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Abstract

DNA single strand breaks (SSB) are the most common form of DNA damage, requiring repair
processes that to initiate must overcome chromatin barriers. The FACT complex comprised of the
SSRP1 and SPT16 proteins are important for maintaining chromatin integrity, with SSRP1 acting
as an histone H2A/H2B chaperone in chromatin disassembly during DNA transcription,
replication and repair. In this study, we show that SSRP1 but not SPT16 is critical for cell survival
after ionizing radiation or methyl methanesulfonate-induced single-strand DNA damage. SSRP1 is
recruited to SSB in PARP-dependent manner and retained at DNA damage sites by N-terminal
interactions with the DNA repair protein XRCC1. Mutational analyses showed how SSRP1
function is essential for chromatin decondensation and histone H2B exchange at sites of DNA
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strand breaks, which are both critical to prime chromatin for efficient SSB repair and cell survival.
By establishing how SSRP1 facilitates SSB repair, our findings provide a mechanistic rationale to
target SSRP1 as a general approach to selectively attack cancer cells.
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Introduction

DNA single strand breaks (SSBs) arise tens of thousands of times per cell per day, resulting
from environmental or endogenous agents such as reactive oxygen species (ROS).
Unrepaired SSBs in proliferating cells will most likely collapse DNA replication forks and
form DNA double strand breaks (DSBs), leading to genome instability (1). DSBs, the most
lethal type of DNA damage, are repaired by homologous recombination (HR) or non-
homologous end joining (NHEJ) in human cells. In non-proliferating cells, such as post-
mitotic neurons with high transcriptional demand, SSBs lead to stalled transcription and
trigger cell death (2). Most SSBs can be removed by global SSB repair (SSBR), which
includes four major steps: SSB recognition/detection, DNA end processing, gap filling, and
ligation (2). PARP1 recognizes SSBs and synthesizes poly-ADP-ribose (PAR), modifying
itself as well as other target proteins. PAR may help trigger the relaxation of chromatin
around SSBs, and promote the accumulation of X-ray repair cross-complementing protein 1
(XRCC1) and other SSBR proteins at the opened chromatin site (3,4). Targeting PARP
activation has been shown as an effective cancer therapeutic approach, meanwhile rational
combinations exploiting alternate mechanisms of defective DNA repair, imploring additional
functions of PARP, and identifying the optimal combination partner will present novel
opportunities for further treatment options for patients (5). XRCC1, a scaffold protein in
SSBR, also physically interacts with PARPs (PARP1 and PARP2), APEI, and other repair
factors, thereby organizing SSBR in cells in a temporal and spatial manner (6).

The DNA damage response in cells is referred to as the “Access/Prime-Repair-Restore”
process for successful repair (7). Access and restore require the disassembly and reassembly
of the chromatin structure around damage sites, which involves chromatin remodeling
factors and histone chaperones (8,9). The high-mobility group (HMG)-1-like structure-
specific recognition protein-1 (SSRP1) is one of the critical components of the Facilitate
Chromatin Transcription (FACT) complex together with suppressor of Ty homolog-16
(SPT16) (10), which also has been implicated in cancers (11,12). FACT is a histone
H2A/H2B chaperone that regulates chromatin dynamics during transcription (13),
replication (14,15) and DNA damage repair. FACT is known to mediate the turnover of
histone H2A/H2A. X, which is regulated by both the phosphorylation of H2A.X and the
ADP-ribosylation of SPT16 /n vitro (16). FACT promotes transcription restart by enhancing
histone H2A/H2B exchange at UV damage sites, driven by the larger component SPT16 but
not SSRP1 (17). SPT16 also remodels chromatin through interaction with RNF20 upon
DNA damage to promote HR (18). Although SSRP1 is not involved in histone exchange
upon UVC-induced damage (17), SSRP1 interacts with cisplatin-damaged DNA (19). In
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addition, SSRP1 depletion is associated with increased Rad51 foci, which indicates that
SSRP1 is necessary for efficient HR (20). It is not known whether SSRP1 also plays a direct
role in repairing the most frequent type of DNA damage, SSBs. In this study, we elucidated
the molecular pathways of if and how SSRP1 is involved in single strand break repair and
promotion of chromatin priming at damage sites so as to facilitate efficient SSBR. We show
that SSRP1 accumulates at SSBs in a PAR-dependent manner. How SSRP1 remains at
damage sites by interacting with XRCC1 is shown based on a ALFFSRI RIR motif mediated
interaction. Finally, the role of SSRP1 as a histone chaperone, priming the chromatin around
damage sites for successful SSBR thus will be a potential cancer treatment target is
discussed.

Experimental procedures

Plasmids, transfections, and chemicals

SSRP1, Histone H2B cDNAs, and the deletions were amplified using Xhol/Sall and Notl,
then subcloned into pEGFP-C1 (Clonetech). RFP-XRCC1, Flag-XRCC1, and the XRCC1
deletions were cloned previously (21). Cherry-H2B was purchased from Addgene. Plasmids
were transfected into cells using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. Olaparib (10 nM, Catalog No. A4154, APExBIO), ABT88 (10
nM, APEXxBio), and PJ34 (20 nM, Sigma) were used in imaging and immunoprecipitation
(IP) as well as for survival assays. MMS (129925-5G, Sigma) was used with the indicated
dose in survival assays. Bleocin (CALBIOCHEM, 5 pg/ul 1:1000) was used to induce
damage in HelLa cells.

Site-directed Mutagenesis

The N-terminal of XRCCI was subcloned from pEGFP-C1-XRCC1 into the plasmid of
pBlueScript KS (+) via Sal | and Kpn | digestion. Site-directed mutagenesis was performed
by polymerase chain reactions (PCR) with mutated pairs of primers and KOD hot start DNA
polymerase (71086-3, Novagen, MA, USA), using the subcloned pBS-SK-XRCC1 as the
template. After digestion with Dpn | (R0176S, NEB, USA), the mutated plasmids were
transformed into TOP10 competent cells and screened on plates with ampicillin.
Subsequently, the isolated plasmid DNA was sent to the Genomic Core Facilities of the
University of Pittsburgh for sequencing to further confirm the mutations. Finally, all three
mutated genes were transferred back onto the vector of pEGFP-C1 via Sal and Kpnl. The
mutation primers used are as follows, pBS-XRCC1-F67A-For: 5-
GGAATGATGGCTCAGCTGCCGTGGAGGTGCTGGCGGG-3; pBS-XRCC1-F67A-Rev:
5'-CCCGCCAGCACCTCCACGGCAGCTGAGCCATCATTCC-3" pBS-XRCC1-
FF191/192AA-For:5’-
CAACTCTCTGAGGCCGGGGGCTCTCycCgcCAGCCGGATCAACAAGACATCCCCAG
-3’; and pBS-XRCC1-FF191/192AA-Rev: 5'-
CTGGGGATGTCTTGTTGATCCGGCTGYcGgcGAGAGCCCCCGGCCTCAGAGAGTTG
-3’
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Cell lines and siRNA/shRNAs

U20S, Hela, and FLP-in-293 cells were purchased from ATCC in 2012. XPA-C2 and XPA-
UVDE Cells was originally derived in Dr. Akira Yasui’s lab in 2010, in which a foreign UV
damage endonuclease (UVDE) or a control vector was stably introduced into human
xeroderma pigmentosum group A (XPA)-deficient cells to make XPA-UVDE or XPA-C2
cells. In the described experiments, we cultured the cells stocked in Nitrogen liquid tank for
3-4 weeks. Number of passages are varying from 3-10. The cells lines were tested by
mycoplasma testing kit (AccuSEQ Thermo Fisher Scientific) to exclude the possibility of
mycoplasma contamination. All cell lines were cultured in Dulbecco’s modified e’s medium
(DMEM, Lonza) with 10% fetal bovine serum (Atlanta Biologicals) at 37°C and 5% CO2.
The siRNAs were transfected into HeLa cells using DharmaFECT1 (Thermo) in the colony-
forming assay. The SSRP1 siRNA (h) (SC-37877) (A: Sense:
GCAAGACCUUUGACUACAALt, Antisense: UUGUAGUCAAAGGUCUUGCIHt; B: Sense:
CGUUGACUCUGAACAUGAALt, Antisense: UUCAUGUUCAGAGUCAACGTt; C: Sense:
GGAUCCAAAUCCUCAUCUULt, Antisense: AAGAUGAGGAUUUGGAUCCTt) and
SPT16 siRNA (h) (SC-37875) (A: Sense: GAAGAGCACAUCAGAAAGALt, Antisense:
UCUUUCUGAUGUGCUCUUCTIt; B: Sense: GUCAUUGGGUAGUGAAGAALL,
Antisense: UUCUUCACUACCCAAUGACTt; C: Sense: GAUGGCUUCUGACAUCUUALt,
Antisense: UAAGAUGUCAGAAGCCAUCTt) were purchased from Santa Cruz
Biotechnology. sShRNAs of SSRP1 (human) (SHCLNG-NM_003146) were purchased from
Sigma Aldrich, including: shSSRP1-1, TRCN0000019271; shSSRP1-2, TRCN0000343894.
The shCitrl stably expressed the vector Plko.1 (Sigma mission).

Microscope and laser micro-irradiation

The Olympus FV/1000 confocal microscopy system (Olympus) and FV/1000 software were
used for image acquisition and analysis and described in a previous study (22). Damage was
induced with a 405 nm laser. The laser passed through a PLAON 60X oil lens. The output
power was 5 mW/scan. Cells transfected with GFP-tagged proteins were incubated at 37°C
on a thermos plate in normal media during observation. For the evaluation of accumulation
and kinetics, the mean intensity of each accumulated point or line was obtained after
subtraction and quantified by ImageJ.

XPA-UVDE system induced DNA SSBs after local UVC irradiation

XPA-UVDE and XPA-C2 cells were cultured in 35-mm glass-bottomed culture dishes (poly-
d-lysine coated; MatTek, Ashland, OR). Twenty-four hours after transfection, cell
monolayers were covered with a polycarbonate isopore membrane filter with 3 um diameter
pores (Millipore) and UV irradiated with a germicidal lamp (GL-10; Toshiba; predominantly
254-nm UV) at a dose of 100 J/m2. Cells were imaged before and after local UV light
exposure using Olympus confocal microscopy.

Colony formation assay

Approximately 350 HeLa cells were replated on 6-cm dishes 48 h after siRNA transfection.
For treatment with methyl methanesulfonate (MMS) (Sigma), cells were incubated in
DMEM (10% FBS) containing MMS for 9 days. For treatment with UVC light and ionizing
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radiation (IR), cells were washed and irradiated with the indicated dose 8 h after passaging.
Colonies were stained with 0.3% crystal violet/methanol and counted 9 days after
treatments. Each experiment was performed at least 3 times and the standard errors were
calculated and indicated in the graphs. Results were normalized for plating efficiencies.

Immunoprecipitation, immunofluorescence and Western blots

Two days after transfection, HEK-293T cells were washed once with pre-cooled PBS and
lysed on ice for 30 min in lysis buffer (10 mM Hepes, pH 7.6, 250 mM NacCl, 0.1% Nonidet
P-40, 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1:1000 protease inhibitor). For
immunoprecipitation, 2.4 ug anti-GFP monoclonal antibody (Roche) and 30 pl of protein G-
Sepharose beads (GE Healthcare Bio-Sciences) or 30 pl anti-FLAG M2 agarose from mouse
(Sigma A2220) were added to each lysate. Mixtures were incubated overnight at 4°C with
rotation; the supernatant was removed, and protein beads were washed three times using 0.5
m lysis buffer. Cells were fixed for immunofluorescence staining in PBS 3.7% formaldehyde
for 15 min and permeabilized with 0.2% Triton X-100 for 5 min at room temperature. After
being washed with PBS 3 times, cells were incubated in DMEM+0.02% Azide with the
appropriate primary antibodies, then incubated with Alexa-405/488/594 conjugated second
antibodies (Invitrogen). For Western blot analysis, samples were subjected to electrophoresis
in 8% or 10% SDS-polyacrylamide gels and immunoblotted using the polyclonal antibody
specific to anti-FLAG antibody, anti-GFP antibody, anti-cherry antibody, anti-SSRP1
antibody (PA 5-22186, rabbit, Thermo), or anti-SPT16 antibody (H-300, sc-28734, Santa
Cruz). Anti-mouse 1gG VeriBlot for IP secondary antibody (HRP) (ab131368, Abcam) was
used.

Histone exchange assay with FRAP

The FRAP assay was modified according to the previous method (17). SSRP1 KD cell lines
were transfected with GFP-tagged H2B. Twenty-four hours later, cells were imaged using
the Olympus microscope. After bleaching half of the cell nucleus with 10 scans of a 488 nm
laser, a 405 nm laser was used to induce point damage in the bleached half. Then, the
recovery of GFP fluorescence was traced immediately after damage was induced for 15 min.
Data was analyzed using Matlab. The damage sites were fitted with the elliptical Gaussian
function (due to the movement distortion). The background was defined as the average
background intensity per pixel. A is the peak of each Gaussian function in each frame. A is
linear to the highest intensity at damage sites after removal of the background signal. Amax
is the biggest A among 30 frames. Three independent experiments were performed. N>10
cells.

Quantification of chromatin compaction via fluorescence lifetime (FL) imaging microscopy

(FLIM)

For fluorescence lifetime imaging microscopy (FLIM) experiments, a Leica TCS SP5
inverted laser scanning confocal microscope and a 100x (1.4 NA) oil immersion objective
was used. Samples were excited with a Ti:sapphire mode-locked, pulsed infrared laser
(Chameleon, Coherent) system for the multiphoton excitation source (1 W, average) tuned to
825 nm with pulse-widths of <140 fs delivered at 90 MHz. For emission, a FLIM-specific
photomultiplier tube (PMT) was used and the spectrum from 404-536 nm was collected.
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Fluorescence lifetime data was acquired and analyzed using previously published methods
(23) with a suite of software from Becker & Hickl SPC-830 for time-correlated single
photon counting (TCSPC) with 10 ps resolution along with 220 time channels and a 10.8 ns
measurement window. The decay rate of the fluorescence lifetime can be modeled as an
exponential decay (Equation 1), where t is time, < is the lifetime and Iy is the number of
photons at t = 0, respectively. I(t) is the number of photons detected per unit time, t.

I(t)=Ie t/’T. The heat maps of the fluorescence lifetimes were created in Becker & Hickl
SPClmage software along with data analysis. For comparison of treatment conditions, we
segmented the nuclei in each field of view to isolate only nuclear pixel signals for data
analysis using MATLAB. We analyzed the fluorescence lifetime fits using a XZ test, with
DAPI best modeled by a single exponential decay. The average fluorescence lifetime was
calculated from all nuclear pixels. Magnitudes of the average fluorescence lifetimes for
segmented nuclei in each sample condition were compared using Student’s t-test. The
fluorescence lifetime at distinct DNA damage sites was determined by obtaining the
fluorescence lifetime values at corresponding DNA damage sites labeled for 53BP1
manually in the Becker & Hickl SPCImage software. The average fluorescence lifetime of
DNA damage sites in wild type (WT) and SSRP1 repressed cells was calculated and
compared using Student’s t-test.

Sample preparation for STORM imaging

For immunofluorescence staining, cells were fixed with 3.7% (v/v) formaldehyde for 12 min
at room temperature and permeabilized with 0.1% Triton X-100 for 10 min. After washed
with PBS, cells were incubated with anti-Cherry rabbit primary antibodies at a concentration
of 1:400 overnight at 4°C. The cells were washed three times with PBS and then Alexa 647-
conjugated donkey anti-rabbit secondary antibodies (Jackson ImmunoResearch, 121165) at a
concentration of 1;200 were added to the sample and incubated for 2 hours, protected from
light. Cells were washed with PBS again and stored in PBS before imaging. Prior to
STORM imaging, the 100 nm fluorescent nanospheres (F8803, Thermo Fisher Scientific)
were added to the petri-dish at a desired concentration to ensure 5-8 fiduciary markers in the
field of view used for drift correction. Immediately before STORM imaging, the PBS buffer
is switched to the STORM imaging buffer containing 50 mM Tris-HCI pH 8.0, 10 mM
NaCl, 0.14M B-mercaptoethanol, 10% w/v glucose, 0.56 mg/mL glucose oxidase and 0.17
mg/mL catalase.

STORM imaging

The STORM imaging is performed on our home-built fluorescence microscopy on an
Olympus 1X71 inverted microscope, equipment with 4 lasers including 405 nm (DL405-050,
Crystal aser), 488 nm (DL488-150, CrystalL aser), 561 nm (VFL-P-200-560-OEM1, MPB
Communications) and 642 nm laser (VFL-P-1000-642-OEM3, MPB Communications). The
laser beam is expanded by a 10X beam expander (T81-10X, Newport), focused onto the
back focal plane of a 100X, NA = 1.4 oil immersion objective (UPLSAPO 100XO,
Olympus) by an achromatic lens, and illuminates the sample. The emitted fluorescence is
collected by the objective, passing through the dichroic mirror (FF660-Di02, Semrock), a
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band-pass emission filter (ET700/75m, Chroma), and finally focused by the tube lens and a
0.5X C-mount adapter onto a SCMOS camera (pco.edge 4.2, PCO-Tech), corresponding to a
pixel size of 130 nm on the sample plane. A closed-loop piezo nanopositioner (Nano-F100S,
Mad City Labs) was used for drift correction by real-time adjustment of the axial position of
the objective. Data acquisition, laser intensity control and drift correction were all integrated
in our custom-designed software written in LabVIEW (National Instruments) and MATLAB
(MathWorks). During STORM imaging of biological cells, the 642 nm excitation laser was
used at a power density of 3kW/cm?2, and 30,000 frames were acquired at the exposure time
of 20 millisecond for each frame. The drift correction was performed using 488 nm
excitation laser at a power density of 75W/cm? for every 200 imaging frames. The image
was reconstructed using our custom-written software written in C that implements single-
molecule Gaussian function model (24).

SSRP1 is recruited to SSBs in a PAR-dependent manner

To investigate the role of FACT, we suppressed SSRP1 or SPT16 knock down cell lines with
stable expression of sShRNA for SSRP1 or SPT16 in HelLa cells. ShSSRP1 largely affected
cell shape and led to severe cell proliferation defects (Fig. 1A) and shSPT16 cells were not
viable. We then examined whether SSRP1 is recruited to sites of DNA strand breaks in
U20S cells in real time. We used laser micro-irradiation, which at low dosages (less than
100 ms) mainly induces DNA SSBs (25). Both GFP-SSRP1 and GFP-XRCC1 accumulated
at sites of SSBs induced by 405 nm laser micro irradiation for 100 ms (Fig. 1B). Given that
the accumulation of XRCC1 at laser-induced damage is triggered by an amplified PAR
signal, we tested if SSRP1’s recruitment is dependent on PARP activation. The PARP
inhibitors ABT888 and olaparib eliminated the recruitment of SSRP1 as well as that of
XRCC1 (Fig. 1C). However, the accumulation of SSRP1 was not affected after the
suppression of XRCC1 by siRNA (Fig. 1D). These results suggest that accumulation of
SSRP1 at laser-induced damage is largely dependent on PARP activation. It is known that
FACT’s nucleosome binding activity is regulated by poly-ADP-ribosylation of SPT16
through the interaction with PARP1 /n vitro (16), and we inferred that PARylation of SPT16
by PARPL1 is critical for the recruitment of SPT16. In addition, siSPT16 did not inhibit the
recruitment of SSRP1 (Fig. 1D), indicating that it is dependent on PAR but not on SPT16 or
PARylation of SPT16. Given that CK2 phosphorylation of SSRP1 is commonly found when
SSRP1 is involved in DNA damage and repair (26-29), we further tested whether the
recruitment of SSRP1 is also affected by CK2 phosphorylation. Compared to the DMSO
control and PARPI, the CK2 inhibitor (TBB) did not show any effect on the recruitment of
SSRP1 (Fig. 1D). We concluded that PARP activation but not CK2 phosphorylation is
critical for FACT’s accumulation at laser-induced damage.

SSRP1 maintains cell survival after ionizing radiation (IR) and methyl methanesulfonate
(MMS) treatments

A previous study indicated that depletion of SPT16 enhanced the sensitivity of MCF7 cells
to IR (18) and sensitized HelLa cells to UVC damage (17). In contrast, SSRP1 depletion did
not sensitize cells to UVC-induced damage as much as SPT16 depletion (17). To evaluate
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the importance of FACT in oxidative DNA damage and its derived DNA strand breaks, we
further determined how each subunit of FACT is required for repair of MMS and IR induced
damage compared to UVC damage (Fig. 1A). Both IR and MMS treatments induce large
amount of DNA SSBs, that can directly or indirectly transformed to the lethal type of DNA
damage double strand breaks (30-35). Because the long-term suppression of SSRP1
consequent to stable expression of ShRNA for SSRP1 in HelL a cells largely affected cell
shape and led to severe cell proliferation defects (Fig. 1LA), we used siRNA rather than the
stable knockdown cell lines to conduct the colony formation assay. SSRP1 suppression in
Hel a cells led to substantially greater sensitivity to IR and MMS treatments compared to
siSPT16 treatment (Fig. 1E right panel, left and middle). In contrast, siSPT16 suppression
led to increased sensitivity to UVC treatment compared to siSSRP1 (Fig. 1E right panel,
right). These results indicate the important role of SSRP1 in cell survival in the face of
MMS and IR induced damage. Conversely, the suppression of SPT16 significantly sensitized
Hel a cells to UVC damage, which is consistent with a previous study (17). These data
together suggest a novel function of SSRP1 in maintaining cell survival in response to MMS
and IR induced damage.

SSRP1 retains at sites of damage dependently on XRCC1

The rapid and PARP activation-dependent damage response of SSRP1 at laser-induced
damage sites strongly suggested its role in the repair of DNA SSBs. To further examine the
specificity of the damage response of SSRP1 to SSBs, we applied the XPA-UVDE system to
produce pure SSBs in cells. In this system, a foreign UV damage endonuclease (UVDE) or a
control vector was stably introduced into human xeroderma pigmentosum group A (XPA)-
deficient cells to make XPA-UVDE or XPA-C2 cells (36). XPA plays a role to recruit
endonuclease for removing UVC damage in the nucleotide excision repair (NER) pathway.
After UVC irradiation of XPA cells through a micro pore filter, the UVDE enzyme then
introduces nicks 5” to unrepaired UVC damage (Fig. 2A). In summary, only SSBs will be
induced after local UVC (LUVC) irradiation in XPA-UVDE cells. XPA-UVDE cells showed
co-localization of GFP-SSRP1 with RFP-XRCCL at local UVC induced damage, but there is
no colocalization in the control XPA-C2 cells, indicating that SSRP1 is recruited to pure
DNA SSBs (Fig. 2B). The PAR signals are quickly degraded by PARG after triggering the
recruitment of repair factors (21,37,38). However, we observed that SSRP1, together with
XRCC1, remained at damage sites after the degradation of PAR as long as 4 h after damage
production (Fig. 2C). The dissociation kinetics of SSRP1 from XPA-UVDE after local UVC
induced SSBs seemed to be consistent with those of XRCC1; they were both dissociated by
6 h after damage induction (Fig. 2), and could not form foci any more than cells pretreated
by the PAR inhibitor, olaparib (Fig. 2D). These results indicate that although the initial
recruitment of SSRP1 and XRCC1 is dependent on PAR, SSRP1 is retained independently
of PAR at SSBs. Thus, SSRP1 might function together with XRCC1 after PAR degradation.

The N-terminal of SSRP1 interacts with the RIR motif of XRCC1 in cells

To test if SSRP1 forms a complex with XRCC1 after PAR degradation, we performed
immunoprecipitation for XRCC1 and SSRP1 and found XRCC1 pulled down endogenous
SSRP1 (Fig. 3A). Cells were further treated with MMS or IR, while the interaction was not
significantly increased after damage (Fig. 3A). Given that cells are consistently exposed to
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endogenous oxidative DNA damage, the interaction itself between SSRP1 and XRCC1 may
not need extra stimulations. Next we mapped the domains of XRCC1 interacting with
SSRP1 using IP in 293 cells. As shown in Fig. 3B, C, SSRP1 interacts with the N-terminus
of XRCC1 (1-537 a.a. and 1-300 a.a.). The minimum 1-300 a.a. N-terminal of XRCC1
necessary for interaction does not overlap with the BRCT1 domain of XRCC1, which is
responsible for interaction with PARPSs. Since CK2 phosphorylation of XRCC1 is important
for its dissociation from SSBs (21), we examined the interaction of SSRP1 with wild type
(WT) versus a CK2 phosphorylation sites-mutated XRCC1 (CKM-XRCC1) mutated at
seven sites: Ser408Ala, Ser409Gly, Ser410Ala, Thr453Ala, Thr488Ala, Ser519Ala, and
Thr523Ala. The CKM-XRCC1 could no longer be phosphorylated by CK2 (39). Here we
found that the CKM-XRCC1 co-immunoprecipitated myc-SSRP1 as well as WT XRCC1
(Fig. 3D). Taken together, these data show that SSRP1 interacts with XRCC1 via its N-
terminal 1-300 a.a., independent of both the interaction of XRCC1 with PARP1, and of the
phosphorylation of XRCC1. There are a few critical amino acids in XRCC1 for protein-
protein interactions. F67A is a mutation selected on the N terminal of XRCC1 that is
involved in the interaction between XRCCL1 and polymerase § (Pol B) (40). FF191/192AA
is another mutation on XRCC1, located on an RIR (Rev1 Interacting Region) motif, which is
not only consensus through Pol x, Pol n and Pol v, but also highly conserved among
different species (40). Importantly, mutation of FF191/192AA on the RIR motif aborted the
binding of Rev1 with Pol x, Pol 1, and Pol n (41). We created these mutants and found that
the F67A and FF191/192AA XRCC1 formed foci at sites of SSBs in XPA-UVDE cells,
indicating that the mutations did not destroy the protein structure and remain functional
upon foci formation (Fig 4A). We next examined their interactions with XRCC1 (Fig. 4B).
FF191/192AA showed a significantly decreased level of interaction (Fig. 4B) with XRCC1,
indicating that the RIR motif is responsible for XRCC1-SSRP1 interaction. Importantly,
FF191/192AA XRCC1 expression led to dissociation of SSRP1 at sites of SSBs 4h after
UVC irradiation (Fig. 4C), indicating that the retention of SSRP1 is dependent on the
XRCC1-SSRP1 interaction.

We inversely determined which domain of SSRP1 is necessary for interacting with XRCC1
using the SSRP1 deletions described above. SSRP1 contains an HMG domain, which is
necessary for the recognition of damaged DNA (19,42,43). We divided SSRP1 into the
evolutionarily conserved N-terminus (1-546 a.a) and HMG included C-terminus (547-709
a.a.) (Fig. 5A). As shown in Fig. 5B, the N-terminus of SSRP1 strongly interacted with
XRCC1. Furthermore, the same N-terminus SSRP1 accumulated at sites of SSBs induced by
UVDE in XPA-UVDE cells (Fig. 5C). Therefore, the N-terminus of SSRP1 but not the
HMG domain primarily interacts with XRCC1 and responds to SSBs.

SSRP1 facilitates chromatin decondensation after damage

Given the role of SSRP1 in affecting chromatin structure, we next analyzed the chromatin
states. The fluorescence lifetime imaging assay is a quantitative and spatially resolved
measurement of chromatin condensation states for cell nuclei /n situ (23). The fluorescent-
tagged chromatin of the interphase cell nucleus is associated with a spatially heterogeneous
distribution of fluorescence lifetimes, indicating differential fluorophore environments
corresponding to varying levels of chromatin condensation. Decondensed chromatin is
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associated with increased fluorescence lifetimes (FL). Using fluorescence lifetime imaging
microscopy (FLIM) of DAPI-labeled DNA, we examined the role of SSRP1 in chromatin
condensation after damage. Increased FL represents the relaxed chromatin structure. As
expected, we observed chromatin decondensation (FL from 2.35 to 2.44) in shCtrl cells. In
two SSRP1-suppressed cell lines, chromatin was much more condensed, as shown by the
reduced FL observed relative to control cell nuclei (FL=2.35 in shCtrl versus FL=2.06 in
shSSRP1) (Fig. 6A). This result indicates that SSRP1 is necessary for global chromatin
decondensation in cells after damage.

SSRP1 promotes histone H2B exchange at damage sites

To further explore the function of SSRP1 in repair of strand breaks, we next focused on its
role as a histone H2A/H2B chaperone. Since the damage repair process needs to first “open”
the chromatin at damage sites to allow access of the repair machinery, we tested whether
SSRP1 plays a more critical role to facilitate histone exchange at sites of strand breaks. We
modified the fluorescence recovery after photo bleaching (FRAP) assay based on a previous
study (17), which was designed to compare histone H2A/H2B exchange at UVC-induced
DNA damage sites. In this study, instead of using a short-wave length laser to induce CPDs,
we used a 405 nm laser to induce DNA strand breaks in living cells after photo bleaching.
By monitoring the fluorescence recovery of GFP-H2B at the damage sites compared to the
photo-bleached half of the nucleus in a single cell nucleus, we could calculate the rate of
histone exchange at damage sites relative to the undamaged region. We monitored the
dynamics of GFP-H2B and observed a faster recovery of H2B incorporation at sites of
damage compared to that in the bleached area. The higher histone exchange rate was
coupled with an increased local fluorescence. We further recorded the highest fluorescence
at each damage site, which was indicated by the linear index Amax (Fig. 6B). After
bleaching, the fluorescence at damage sites in the shCtrl cells recovered fairly rapidly and to
a higher intensity, which indicated that more GFP-H2B was accumulated at the sites of
damage. In contrast, in the PARP inhibitor treated and shSSRP1 KD cells, the recovered
GFP-H2B fluorescence at damage sites was much less enriched compared to the bleached
background (Fig. 6C, D). Therefore, shSSRP1 knockdown significantly reduced the
dynamics of GFP-H2B at damage sites. In addition, the PAPRI treatment did not further
decrease the H2B exchange at damage sites in shSSRP1 cells, indicating that the function of
SSRP1 to promote H2B exchange is dependent on PARP activation. To test the effect of
XRCC-FF191/192AA mutant, N-terminal part of SSRP1 (1-546) and the C-terminus of
SSRP1 on chromatin states, we measured the decondensation of chromatin using H2B in the
cells with or without expression above deletions or mutants. We use stochastic optical
reconstruction microscopy (STORM) to visualize the nanoscale organization of chromatin
influenced by the treatment. First, our STORM images reveal that the nucleosomes were
assembled in heterogeneous clusters with varying sizes, in agreement with the previous
report (44). As shown in Fig. 7A, significantly less dense nucleosome clusters with smaller
size can be seen in cells after the SSRP1 knockdown, which is in consistence with the
observation shown in Fig. 6 using FLIM. When we express N-terminus SSRP1 fragments in
shSSRP1 cells, the nucleosome cluster density was partially recovered (Fig. 7A, B). The
H2B level was rescued by the expression of WT SSRP1, N-terminus of SSRP1 but not the
C-terminus of SSRP1 (Fig. 7B). In addition, XRCC1 FF191/192AA mutant overexpression
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in WT cells led to the a similar diffused H2B distribution and reduced H2B intensity,
indicating that overexpression of loss of interaction mutant did affect chromatin
decondensation as well as the KD of SSRP1 did (Fig. 7A, B). Thus, N-termins of SSRP1 (1-
546) which is recruited to the damage sites via binding with XRCC1 seems to be more
important than C-terminus SSRP1 for chromatin priming. Collectively, these results show
that SSRP1 facilitates histone H2B exchange via its N-terminus in both PARP activation-
and XRCC1 interaction- dependent manner at strand breaks in live cells after damage.

Discussion

Here we have shown that the involvement of SSRP1 in the repair of DNA strand breaks,
especially SSBs, is dependent on PARP activation and is in an association with XRCC1
through a physical interaction (Fig. 1-5). Importantly, although SSRP1 is not necessary for
the repair of UVC-induced damage (17), in this study we showed that it is essential for cell
survival and chromatin remodeling in the case of DNA strand break repair (Fig. 1). We
further demonstrated that SSRP1 is important for histone exchange and chromatin
decondensation at sites of DNA strand breaks. We have proposed a model to show how
FACT is recruited and retained at SSBs and its possible function in SSBR (Fig. 7C). At the
initiating step of repair, PARP activation facilitates the recruitment of FACT to sites of SSBs.
Although PAR is quickly degraded by PARG (45), FACT remains at damage sites together
with XRCC1 through a physical interaction. This interaction is mediated by the N-terminus
of XRCC1, which does not overlap with its BRCTI domain (which mediates the interaction
between XRCC1 and PARP1). Therefore, the interaction of SSRP1 and XRCC1 is not
mediated by PARP1, which is consistent with the observation of PAR-independent retention
of FACT after PAR degradation for 2—4 h after damage production. Therefore, our study
reveals a novel mechanism of SSRP1 in SSBR and maintaining genome stability.

Mechanistically, we uncovered the molecular mechanism involved in the interaction of
SSRP1 and XRCCL1. The HMG domain of SSRP1 has been implicated in the DNA damage
response based on its DNA binding affinity (19). In addition to the HMG domain, we also
found that the functionally unknown but highly conserved N-terminus of SSRP1 is
important for the DNA damage response and for protein-protein interactions, e.g., with the
SSBR scaffold protein XRCC1. The RIR motif in XRCCL1 is necessary for SSRP1 binding.
The newly identified RIR motif of XRCCL1 is in its N-terminus; this motif has been shown to
be responsible for interacting with post translational error-prone polymerases including pol
x, pol n and pol v (40). It was interesting that the XRCC1 F67A mutant, which is necessary
for interaction between XRCC1 and Pol (40), did not affect the interaction with XRCC1
and SSRPL1. It is possible that the SSRP1 binding at the RIR motif of XRCC1 also
contributes to error-free repair by competing with the binding of error-prone polymerase
mediated translesion synthesis.

Damage-induced chromatin relaxation at a global level throughout the cell nucleus due to
histone modifications and chromatin remodeling factors has been shown in previous studies
(46). We predict that the complex of SSRP1 and XRCC1 at damage sites might cooperate to
facilitate repair processing by promoting chromatin relaxation. Our results, using multiple
approaches, have provided evidence that: 1) SSRP1 facilitates decondensation of chromatin,
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and 2) SSRP1 mediates histone H2B exchange at damage sites (Fig. 6). It has been shown
that SSRP1 is necessary for both spontaneous and replication-associated DNA damage
responses, since SSRP1 depletion leads to increased Rad51 and yH2AX foci. The role of
SSRP1 in facilitating SSBR indicates that the unrepaired SSB could be transformed to
double strand breaks at collapsed replication forks without SSRP1, thus leading to increased
damage foci formation. Meanwhile, It is known that SSRP1 interacts with a key HR repair
protein, Rad54, both /n vitroand in vivo. Branch migration studies demonstrated that SSRP1
inhibits Rad54-promoted branch migration of Holliday junctions /n7 vitro (20). Therefore,
over expression of SSRP1 decreases the foci formation of Rad51 and yH2AX spontaneously
upon hydroxyurea (HU) treatment (20). How SSRP1 contributes to SSBs and double strand
breaks differently need further investigation to understand our evidence of SSRP1 in
maintaining cell survival upon IR and MMS.

FACT is highly expressed in undifferentiated cells, and its deficiency leads to zebrafish
developmental defects (47) and mouse embryo lethality (48). Interestingly, FACT is
frequently upregulated in undifferentiated aggressive tumors, indicating a potential role as an
anti-cancer target (49-51). A well-studied drug, Curaxin, is toxic to cancer cells by
simultaneously suppressing NF-kB and activating p53, resulting in the “chromatin trapping”
of FACT (50). The mechanism of FACT’s role in SSBR sheds light on its possibility for
targeted cancer therapy. Upregulated FACT may protect tumor cells, especially less
differentiated tumor stem cells, from DNA damage-induced cell death by enhancing efficient
repair. Here we show that PARPL1 inhibitors could inhibit the recruitment of FACT at strand
breaks; therefore FACT suppression should have a similar effect as PARP inhibitors in
cancer cells. Recently it also has been shown that Rev7 is responsible for the resistance of
BRCA1-deficient tumors to PARP inhibitors (52). Given the role of SSRP1 in promoting
repair, over-expression of SSRP1 might lead to increased resistance to PARP inhibitors.
Accordingly, it is known that FACT is highly expressed in breast and ovarian tumors
(12,53). FACT inhibition or combination therapy with Curaxin and PARP inhibitors could be
effective in treating FACT-upregulated aggressive breast and ovarian tumors.
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Figure 1. SSRP1 maintains cell survival after ionizing radiation (IR) and methyl
methanesulfonate (MMS) treatments

A. Suppression of SSRP1 by shRNA 1-3 is shown by WB (left panel). The colony-forming
ability of the SSRP1 suppressed cells is shown by the percentage of colonies formed in 350
cells. Error bars are derived from SEMs in three repeated experiments (right panel). B.
Accumulation of GFP-tagged XRCC1 and SSRP1 at sites of damage before and after 100
ms laser micro-irradiation in U20S cells (left and middle panels). Cells were pretreated with
ABT888 or olaparib for 30 min, then imaged (lower panels). PARP inhibitors suppress the
accumulation of GFP-tagged SSRP1 at sites of damage. Kinetics of GFP-SSRP1 after laser
micro-irradiation with and without PARPI in U20S cells. The relative intensity vs.
background is shown as a fold intensity, which was obtained from the mean damage site/
background intensity. Error bars were derived from SDs in three independent experiments
(right panel). C-D. Repression of SPT16, XRCC1 or CK2 phosphorylation does not inhibit
the recruitment of SSRP1 at laser induced damage sites. Accumulation of GFP-tagged SSRP
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is shown at sites of damage 3 min after 100 ms laser micro-irradiation in U20S cells. The
cells used were either knocked down w/o siXRCC1 or siSPT16 (C), or pretreated with a
CK2 inhibitor, TBB (D). Fold increase of intensity is shown. E. Clonogenic survival assay in
SSRP1 or SPT16 suppressed HeLa cells by siRNA. Cells were pretreated with IR, MMS or
UVC, and further incubated for 9 days before staining with 0.3% of crystal violet/methanol
for the assay. For Western blot (WB), HeLa cells 48 h after treatment with siRNA for SSRP1
and SPT16 (left panel). For IR and UVC, cells were treated with the indicated dose 8 h after
passaging. Suppression of SSRP1 but not SRP16 significantly sensitizes cells to IR and
MMS treatment. Error bars are derived from SDs in three independent experiments (right
Panel).
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Figure 2. FACT is enriched at SSBs together with XRCC1 at damage sites after PAR degradation
A. Scheme of the assay used to induce specific SSBs in XPA-UVDE cells after local UVC

irradiation. XPA-UVDE/C2 cells were exposed to 254 nm UVC light through a
polycarbonate isopore member filter. After local UVC (LUVC) irradiation, UV damage was
produced and unrepaired in both XPA-C2 and XPA-UVDE cells. In XPA-UVDE cells, SSBs
were introduced by UV damage endonuclease (UVDE) at the unrepaired UV damage sites.
B. Recruitment of GFP-SSRP1 at SSBs produced in XPA-UVDE cells after 100 J/m? local
UVC irradiation. No enrichment of SSRP1 was observed in XPA-C2 cells. Quantification of
percentage of foci positive cells of SSRP1 is shown. Cells showing > 3 foci were defined as
positive cells. The error bar represents three independent experiments with 50 cells in each.
C. Staining of pAR in GFP-tagged FACT and RFP-XRCC1 expressing XPA-UVDE cells at
10 min, 2 h, 4 h, and 6 h after 100 J/m2 LUVC irradiation. Percentage of foci positive cells
of PAR, FACT and XRCC1 in XPA-UVDE cells at 10 min is normalized as 100%, fold
decrease of foci positive cells at 2 h, 4 h, and 6 h after 100 J/Jm2 LUVC irradiation relative to
10 min foci formation is shown. The PAR signal disappeared while FACT and XRCC1 were
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retained at SSBs 2 h after damage production. D. Co-localization of GFP-tagged SSRP1 and
RFP-tagged XRCC1 w/o PARPI. Quantification of percentage of foci positive cells of
SSRP1 is shown. Cells showing > 3 foci were defined as positive cells. The error bar
represents three independent experiments with 50 cells in each.
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Figure 3. SSRP1 interacts with the N-terminus of XRCC1 independent of XRCC1

phosphorylation or interaction with PARP1
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A. Schematic representation of XRCC1 domains used in this study. B. 293 cells expressing
both Flag-tagged XRCC1 deletions and a pEGFP-SSRP1/pEGFP-C1 vector were
immunoprecipitated by GFP antibody. Western blot (WB) with anti-Flag and anti-GFP is

shown. C. 293 cells expressing GFP-SSRP1 and Flag-tagged XRCC1 deletions were

immunoprecipitated using GFP antibody. WB with anti-Flag and anti-GFP is shown. D. 293
cells expressing GFP-tagged WT XRCCL1 (left); CKM-XRCC1 and myc-SSRP1 (right) were
immunoprecipitated by GFP antibody. WB with anti-SSRP1, anti-Flag and anti-GFP is

shown.
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Figure 4. The RIR motif of XRCCL1 is responsible for SSRP1 interaction and retention at SSB
foci

A. Scheme of two mutants at the N-terminus of XRCC1. Mutations of F67A (Polbeta
interacting site) and FF191/192AA (Rev1 interacting site in RIR motif) were confirmed by
Sanger sequencing. Both mutants form foci after LUVC treatment in XPA-UVDE cells. B.
GFP-tagged XRCC1 WT, F67A, or FF191/192AA was co-transfected with Myc-tagged
SSRP1 in 293 cells. The cell lysates were immunoprecipitated by anti-GFP mouse serum.
Western blot (WB) with anti-GFP and anti-Myc is shown. C. Retention of SSRP1 at SSBs 4
h after 100 J/m? local UVC irradiation. GFP-tagged XRCC1 WT or FF191/192AA was co-
transfected with Myc-tagged SSRP1 in XPA-UVDE cells 24h before UVC irradiation. The
relative intensity of SSRP1 at damage sites vs. background is shown as a fold intensity. Error
bars were derived from SDs of multiple foci (n=7).
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Figure 5. SSRP1’s N-terminus primarily interacts with XRCC1 and responds to SSBs
A. Schematic representation of SSRP1 domains. B. 293 cells expressing both Flag-tagged

XRCC1 and GFP-tagged SSRP1 deletions were immunoprecipitated by anti-Flag antibody.
WB with anti-Flag and GFP is shown. C. The recruitment of GFP-tagged SSRP1 deletions
at SSBs induced by UVDE in XPA-UVDE cells. The N-terminus is highly enriched while
the C-terminus is not. Quantification of percentage of foci positive cells of SSRP1 is shown.
Cells showing > 3 foci were defined as positive cells. The error bar represents three
independent experiments with 50 cells in each.
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Figure 6. SSRP1 promotes cell survival and histone H2B exchange at damage sites
A. Decondensation of chromatin within a nucleus after bleocin treatment using the

fluorescence lifetime imaging assay. The representative heat map of chromatin with or
without SSRP1 suppression and the quantification of the lifetime of the whole nucleus are
shown. B. FRAP assay for measuring histone H2B exchange at sites of damage induced by a
405 nm laser. Half of the nuclei of HeLa cells transfected with GFP-H2B were photo
bleached with a 488 nm laser, then irradiated with a 405 nm laser at the indicated point
within the bleached region. C-D. The fluorescence recovery of histone H2B at the 405 nm
laser-induced damage sites was determined within 5 min after damage. The representative
image shows the GFP-H2B recovery in shCtrl and shSSRP1 cells with or without
pretreatment by olaparib. The maximum fold increase of mean intensity of H2B at damage
sites vs. bleached region without damage is quantified. The graph shows histone H2B
exchange in shCtrl and shSSRP1 cells. Error bars are derived from SEMs in more than 20
cells. Three independent experiments were conducted.
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Figure 7. A model of how FACT functions in repair of DNA strand breaks
A and B. Images and intensity of H2B in HeLa cells or shSSRP1 HeLa cells were co-

expressed with cherry-H2B with genes indicated. A) STORM images of cherry-H2B in
below cells: a. HeLa; b. ShSSRP1 HelLa; c. ShSSRP1 expressing 547-709 a.a. SSRP1; d.
ShSSRP1 expressing 1-546 a.a. SSRP1; e. HeLa expressing FF191/192AA XRCCL1. B) The
representative H2B intensity was measured in images taken by confocal microscopy. Error
bars are derived from SEMs in 20 cells. C. PARP activation facilitates the recruitment of
FACT to sites of SSBs. Though PAR is quickly degraded, FACT remains at damage sites
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together with XRCC1 through a physical interaction in SSBR. The function of FACT at
strand breaks is to facilitate histone exchange at damage sites and to decondense chromatin,
thereby facilitating efficient DNA SSB repair.
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