de novo synthesized
CtIP were analyzed. Consistent with SERBP1-mediated
translational control, 33S-CtIP levels were markedly re-
duced by SERBPI depletion, but *3S-GFP levels were not
(Figure 7E), confirming translational regulation of CtIP by
SERBPI1. Next, we addressed whether SERBP1 binds to
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the 3’-UTR of CtIP mRNA. To test this, a set of CtIP ex-
pression plasmids containing the 5-UTR and/or 3’-UTR
were transfected into U20S cells expressing GFP-SERBP1,
and CtIP mRNAs bound to GFP-SERBP1 were analyzed.
Analysis using real-time qPCR indicated that CtIP mRNA
containing the 3'-UTR bound strongly to GFP-SERBP1
(Figure 7F). These results indicate that SERBP1 binds to
CtIP 3’-UTR to regulate expression of CtIP at the transla-
tional level during S phase.

DISCUSSION

Cells are continuously exposed to physical and/or chemi-
cal factors inducing DNA damage, thereby cellular DNA
undergoes various types of mutations. Cells have developed
elaborate repair mechanisms depending on the type of mu-
tations. DSBs, the most severe type of mutation, are re-
paired by NHEJ or HR depending on the cell cycle. Con-
sistent with the role of CtIP in HR, CtIP expression is en-
hanced in S phase. Induction of CtIP expression occurs
at the transcriptional level at the G1/S transition bound-
ary. E2F binding sites were found in the CtIP promoter
and phosphorylation of RB by CDK at the boundary of
G1/S transition results in increase of CtIP mRNA lev-
els in S phase (22). However, there is discrepancy between
CtIP mRNA and protein levels in Gl and S phase, in
which CtIP mRNA increases slightly at the G1/S bound-
ary while CtIP protein levels markedly increase during S
phase. These results suggest that other mechanisms may
be involved in regulating CtIP expression at the G1/S
transition in addition to transcriptional induction. In this
study, we demonstrate that CtIP expression is regulated at
the translational level by recruitment of SERBP1 to CtIP
mRNA. First, polysome profiling using sucrose density
gradient centrifugation indicated that polysome-associated
CtIP mRNA was increased in S phase (Figure 6A), sug-
gesting the translational induction of CtIP expression in
S phase. Second, depletion of SERBP1 markedly reduced
polysome-associated CtIP mRNA and resulted in reduction
of CtIP protein levels (Figure 6B and D). Third, reconstitu-
tion of siRNA-resistant wild-type SERBP1 restored CtIP
translation following endogenous SERBP1 depletion, while
SERBP1 ARGG, an RNA binding defective mutant, did
not (Figure 6C and E). Depletion of SERBP1 did not af-
fect the basal expression of CtIP in G1 phase, but induction
of CtIP expression in S phase was abrogated by SERBP1
depletion. Therefore, CtIP expression is regulated at both
the transcriptional and translational levels. This mechanism
ensures efficient upregulation of CtIP expression during S
phase. Regulation of CtIP expression at the translational
level may be advantageous to quickly adjust the protein lev-
els of CtIP depending on physiological requirements during
S phase.

Following the initial discovery of SERBPI as a PAI-
1 mRNA binding protein, binding partners of SERBP1
were identified by yeast two-hybrid screening and co-
immunoprecipitation approaches (25,26,39). However, lit-
tle is known of the targets of SERBPI as an RNA binding
protein and the physiological role of SERBPI under nor-
mal and DNA damage conditions. CtIP is the first target
of SERBP1-mediated translational control. In the absence

of SERBPI1, CtIP mRNA level was not altered, but CtIP
protein level was decreased, since CtIP translation induc-
tion was disrupted during S phase. Consistent with this re-
sult, SERBP1 depletion resulted in the same defects caused
by CtIP depletion, such as impairment of RPA2 phospho-
rylation and CHK1 activation during the cellular response
to camptothecin-induced DSBs. Determination of homol-
ogous recombination rate using the DR-GFP system indi-
cate that SERBP1 depletion reduced the rate of HR, com-
parable to the rate upon CtIP depletion. To our knowledge,
this is the first report that a component of HR-mediated
DNA repair is regulated at the translational level. During
the course of this study, we identified other HR-associated
genes as a potential SERBP1 targets (Figure 4A). We fo-
cused on the functional analysis of SERBP1 association
with CtIP mRNA since CtIP is the most upstream regula-
tory factor among the potential SERBP1 targets identified
in this study, and the physiological outcome of SERBP1 de-
pletion following DNA damage is similar to that of CtIP
depletion. It is possible that other HR-related genes are
also regulated by SERBP1 (Supplementary Figure S3B). In
support of this idea, screening of HR-mediators and sup-
pressors using the DR-GFP system indicated that proteins
for RNA post-transcriptional modification including RNA
processing and translation are most significantly enriched
and their components also produced a strong interaction
network, suggesting that regulation at the level of RNA may
be involved in the expression of HR-related genes (40,41).
Further elucidation of HR-related gene expression regula-
tion at the RNA processing and translational level may pro-
vide insight into another layer of complexity in the regula-
tory network of HR-mediated DNA repair and cell survival
strategy against DNA DSBs.
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