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ABSTRACT

Double-strand breaks and stalled replication forks
are a significant threat to genomic stability that
can lead to chromosomal rearrangements or cell
death. The protein CtIP promotes DNA end resec-
tion, an early step in homologous recombination re-
pair, and has been found to protect perturbed forks
from excessive nucleolytic degradation. However, it
remains unknown how CtIP’s function in fork pro-
tection is regulated. Here, we show that CtIP recruit-
ment to sites of DNA damage and replication stress
is impaired upon global inhibition of SUMOylation.
We demonstrate that CtIP is a target for modifica-
tion by SUMO-2 and that this occurs constitutively
during S phase. The modification is dependent on
the activities of cyclin-dependent kinases and the
PI-3-kinase-related kinase ATR on CtIP’s carboxyl-
terminal region, an interaction with the replication
factor PCNA, and the E3 SUMO ligase PIAS4. We
also identify residue K578 as a key residue that
contributes to CtIP SUMOylation. Functionally, a
CtIP mutant where K578 is substituted with a non-
SUMOylatable arginine residue is defective in pro-
moting DNA end resection, homologous recombina-
tion, and in protecting stalled replication forks from
excessive nucleolytic degradation. Our results shed
further light on the tightly coordinated regulation of
CtIP by SUMOylation in the maintenance of genome
stability.

INTRODUCTION

The accurate transmission of genetic information to
progeny is essential for living organisms. In eukaryotic
cells, two problems that arise include double-strand breaks
(DSBs), toxic DNA lesions where the phosphodiester back-
bone is severed in both strands (1), and replication stress,
conditions that slow or halt replication fork progression
(2). Both must be resolved to maintain the integrity of the
genome.

To repair DSBs, cells in S/G; phase rely on homologous
recombination (HR) (3). Here, 53’ nucleolytic trimming
away from the DSB, known as DNA end resection, yields 3’
single-stranded DNA (ssDNA) overhangs that are bound
by RPA complexes (4). Short-range end resection is initiated
by the nuclease activities of the MRN (MRE11-RADS50-
NBS1) complex and stimulated by the MRN cofactor CtIP
((carboxy-terminal binding protein) interacting protein) (5—
7), after which exonucleases DNA2 and EXOI1 catalyze
long-range resection up to hundreds of nucleotides away
from the DSB in collaboration with BLM and WRN he-
licases (8). End resection can be negatively regulated by the
activities of PARP-1 (9), HELB (10) and the Shieldin com-
plex (11). Eventually, RPA coating the ssDNA overhangs
is removed by PALB2-BRCA2 (12) to facilitate RADS5I1-
mediated invasion and use of the sister chromatid as a tem-
plate for error-free repair (3).

On the other hand, to deal with replication stress, the
course of replication forks can be reversed by the assem-
bly of a protective four-way junction, made possible by co-
ordinated annealing of the newly synthesized strands and
re-annealing of the template strands (13). Fork progression
can later be restarted when replicative conditions are im-
proved or downstream obstacles are repaired (13). Despite
replication fork reversal being a well-known phenomenon
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(14,15), knowledge of its mechanisms is incomplete and is
currently an area of active research (16). Intriguingly, HR
proteins have been implicated in fork reversal and restart.
RAD?SI has been found to mediate fork reversal (17), while
also, along with BRCA1 and BRCAZ2, to protect reversed
forks from excessive degradation by the nuclease activities
of MREI1 and DNA2 (18-23), both of which are end re-
section factors in HR (8).

Recent evidence demonstrates a role for the end resec-
tion factor CtIP at the replication fork, beyond its estab-
lished role in promoting end resection for HR (24-28). For
example, CtIP was found to be enriched at ongoing repli-
cation forks in a proteomic screen (24), and was also found
to interact with PCNA (proliferating cell nuclear antigen)
(25), a clamp protein that enhances the processivity of DNA
polymerases in DNA replication (29). This interaction tar-
geted CtIP to foci of active DNA replication (25). While dis-
rupting the interaction suppressed proliferation, caused cell
cycle arrest, and induced DNA damage and a checkpoint
response (25), the function of the interaction remains un-
known. More recently, CtIP was shown to protect nascent
DNA in reversed forks from excessive DNA2-dependent
degradation in response to replication stress, independent
of its role in HR-related end resection (26). Still, it is not
clear how CtIP’s fork protective function is regulated.

The activity of HR proteins is tightly controlled by vari-
ous reversible post-translational modifications (PTMs) by
chemical groups (e.g. phosphorylation) or proteins (e.g.
ubiquitylation) (30), and CtIP is no exception. It is ubiq-
uitylated by BRCA1 (31) and RNF138 (32), the latter of
which targets it to DSB sites. CtIP is also phosphorylated
by the DNA damage sensing kinases ATM (ataxia telang-
iectasia mutated) and ATR (ataxia telangiectasia and Rad3-
related), and cyclin-dependent kinases (CDKs), the phos-
phorylations promoting its role in end resection and medi-
ating its interaction with BRCAT1 (33-38). Another modi-
fication, SUMOylation, describes the conjugation of mem-
bers of the small ubiquitin-like modifier (SUMO) protein
family onto target proteins. Analogous to ubiquitylation,
a cascade of El, E2 and E3 enzymes catalyzes the cova-
lent linkage of SUMO isoforms onto protein substrates, and
SUMO-specific proteases facilitate SUMO removal from
these modified targets (39). While conjugation of SUMO
proteins to other HR proteins has been shown to regulate
protein stability, activity, nuclear trafficking and protein—
protein interactions (40-45), the role of SUMOylation in
CtIP function is just beginning to be uncovered (46), and
so far SUMOylation has not been linked to CtIP’s func-
tion in replication fork protection. In this study, we demon-
strate that CtIP is modified by SUMO-2 in S phase in an
ATR- and CDK-dependent manner and is mediated by an
interaction with PCNA. We further implicate PIAS4 as a
SUMO E3 ligase for CtIP during S phase, and identify a key
site for CtIP SUMOylation at residue K578. Functionally,
we demonstrate K578 SUMOylation promotes CtIP’s func-
tion at halted replication forks in protecting nascent DNA
from uncontrolled degradation, and in HR by stimulating
DNA end resection. Our findings suggest SUMOylation is
a mechanistic link between CtIP’s established interaction
with PCNA to its ability to regulate fork stability during
replication stress.
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MATERIALS AND METHODS
Plasmids, siRNAs, site-directed mutagenesis, transfections

pCAGGS empty vector and pCAGGS-I-Scel were gifts
from Jeremy Stark (City of Hope Comprehensive Cancer
Center). Plasmids encoding Gaml-WT (wildtype) or
-L258A/L265A were gifts from Susanna Chiocca (Euro-
pean Institute of Oncology IRCCS, Milan). FLAG-CtIP
and a series of internal deletion mutants (D1 to D6) (47)
were kind gifts from Junjie Chen (University of Texas).
pICE-HA-CtIP-siR-WT (Addgene plasmid #82030;
http://n2t.net/addgene:82030; RRID:Addgene_82030)
and  pICE-HA-CtIP-siR-S664A-S679A-S745A  (Ad-
dgene plasmid #82031; http://n2t.net/addgene:82031;
RRID:Addgene_82031) (48) were gifts from Patrick
Calsou. FLAG-hPIAS4 (Addgene plasmid #15208;
http://n2t.net/addgene:15208; RRID:Addgene_15208) (49)
was a gift from Ke Shuai. siRINA-resistant N-terminally
GFP-tagged CtIP plasmids (GFP-CtIP) of wildtype (WT),
-7KR, -K896R, -6KR, -T847A and -T847E were generous
gifts from Pablo Huertas (University of Sevilla). RFP-
PCNA was a gift from Michael Hendzel (University of
Alberta). Custom siRNA duplexes were obtained from
Sigma-Aldrich (Supplementary Table S1) and transfected
48 h prior using Lipofectamine RNAiMax Transfection
Reagent (Invitrogen, Thermo-Fisher) according to the
manufacturer’s instructions. CtIP siRNA was transfected
at 20-25 nM. If two transfections were required, 10 nM
siCtIP was used for a second transfection 24 h after the first
one. All other siRNAs were used at 20-50 nM. Mutagen-
esis was performed using the Quikchange II XL (Agilent)
and Q5 (New England Biolabs) site-directed mutagenesis
kits according to the manufacturers’ instructions, gener-
ating GFP-CtIP-T859A, -T859E, -A515-518, -K578R,
-K578R-K896R, -7KR-R578K, -N181A, -N181A-K578R,
-N289A-H290A and -N289A-H290A-K578R, as well as
pICE-HA-CtIP-siR-K578R  (Supplementary Table S2).
Plasmids containing the desired mutations were verified by
Sanger sequencing performed at The Applied Genomics
Core (University of Alberta) (Supplementary Table S3).
Unless indicated otherwise, DNA plasmids were trans-
fected using Effectene Transfection Reagent (Qiagen)
16-24 h prior to cell harvest.

Human cell lines and tissue culture

U-2 OS, HEK?293, HeLa and HeLa His;p-SUMO-2 were
cultured at 37°C in a humidified atmosphere containing
5% CO, in low glucose DMEM (Dulbecco’s Modified Ea-
gle’s medium) supplemented with 10% fetal bovine serum
(Gibco), 50 units/ml penicillin and 50 pg/ml streptomycin
(Life Technologies). U-2 OS cells stably expressing the
DR-GFP cassette were a gift from Jeremy Stark (City of
Hope Comprehensive Cancer Center). U-2 OS cells sta-
bly expressing GFP-CtIP were a gift from Steve Jackson
(University of Cambridge). U-2 OS cells stably express-
ing MRE11-GFP were a gift from Dorthe Helena Payne-
Larsen (Danish Cancer Society Research Center). HelLa
cells stably expressing 10x-histidine-tagged SUMO-2 from
a pLV-CMV-His|,-SUMO-2-IRES-GFP construct (HeLa
His;o-SUMO-2) (50) or not (parental HeLa) were gifts from
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Alfred C.O. Vertegaal (Leiden University). U-2 OS cells
stably expressing GFP-tagged CtIP constructs were gener-
ated by transient lipofection of the constructs followed by
selection in 850 wg/ml G418 (Thermo-Fisher). Cells were
seeded to achieve 70-90% final confluency at the time of
harvest.

Pharmacological treatments

Unless indicated otherwise, all inhibitors were purchased
from Millipore-Sigma or Selleck Chemicals. Inhibitors were
diluted in warmed (37°C) tissue culture medium (low glu-
cose DMEM supplemented with 10% fetal bovine serum),
with working concentrations and treatment times indicated
in the figure legends. For vehicle controls, the same dilu-
tions were performed using the solvent of the inhibitor (ei-
ther DMSO or water). As the activity of ginkgolic acid 15:1
(GA, Cayman Chemical) was inactivated in the presence of
serum (data not shown), cells were rinsed twice in phosphate
buffered saline (PBS) prior to treatment with GA to remove
residual serum left from the culture medium. GA treatment
solutions were prepared by diluting GA into serum-free
warmed DMEM and added to near-confluent cell mono-
layers.

In vivo gene conversion homologous recombination reporter
assay

U-2 OS stably expressing the DR-GFP cassette (Supple-
mentary Figure S1A) were transfected with I-Scel using
a Gene Pulser Xcell Electroporation System (Bio-RAD).
Cells were harvested 24 h later, after which flow cytometry
was performed using a BD FACSCanto II (BD Biosciences)
to detect GFP™ cells upon gating for forward and side scat-
ter.

Pulsed-field gel electrophoresis assay

90% confluent U-2 OS cells grown on 6 cm dishes were
treated as indicated and then trypsinized. 1 x 10° cells per
condition were resuspended into 25 pl of PBS, then embed-
ded into 60 wl of molten 0.9% Low Melting Point Agarose
(Invitrogen) in 0.5x TAE Buffer (20 mM Tris pH 8.5, 10
mM acetic acid, 0.5 mM EDTA). The mixture was cast
into a mold on ice to form a gel plug of volume 80 wl.
Each plug was then digested with agitation at 32°C in 0.5
ml of PFGE Lysis Buffer (100 mM EDTA, pH 8.0, 1% N-
laurylsarcosine, 0.2% sodium deoxycholate, 1 mg/ml Pro-
teinase K) for 48 h. The treated plugs were then washed
three times 15 min each in TE Buffer (20 mM Tris—HCI pH
8.0, 50 mM EDTA) with gentle agitation at room temper-
ature, then cut in half. The half-plugs were electrophoresed
at 14°C, in duplicate, in a 0.9% Certified Megabase Agarose
(Bio-RAD)/0.5x TAE gel containing 0.25 pg/ml ethidium
bromide via the CHEF-DR III Variable Angle System (Bio-
RAD). The running parameters were as follows: Block 1
(9 h, 120° included angle, 5.5 V/cm, 30-18 s switch time);
Block 2 (6 h, 117° included angle, 4.5 V/cm, 18-9 s switch
time); Block 3 (6 h, 112° included angle, 4.0 V/cm, 9-5 s
switch time). Resolved gels were visualized on a Typhoon
9400 Variable Mode Imager (GE Healthcare), then quanti-
fied with ImageQuant 5.2 (GE Healthcare).

In vitro SUMOylation assay

An in vitro SUMO-2 conjugation kit (K-715) was pur-
chased from Boston Biochem. Reactions were assembled
on ice using 2 pl of each component if needed (buffer,
El, E2, SUMO-2, Mg?*-ATP) and 140 ng of recombinant
glutathione S-transferase (GST)-tagged human CtIP (Ab-
nova). The volume was completed to 20 pl with laboratory-
grade water. Reactions were allowed to proceed for 1 h at
37°C, then quenched by adding 6.7 pl of 4X SDS Sample
Buffer, along with 2-mercaptoethanol to a concentration of
5%, then heating at 95°C for 5 min. The mixtures were re-
solved by SDS-PAGE and immunoblotted to detect the re-
action components.

Cell cycle synchronization

HeLa His;p-SUMO-2 cells were synchronized to the G;/S
transition by double thymidine block. In brief, the cells were
seeded to 40-50% confluency and 4 mM deoxythymidine
was added to the culture media for 14-18 h (first block).
The cells were then released to progress through the cell cy-
cle with two washes in PBS and cultured in warmed cul-
ture media for 8—12 h. 4 mM deoxythymidine was added to
the culture media for another 14-18 h (second block). The
cells were then released by two washes in PBS and replacing
with warmed culture media for the duration needed for the
required cell cycle phase (e.g. 3 h for mid-S phase, at least
11 h for G phase). If necessary, siRNA and DNA plasmid
transfections were performed during release from the first
thymidine block. U-2 OS cells were synchronized to S phase
in the same manner, except they were released for 4 h after
double thymidine block instead of 3 h.

His pull-down of His;(-SUMO-2 conjugates by Ni-NTA
affinity purification

Samples were processed in a protocol adapted from Tatham
and Hay (51). HeLa His;(-SUMO-2 cells from two 10 cm
dishes or one 15 cm dish were harvested by trypsinization
and divided into three fractions: 5% was saved for cell cy-
cle analysis by flow cytometry (Fraction C), 10% for in-
put control (Fraction I), and 85% for His pull-down (Frac-
tion H). Fraction C was resuspended into ice cold 70%
ethanol in PBS and processed for DNA content analysis,
whereas fractions I and H were pelleted and frozen in lig-
uid nitrogen; all were stored at —80°C. Samples of Fraction
H were resuspended into 10 ml of ice cold fresh Guani-
dine Lysis Buffer (6 M guanidine-HCI, 100 mM sodium
phosphate buffer pH 8.0, 10 mM Tris, 5 mM imidazole,
5 mM 2-mercaptoethanol), sonicated for 1 min at ampli-
tude 50 on a Model 705 Sonic Dismembrator fitted with
a microtip probe (Fisher Scientific), and centrifuged at
1450g for 15 min. The lysate was then mixed with 200-300
pl of Ni-NTA agarose beads (Qiagen) pre-equilibrated in
Guanidine Lysis Buffer and agitated overnight at 4°C. The
beads were washed once in Guanidine Wash Buffer (6 M
guanidine-HCI, 100 mM sodium phosphate buffer pH 8.0,
10 mM Tris, 0.1% Triton X-100, 10 mM imidazole, 5 mM 2-
mercaptoethanol), once in Urea Wash Buffer A (8§ M urea,
100 mM sodium phosphate buffer pH 8.0, 10 mM Tris, 0.1%
Triton X-100, 10 mM imidazole, 5 mM 2-mercaptoethanol),



and three times in Urea Wash Buffer B (8 M urea, 100 mM
sodium phosphate buffer pH 6.3, 10 mM Tris, 0.1% Triton
X-100, 5 mM 2-mercaptoethanol, pH 8.0); all buffers were
prepared immediately before use. On occasion, the imida-
zole concentration in buffers was raised to 20 mM for in-
creased stringency. The beads were then eluted with agita-
tion in Ni-NTA Elution Buffer (150 mM Tris—-HCI pH 6.7,
200 mM imidazole, 5% sodium dodecyl sulfate, 30% glyc-
erol, 0.05% bromophenol blue, 5% 2-mercaptoethanol) for
30 min at 60°C. Samples of Fraction I were resuspended into
2x SDS-PAGE Sample Buffer (125 mM Tris pH 6.8, 4%
sodium dodecyl sulfate, 20% glycerol, 0.1% bromophenol
blue, 5% 2-mercaptoethanol), heated for 2 min at 95°C, and
ultrasonicated in a Bioruptor (Diagenode) for 30 min (each
cycle: 30 s on, 30 s off). For subsequent SDS-PAGE and im-
munoblotting, volumes representing ~16-22-fold more of
starting cellular content were loaded for Fraction H relative
to Fraction I to enable suitable detection of the SUMOy-
lated proteins, unless indicated otherwise.

DNA content analysis for cell cycle profiling

Cells were fixed in 70% ethanol in 1x PBS overnight. They
were then washed once in PBS, then treated with 100 pg/ml
RNase A in PBS containing 3.8 mM sodium citrate for 30
min at 37°C with agitation. Propidium iodide was added to
a final concentration of 50 pg/ml and incubated with the
cells for 30 min. Flow cytometry was performed on the pro-
cessed samples using a BD FACSCanto II (BD Biosciences)
to detect propidium iodide fluorescence upon gating for for-
ward and side scatter.

Fractionation for chromatin enrichment

Cell pellets were resuspended into ice cold Extraction
Buffer (25 mM HEPES pH 7.9, 300 mM sucrose, 50 mM
NaCl, | mM EGTA, 3 mM MgCl,, 0.5% IGEPAL CA-
630) supplemented with cOmplete protease inhibitor cock-
tail, phosSTOP phosphatase inhibitor cocktail (both from
Roche), and 25 mM N-ethylmaleimide (NEM) and tum-
bled end-over-end for 20 min at 4°C. Samples were then
centrifuged at 20 000g for 20 min at 4°C, after which the
supernatant was recovered as the soluble fraction. The pel-
let, representing the chromatin-enriched fraction, was then
resuspended into the buffer of choice and sonicated with
a Model 705 Sonic Dismembrator fitted with a microtip
probe (Fisher Scientific).

Co-immunoprecipitation (Co-IP) assay

Cell pellets from 10 cm dishes were resuspended into 200
wl of ice-cold RIPA buffer (50 mM Tris—HCI pH 7.4, 150
mM NaCl, 1% IGEPAL CA-630, 0.25% sodium deoxy-
cholate, 0.1% SDS, 1 mM EDTA) supplemented with 50
mM NEM, 2x cOmplete and 1 x phosSTOP (both Roche)
protease and phosphatase inhibitor cocktails. After agi-
tation on ice for 30 min, samples were clarified by cen-
trifugation at 20 000g at 4°C, upon which 10% of the su-
pernatant was saved for the input control. The remainder
of the supernatant was diluted in ice-cold Dilution Buffer
(150 mM NacCl, 10 mM Tris-HCI pH 7.5, 0.5 mM EDTA)
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supplemented with 25 mM NEM, 1x cOmplete and 1x
phosSTOP to a final volume 1.7 ml. This was mixed with
25 pl of Dilution Buffer-equilibrated GFP- or RFP-Trap
agarose beads (Chromotek) and tumbled overnight. The
beads were washed once in Dilution Buffer, then three
times in Wash Buffer (500 mM NaCl, 10 mM Tris—HCI
pH 7.5, 0.5 mM EDTA), before sample elution into 2x
Sample Buffer (125 mM Tris—-HCI pH 6.8, 4% sodium do-
decyl sulfate, 20% glycerol, 0.1% bromophenol blue, 5%
2-mercaptoethanol) at 95°C for 10 min. Analysis of IP
and input fractions was performed via SDS-PAGE and im-
munoblotting. For ColP experiments involving GFP-CtIP-
A515-518, RIPA buffer was replaced with NETMN buffer
(500 mM NaCl, 1 mM EDTA, 50 mM Tris—-HCIl pH 7.4, 2.5
mM MgCl,, 0.5% IGEPAL CA-630) (25), which was then
adjusted to a composition similar to Dilution Buffer prior
to mixing with the beads.

SDS-PAGE and immunoblotting

Unless indicated otherwise, cell lysates were prepared by re-
suspending cell pellets into 2x SDS-PAGE Sample Buffer
(125 mM Tris—HCI pH 6.8, 4% sodium dodecyl sulfate, 20%
glycerol, 0.1% bromophenol blue, 5% 2-mercaptoethanol),
heating for 2 min at 95°C, and sonicating with a Model 705
Sonic Dismembrator fitted with a microtip probe (Fisher
Scientific), generating whole cell extract. Lysates were elec-
trophoresed in 5-15% polyacrylamide mini-gels handcast in
0.1% sodium dodecyl sulfate (SDS) and Tris buffer (pH 6.8
for stacking layer, pH 8.8 for resolving) in running buffer
(25 mM Tris—HCI pH 8.3, 192 mM glycine, 0.1% SDS),
then wet transferred onto nitrocellulose membrane in trans-
fer buffer (25 mM Tris—HCI pH 8.3, 192 mM glycine, 20%
methanol) for 6 h at 50 V or 90 min at 110 V. Total protein
on membranes was visualized and quantified by staining
with REVERT Total Protein Stain (LI-COR Biosciences).
For immunoblot, membranes were blocked in 4% fish skin
gelatin in Tris buffered saline (TBS) at room temperature
and incubated in primary antibodies (Supplementary Table
S4) diluted in TBS + 0.1% Tween-20 (TBST) overnight at
4°C or 1 h at room temperature. They were then washed in
TBST, incubated for 1 h with secondary antibodies conju-
gated to horseradish peroxidase (HRP) or IRDye 680RD
and 800CW (all LI-COR Biosciences) (Supplementary Ta-
ble S5) in TBST at room temperature, and rinsed in TBST
and TBS. Amersham ECL Prime Western Blotting Detec-
tion Reagent (GE Healthcare) was used to detect HRP ac-
cording to the manufacturer’s instructions. Immunoblots
were acquired on the Odyssey Fc Imaging System (LI-COR
Biosciences) and quantified by densitometry using Image
Studio software (LI-COR Biosciences). When necessary,
membranes were stripped in a buffer containing 1% SDS
and 100 mM glycine, pH 2.2, for 1 h prior to re-blocking
and re-probing with the appropriate primary and secondary
antibodies.

Immunofluorescence (IF) staining

U-2 OS cells were seeded onto #1 % cover slips (Electron Mi-
croscopy Sciences) at least 24 h prior to experimental treat-
ments. For detection of native 5-bromo-2’-deoxyuridine
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(BrdU) foci, cells were seeded in media supplemented with
10 pg/ml BrdU 36 h prior to the experimental treatment.
After the necessary treatments, they were incubated in the
appropriate extraction buffer (Supplementary Table S6),
rinsed twice in ice cold PBS, fixed in 2% paraformaldehyde
in PBS for 20 min, and quenched for 10 min in 100 mM
NH4Cl in PBS. Incubations in primary antibodies (Supple-
mentary Table S4) were performed overnight at 4°C. Next,
the cells were placed in PBS + 0.1% Tween-20 (PBST) for
5 min, rinsed six times in PBS and incubated with the ap-
propriate secondary antibodies (Supplementary Table S5)
diluted in PBS for 1 h at room temperature. The cells were
then incubated in PBST containing 10 ng/wl DAPI for 20
min, rinsed six times in PBS and mounted on microscopy
slides in 2% propyl gallate in PBS with 10% DMSO/80%
glycerol as the solvent. Images were acquired on an upright
fluorescence microscope (Zeiss Axiolmager.Z1) with a Plan
Apochromat 1.4 N.A. 63x oil immersion objective lens via
MetaMorph (Molecular Devices, LLC) using a Prime 95B
camera (Teledyne Photometrics). Scale bars in all micro-
graphs represent 10 wm. Nuclear foci in fluorescence mi-
croscopy images were quantified by the Granularity appli-
cation in MetaXpress 6 software (Molecular Devices, LLC)
or using Imaris software (Oxford Instruments). All images
within the same experiment were scaled evenly for bright-
ness and contrast.

Laser microirradiation

U-2 OS cells were cultured on 35-mm culture dishes con-
taining a coverslip mounted on the bottom of the dish (Mat-
Tek Corporation) 48 h before the experiment and trans-
fected with siRNA to CtIP. They were then transfected with
the appropriate GFP-CtIP constructs ~16 h before irradia-
tion. Prior to imaging, the media was replaced with phenol-
free DMEM supplemented with 2 mM L-glutamine, 10%
FBS and 14 mM HEPES. Cells were then treated with 0.5
wg/ml Hoechst 33258 for 20-30 min, washed with PBS,
then placed on the stage of a spinning disk (Ultraview,
Perkin-Elmer) inverted microscope (Axiovert 200M, Carl
Zeiss, witha40x /1.3 N.A. Plan-Neofluar oil immersion ob-
jective lens) equipped with an electron-multiplying charge-
coupled device (EM-CCD) camera (ORCA-FLASH-4.0;
Hamamatsu Photonics). DSBs were generated along a 0.2—
1 pm wide region across the nucleus of a single living cell
by excitation of the Hoechst 33258 dye using a 405 nm laser
line. The laser output was set to 10% (unless stated oth-
erwise), and 10 iterations were used to generate localized
DNA damage. GFP fluorescence imaging was recorded us-
ing 500-800 ms exposure times for 5-6 min using Volocity
software (Perkin-Elmer). The mean accumulation =+ stan-
dard deviation of GFP-CtIP from at least 2448 cells pooled
from three independent experiments was then plotted.

Clonogenic survival assay

Parental or GFP-CtIP-expressing stable cell lines of U-2 OS
were transfected with CtIP or non-targeting siRNA in two
rounds, 24 h apart. ~40 h after the first transfection, cells
were seeded in duplicate into 6 cm dishes at >400 cells per
dish and allowed to settle at 37°C for 6-8 h, after which they

were treated with camptothecin at the indicated concentra-
tions for 1 h at 37°C. The media in each dish was then re-
placed, and colonies were allowed to form over 9-11 days at
37°C. The colonies were fixed and visualized in 0.5% crystal
violet/25% methanol. Colonies containing at least 50 cells
were then scored and counted, and the surviving fraction
was calculated accordingly (52).

DNA fiber assay

U-2 OS cells were pulse-labeled with two thymidine
analogs: first 20 uM 5-iodo-2'-deoxyuridine (IdU; Sigma-
Aldrich), then 250 uM 5-chloro-2’-deoxyuridine (CldU;
Sigma-Aldrich), each for 30 min at 37°C. Cells were washed
twice with PBS after each pulse-labeling and then treated
with 2 mM hydroxyurea (HU) for 4 h. The cells were then
collected and resuspended in PBS at 100 000 cells/ml. 2 w1
of the cell suspension was mixed with 10 w1 of DNA Fiber
Lysis Buffer (200mM Tris—=HCI pH 7.5, 50mM EDTA,
0.5% SDS) on a glass slide. After 2 min, the slides were
tilted at a 45° angle for spreading by gravity, and the re-
sulting DNA spreads were air dried for 40 min, fixed in
3:1 methanol/acetic acid for 10 min and stored at 4°C. The
DNA fibers were denatured with 2.5 M hydrochloric acid
for 1h, washed with PBS and blocked with 5% BSA in
PBS containing 0.1% Tween-20 for 1 h. DNA immunos-
taining was then performed with a rat anti-BrdU/CldU an-
tibody to detect CldU and a mouse anti-BrdU/IdU anti-
body to detect IdU (Supplementary Table S4) in a humid-
ified chamber for 2 h at room temperature. The following
secondary antibodies were then bound for 1 h at room tem-
perature: chicken anti-rat—Alexa Fluor 488 and goat anti-
mouse—Alexa Fluor 546 (Supplementary Table S5). The
slides were air dried and mounted in ProLong Gold An-
tifade Mountant (Invitrogen, Thermo-Fisher). Images were
sequentially acquired with an upright fluorescence micro-
scope (Zeiss Axiolmager.Z1) with a Plan Neofluar 1.3 N.A.
40x oil immersion objective lens via MetaMorph (Molecu-
lar Devices, LLC) using a Prime 95B camera (Teledyne Pho-
tometrics). The DNA tract lengths were measured with Im-
agel software (version 1.51k), and the pixel length values
converted into micrometers using the scale bars generated
by the microscope. n >150 fiber tracts were scored for each
data set. Scatterplots display the mean value and standard
deviation.

Protein expression and purification

The MRN (MREI11, RADS50 and NBS1) complex was ex-
pressed in Sf9 insect cells and purified according to an es-
tablished protocol (53). DNA2 was expressed in Sf9 cells
and purified as described (54). For two-step affinity purifi-
cation of recombinant WT- and K578R-CtIP, Sf9 cells were
infected with GST-CtIP-10XHis baculovirus. 72 h post-
infection, cells were collected by centrifugation and the pel-
let was frozen on dry ice. To induce CtIP phosphoryla-
tion (pCtIP), the Sf9 culture was supplemented with 25 nM
okadaic acid (Sigma) 4 h before harvest (i.e. 68 h after viral
infection) followed by treatment with 1 wM camptothecin
(Sigma) 1 h before harvest (i.e. 71 h after viral infection).
Cells were lysed in Buffer 1 (1x PBS supplemented with



150 mM NaCl, I mM EDTA, 0.05% Triton X-100 and 1
mM DTT) supplemented with cOmplete protease inhibitor
cocktail (Roche) and homogenized 10 times with a Dounce
homogenizer (Pestle A). The cell lysate was incubated with
1 mM MgCl, and 2.5 U/ml benzonase nuclease at 4°C for 1
h followed by centrifugation at 90 000g for 1 h. The soluble
cell extract was then incubated with 1 ml of glutathione-
sepharose beads for 90 min at 4°C with gentle rotation. The
beads were washed twice with Buffer 1, and incubated with
Buffer 2 (Buffer 1 with 5 mM ATP and 15 mM MgCl,) for
1 h at 4°C. The beads were then washed twice with Buffer 1
supplemented with 350 mM NaCl and once with P5 Buffer
(50 mM sodium phosphate pH 7.0, 500 mM NaCl, 10%
glycerol, 0.05% Triton X-100, 5 mM imidazole), then incu-
bated with 60 U/ml PreScission protease (GE Healthcare
Life Sciences) in P5 Buffer overnight at 4°C to cleave off the
GST tag. Supernatant was then collected and completed to
10 ml with PS5 Buffer before incubating for 1 h at 4°C with
400 wl of TALON bead slurry (Clontech) equilibrated in
PS5 Buffer. The TALON beads were washed twice with P30
buffer (50 mM sodium phosphate pH 7.0, 500 mM NacCl,
10% glycerol, 0.05% Triton X-100, 30 mM imidazole) be-
fore eluting the bound protein twice in one bead volume of
P500 buffer (50 mM sodium phosphate pH 7.0, 500 mM
NaCl, 10% glycerol, 0.05% Triton X-100, 500 mM imida-
zole). Eluted protein was then dialysed in the storage buffer
(20 mM Tris pH 7.4, 200 mM NacCl, 10% glycerol, 1 mM
DTT) and stored in aliquots at —80°C.

MRN endonuclease assay

The dsDNA substrate used in this reaction was prepared as
described (6). The MRN endonuclease assay was performed
in a reaction buffer consisting of 25 mM MOPS pH 7.0, 60
mM KCI, I mM MnCl,, 5 mM MgCl,, 0.2% Tween-20, 2
mM DTT, 2 mM ATP and 100 nM of 5'-radiolabeled 70 bp
dsDNA substrate blocked with 15 nM streptavidin for 5 min
at room temperature. The indicated concentration of puri-
fied CtIP was added to the reaction and incubated at 37°C
for 5 min. Where indicated, 20 nM of purified MRN was
added and the reaction was allowed to proceed for a fur-
ther 30 min at 37°C. Reactions were deproteinized in one-
fiftth volume of Stop Buffer (20 mM Tris-HCI pH 7.5, 2
mg/ml proteinase K) for 30 min at 37°C. An equal volume
of 100% formamide was added to each reaction, and the
samples were boiled at 95°C for 3 min before loading onto
an 8% acrylamide/urea gel and running at 75 W for 60 min.
The gel was dried on DE81 paper (Whatman) and signals
were detected by autoradiography. Densitometric analyses
were performed using the FLA-5100 phosphorimager (Fu-
jifilm) and quantitated using the Image Reader FLA-5000
v1.0 software.

DNAZ2 and CtIP nuclease assay

The nuclease assay was performed in a reaction buffer
consisting of 25 mM MOPS pH 7.0, 60 mM KCI, 5 mM
MgCl,, 0.2% Tween-20, 2 mM DTT, 2 mM ATP and 100
nM of 5-radiolabeled flap DNA substrate. The indicated
concentration of purified DNA2 or CtIP protein was added
to the reaction and incubated at 37°C for 30 min followed
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by deproteinization in one-fifth volume of Stop Buffer
(20 mM Tris—HCI pH 7.5, 2 mg/ml Proteinase K) for 30
min at 37°C. An equal volume of 100% formamide was
added to each reaction, and the samples were boiled at
95°C for 3 min before loading onto an 8% acrylamide/urea
gel and running at 75 W for 60 min. The gel was dried
on DES81 paper (Whatman) and signals were detected by
autoradiography. Densitometric analyses were performed
using the FLA-5100 phosphorimager (Fujifilm) and quan-
titated using the Image Reader FLA-5000 v1.0 software.
The flap DNA substrate was made by annealing JYM925
(GGGTGAACCTGCAGGTGGGCAAAGATGTCC
TAGCAATGTAATCGTCAAGCTTTATGCCGT) and
JYMO926 (ACGCTGCCGAATTCTACCAGTGCCAGCG
ACGGACATCTTTGCCCACCTGCAGGTTCACCC).

Image and data processing

Raw microscopic and immunoblot images were adjusted
for brightness and contrast in Adobe Photoshop then ar-
ranged and labeled in Adobe Illustrator. Scale bars on mi-
crographs represent 10 wm. Immunoblots were displayed
avoiding saturation when possible. Graphs and scatter-
plots were generated in Prism (Graphpad) and display the
mean and standard deviation (error bars). Two-tailed, un-
paired, non-parametric Student’s 7-tests (Mann—Whitney)
were performed in Prism to determine statistical signifi-
cance. Asterisks depict statistically significant differences:
ns (not significant), * (P<0.05), ** (P<0.01), *** (P <
0.001), **** (P < 0.0001). Schematic diagrams were pre-
pared in Adobe Illustrator.

Supplementary materials and methods

The Supplementary Information further details the siR-
NAs, DNA primers, antibodies, and extraction buffers for
immunofluorescence staining used in this study.

RESULTS
SUMOylation events mediate homologous recombination

Currently, the role of SUMOylation in the regulation of
homologous recombination (HR) proteins is not well un-
derstood. We thus sought to identify potential SUMO tar-
gets in the HR pathway and characterize how SUMOy-
lation could affect their function. To screen for SUMO
targets, we utilized ginkgolic acid 15:1 (GA), an inhibitor
of global protein SUMOylation that interferes with for-
mation of the E1-SUMO intermediate and does not af-
fect ubiquitylation (55). We chose to block SUMOylation
with acute GA treatment as opposed to short interfering
RNA (siRNA)-mediated depletion of UBC9 (the sole E2
enzyme in the SUMOylation cascade) to avoid issues asso-
ciated with RNA interference, namely incomplete knock-
down, off-target effects and cellular adaptation mechanisms
from prolonged knockdown. We first confirmed that treat-
ing U-2 OS cells with GA was able to reduce the presence
of higher-order SUMO conjugates via immunoblot (Figure
1A), validating the effectiveness of the inhibitor. To deter-
mine if SUMOylation events mediate the process of HR, we
performed a gene conversion assay in U-2 OS cells stably
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Figure 1. SUMOylation events mediate homologous recombination and DNA end resection. (A) U-2 OS cells were treated with ginkgolic acid 15:1 (GA)
at 25 uM for 3 h. A reduction in SUMO-2/3 conjugates is seen upon GA treatment by immunoblot. (B) DR-GFP homologous recombination reporter
assay in U-2 OS cells stably expressing the DR-GFP cassette. [-Scel was expressed for 24 h in the presence of 0.025% DMSO (vehicle control), GA at the
indicated concentrations, or co-expression of FLAG-tagged wildtype (WT) Gaml or the LL/AA mutant. The means from two independent experiments
are displayed. (C) U-2 OS cells were treated with 0.025% DMSO or GA at the indicated concentrations for 24 h and processed for DNA content analysis.
Shown are the means from three independent experiments. (D) U-2 OS cells were pre-treated with 12 wuM GA or 0.024% DMSO for 1 h, subjected to 10
Gy of IR or not, and recovered for 3 h in the presence of GA. Immunofluorescence (IF) micrographs presented are representative of at least four indepen-



expressing the DR-GFP reporter construct (U-2 OS DR-
GFP) (56) in the presence or absence of GA. Expressing
I-Scel endonuclease in these cells generates a site-specific
DSB within the reporter construct, which when repaired by
HR results in expression of a functional green fluorescent
protein (GFP) product (Supplementary Figure S1A). The
number of GFP* cells, measured by flow cytometry, was
used as a readout of the frequency of HR events. Indeed,
treating the cells with GA reduced the number of GFP* cells
in a dose-dependent manner relative to cells treated with ve-
hicle control (DMSO) (Figure 1B). Since HR is active dur-
ing the S and G stages of the cell cycle, we wondered if treat-
ing cells with GA could be altering the cell cycle distribu-
tion. To address this, we treated U-2 OS cells with GA and
quantified their DNA content by propidium iodide stain-
ing and flow cytometry. The chosen concentrations of GA
did not drastically alter the proportion of cells within Gy,
S and G; phase (Figure 1C), confirming that the inhibition
of HR in U-2 OS DR-GFP was not due to GA biasing cells
to the G stage. To verify that the GA-dependent reduction
in HR frequency was due to the inhibition of SUMOyla-
tion, we used another inhibitor of SUMOylation, the avian
adenoviral protein Gaml (57,58). Mechanistically, Gaml
inhibits SUMOylation by binding to the SUMO El het-
erodimer SAE1/SAE?2 and recruiting it to an elongin/cullin
E3 ubiquitin ligase complex, targeting it for proteasomal
degradation. Gaml expression also promotes proteasomal
degradation of the SUMO E2 UBC9 (59,60), and all these
activities are abrogated in the L258 A/L265A (LL/AA) mu-
tant of Gam1 (58-60). After confirming that Gam1 expres-
sion was able to reduce protein levels of UBC9 (Supplemen-
tary Figure S1B), and only slightly increased the propor-
tion of cells in G| phase (Supplementary Figure S1C), we
co-expressed in U-2 OS DR-GFP cells I-Scel with either
wildtype (WT)-or LL/AA-Gam]1. Expressing WT-, but not
LL/AA-Gaml, led to a reduction in the frequency of HR
similar to treatment with GA (Figure 1B). Hence, HR is reg-
ulated by SUMOylation events, as it can be inhibited both
by GA treatment and by Gam1 expression.

DNA end resection and CtIP recruitment are regulated by
SUMOylation events

We next sought to map out which players in the HR path-
way were potentially impacted upon inhibition of SUMOy-
lation by GA. We reasoned that certain disruptions in func-
tion could be visualized by defects in the accumulation of
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HR proteins at sites of DNA damage in response to camp-
tothecin (CPT) or ionizing radiation (IR). Starting at the
assembly of RADSI nucleofilaments, a downstream event
in HR, we observed that GA treatment inhibited the forma-
tion of RADS51 foci in U-2 OS cells in response to IR, de-
spite the cells still incurring DSBs, as visualized by the for-
mation of yH2AX foci (Figure 1D). This validated that HR
as a process was inhibited by GA, agreeing with the reduc-
tion in HR frequency seen in the U-2 OS DR-GFP reporter
cells (Figure 1B). As H2AX is a substrate for SUMOyla-
tion itself (61), yH2AX foci intensity could be altered in
the presence of GA and not reflect the true extent of the
DNA damage load. We thus resorted to using pulsed-field
gel electrophoresis (PFGE) to measure the degree of DSBs
induced by IR in the presence or absence of GA. Interest-
ingly, GA alone and in combination with IR exacerbated
the proportion of broken DNA in U-2 OS cells (Figure 1E
and F), suggesting more DSBs were in fact induced with
GA present. Thus the reduction in RADS51 foci observed
with GA treatment reflects a true inhibition in RADS51 func-
tion, as the GA-treated cells had incurred even more DSBs
than those treated with vehicle control. We then hypothe-
sized that the reduction in RADS1 foci could, at least in
part, be a result of hindered DNA end resection, an event
upstream of RADS]1 filament assembly. End resection gen-
erates single-stranded DNA (ssDNA) overhangs that are
protected from nucleolytic degradation by the recruitment
of RPA complexes (4), so we chose to detect both RPA and
ssDNA foci as readouts of functional end resection. Treat-
ing U-2 OS cells with GA reduced the intensity of RPA foci
formed in response to CPT (Figure 1G), and reduced CPT-
induced 5-bromo-2’-deoxyuridine (BrdU) foci detected un-
der non-denaturing conditions (Figure 1H, Supplementary
Figure S1D), exposure of which represents ssDNA. As a
control, by PFGE, we detected more DSB damage inflicted
in cells treated with CPT and GA than CPT alone (Fig-
ure 1E and F), emphasizing the true reduction in RPA and
BrdU foci seen upon GA treatment. In line with this, expres-
sion of Gam1 also strongly inhibited the formation of RPA
(Supplementary Figure SIE) and native BrdU foci (Sup-
plementary Figure S1F). Although transient Gam1 expres-
sion slightly increased the proportion of cells in G; (Sup-
plementary Figure SI1C), our use of CPT as a damaging
agent ensured damage was only inflicted on cells within S
phase (62). Together, our findings suggest end resection is
dependent on SUMOylation events, which, when inhibited,
result in less ssDNA and reduced RPA recruitment to sites

dent experiments (left panel). The total RADS5]1 foci intensity was quantified from >179 RADS1 foci-positive cells per condition from three independent
experiments (right panel). (E) U-2 OS cells were pre-treated with 0.024% DMSO (D) or 12 uM GA (GA) for 2 h, then either exposed to 20 Gy of ionizing
radiation (IR), treated with 1 uM CPT for 1 h in the presence of DMSO or GA, or not. 1 x 10° cells per condition were embedded into agarose plugs and
digested with Proteinase K. Each plug was cut in half, and both halves were resolved by pulsed-field gel electrophoresis. The representative gel shown has
duplicate halves from one experiment run simultaneously (left and right). Intensities of the migrated and immobile DNA bands were quantified and used
to calculate relative DNA migration, which is presented below each lane and indicates the quantity of DSBs induced. (F) Quantification of relative DNA
migration from the gel in (E), averaged with data from a second independent replicate. (G and H) Left panels: IF micrographs of U-2 OS cells pre-treated
with 12 puM GA or 0.024% DMSO for 2 h, after which 1 wM camptothecin (CPT) was added for an additional hour. As only cells in S phase are sensitive
to CPT, cells that did not respond to CPT are also presented. Right panels: In (G), >178 yH2AX™ cells per condition from three independent experiments
were quantified for total RPA2 foci intensity. In (H), >66 yH2AX™ cells per condition from one experiment were quantified for total BrdU foci intensity.
Cells in (H) were cultured in BrdU-containing media prior to treatment. (I) IF micrographs (left panel) of U-2 OS cells stably expressing GFP-CtIP pre-
treated with 12 pM GA or 0.024% DMSO for 1 h, subjected to 10 Gy of IR or not, and recovered for 4 h in the presence of GA. Right panel: the total
GFP-CtIP foci intensity was quantified from >158 GFP-CtIP foci-positive cells per condition from three independent experiments. Micrographs in (G-1)

are representative of the results from at least six independent experiments.
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of damage. We hypothesized that this impairment in end
resection could be due to defects in the recruitment of the
end resection machinery to DSBs. We proceeded by exam-
ining the ability for the MRIN complex components NBS1
and MREI11 as well as MRN co-factor CtIP (6) to form
IR-induced foci in the presence of GA, selecting U-2 OS
cell lines stably expressing GFP-tagged versions of CtIP and
MREII1 to improve detection of IR-dependent foci over
background. While the intensity and number of MRE11-
GFP (Supplementary Figure S1G) and NBSI1 (Supplemen-
tary Figure S1H) foci were not substantially altered by GA
treatment, the intensity of GFP-CtIP foci was notably in-
hibited in the presence of GA (Figure 11I), suggesting less
CtIP was being recruited to DSB sites upon inhibition of
SUMOylation. Thus, we conclude end resection is depen-
dent on SUMOylation, and one explanation may lie in a
defect in CtIP recruitment to DSB sites upon shutdown of
SUMOylation.

Since CtIP has also been found to function at the replica-
tion fork (24-28), we tested if conditions that induce replica-
tion stress also promoted the formation of CtIP foci. Treat-
ing U-2 OS cells with CPT at low concentrations (63) and
the deoxynucleotide triphosphate (ANTP) pool-depleting
agent hydroxyurea (HU) (64), both of which induce replica-
tion stress, led to the recruitment of CtIP into distinct foci
in a dose-dependent manner (Supplementary Figure S2A).
Interestingly, treatment with GA reduced the intensity of
these foci, suggesting CtIP recruitment to sites of repli-
cation stress is also mediated by SUMOylation processes
(Supplementary Figure S2B). In summary, CtIP forms foci
both when DSBs and replication stress are induced, and in
both cases this recruitment is dependent on SUMOylation
events.

CtIP is a target for SUMO-2 modification

With this evidence as groundwork, we hypothesized that
CtIP is a substrate for SUMOylation. To examine if CtIP
is a potential substrate for SUMOylation, we performed an
in vitro SUMOylation assay (Figure 2A). Indeed, recom-
binant CtIP was modified by multiple SUMO-2 moieties
in the presence of SUMO E1 SAE1/SAE2 and E2 UBC9,
and the reaction was dependent on ATP. We then moved
to detect and characterize CtIP SUMO modification in
vivo. To enable this, we obtained HeLa cells stably express-
ing decahistidine-tagged SUMO-2 (HeLa His;(.SUMO-2)
at modest levels (50,65). The presence of the Hisjy-tag
and slight increase in expression of SUMO-2 in HelLa
His;o.SUMO-2 cells was confirmed via immunoblot relative
to the parental Hela cells (Supplementary Figure S3A).
Conceptually, the expression of Hisjo-tagged SUMO-2 al-
lows all SUMO-2 conjugates in the cell to be labeled with
the Hisjp tag. Lysis of the cells under strongly denatur-
ing conditions (6 M guanidium-HCI) prevents reversal of
SUMUOylation by denaturing SUMO proteases, while sub-
sequent nickel affinity purification isolates the fraction of
cellular proteins that are Hisjo-tagged SUMO-2 conjugates
(51). We first verified that Ni-NTA purification (‘His pull-
down’, or His PD) of HeLa His;(.SUMO-2 lysates was able
to enrich for His;p-SUMO-2 conjugates (Supplementary
Figure S3B). Next, to detect if CtIP is SUMOylated in vivo,

we split asynchronous HeLLa and HeLa His;o.SUMO-2 cells
into two fractions, one which was processed as whole cell ex-
tract, while the remainder was processed for Ni-NTA purifi-
cation. SDS-PAGE and immunoblotting of both fractions
revealed that CtIP was detected in the His pull-down frac-
tion in HeLa His;p.SUMO-2 cells but not parental HeLa
cells, despite similar levels of expression in the whole cell ex-
tract (Figure 2B), as was the case for RanGAP-1, a known
target for SUMOylation (51). Moreover, CtIP in the His
pull-down fraction exhibited a slower electrophoretic mi-
gration (near 150 kDa) compared to CtIP in the whole cell
extract (~125-130 kDa) (Figure 2C), the increase in molec-
ular weight supportive of the linkage of one or two SUMO-
2 moieties onto the protein (51). Subsequent densitomet-
ric quantification of CtIP in the His pull-down fraction ver-
sus whole cell extract suggested only 2.5-5% of endogenous
CtIP was modified by SUMO-2 at the steady state, reflect-
ing the low abundance of the modified form. Supportive
that the ~150 kDa species observed was indeed SUMO-2-
modified CtIP, we first found that the signal intensity could
be reduced in a dose-dependent manner in the presence of
GA (Supplementary Figure S3C). Second, to ensure the im-
munoreactive bands detected were in fact CtIP, we validated
the specificity of our CtIP antibody. The antibody could not
detect a truncated CtIP mutant missing residues 732-892
(D6) (47) (Supplementary Figure S3D), consistent with it
being raised to bind the CtIP C-terminus (66). Thus, CtIP
is a target for SUMOylation in the cell, with a small fraction
of CtIP being modified by SUMO-2 in vivo.

We next characterized if SUMOylated CtIP was local-
ized to chromatin. HeLa His;o.SUMO-2 lysates were sep-
arated into chromatin-enriched and soluble fractions which
were then subjected to His pull-down to enrich for SUMO-
2 modified proteins. We observed that the majority of CtIP
partitioned into the soluble fraction. Although a small frac-
tion of CtIP remained chromatin-bound, this fraction was
enriched for SUMOylated species (Figure 2D). This sug-
gests that SUMOylated CtIP is bound to chromatin, in-
dicating that SUMOylation of CtIP may be important for
its function, either allowing it to be targeted to chromatin,
or being SUMOylated once it is recruited to chromatin. In
summary, CtIP is a SUMO-2 substrate both in vitro and in
vivo, and SUMO-2-modified CtIP is enriched on chromatin.

Analysis of CtIP SUMOylation status in S phase and in re-
sponse to double strand breaks and replication stress

Having detected low abundance CtIP SUMOylation, we
proceeded to investigate if the modification could be en-
hanced in response to DNA damage. As CtIP plays a cru-
cial role in the repair of DSBs (5), we tested if its SUMOyla-
tion would increase in response to DSBs, similar to BRCAL,
which is SUMOylated in response to IR (67). Exposure
to IR did not drastically increase the degree of SUMOy-
lated CtIP as detected by His pull-down (Figure 3A), de-
spite equal pull-down efficiency between the Ni-NTA pu-
rification samples, as detected by the reversible total pro-
tein stain REVERT. Nor was SUMOylation status notice-
ably altered in response to IR for the end resection factors
MREI1 and NBSI, although there was a noticeable induc-
tion for BRCA1 SUMOylation as expected (67) (Supple-
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Figure 2. CtIP is a target for SUMO-2 modification. (A) In vitro reactions assembled using a SUMO-2 conjugation kit and recombinant glutathione S-
transferase (GST)-tagged human CtIP were resolved by SDS-PAGE and immunoblotted. Despite even input of UBCY into the reactions, less UBC9 was
consistently detected by immunoblot in Reaction C; we speculate the antibody used preferentially recognizes auto-SUMOylated UBC9, which is absent
when ATP is eliminated from the reaction (Reaction C). The solid line defines where an intervening lane was spliced out of the image. The immunoblot shown
is representative of six independent experiments. (B) HeLa cells expressing 10XHis-tagged SUMO-2 (His;p-SUMO-2) or parental HeLa cells were portioned
into input and His pull-down (His PD) fractions and processed as whole cell extracts or Ni-NTA affinity purifications, respectively, then resolved by SDS-
PAGE. Shown is a representative result of two independent experiments. * indicates a non-specific immunoreactive band. Corresponds to Supplementary
Figure S3B. (C) As in (B) but with Hisjo-SUMO-2 cells only, representative of at least three independent experiments. (D) 10% of a cell pellet of HeLa
His;p-SUMO-2 cells was lysed as the whole cell extract (top panel); the remainder was fractionated for chromatin enrichment. 1/9 of each of the resulting
soluble (sol) and chromatin-enriched pellet (pel) fractions was saved to represent the input prior to His PD. The remainder was processed for His PD, and
all fractions were resolved by SDS-PAGE. For the first run (middle panel), the His PD fractions contain 32X more of the starting amount of sample relative
to the input. In the second run (bottom panel), the pellet fraction (for input and His PD portions) was loaded to represent a similar starting amount of
CtIP as the soluble fraction. Shown is a representative result of two independent experiments.
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mentary Figure S4A). Similarly, treatment with other DSB
inducing agents including CPT, etoposide and phleomycin
did not increase levels of SUMO-2 CtIP (Figure 3B). We
reasoned that the lack of response in CtIP was because
our experiments had been conducted on asynchronous cells,
which are primarily in G; phase (Figure 3C), and that if
CtIP SUMOylation was involved in end resection as a part
of HR that it would be more apparent in cells in the S
and G, phases, when HR occurs. As such, we synchro-
nized HeLa His;(.SUMO-2 cells to the G, /S transition via
double thymidine block. The cells were then collected af-
ter being released from thymidine block for various times,
allowing them to progress to different stages of the cell cy-
cle. Samples collected after each timepoint were fractioned
and processed either for His pull-down or as whole cell ex-
tracts, or for DNA content analysis by propidium iodide
staining. DNA content analysis confirmed the cells had in-
deed been synchronized to various cell cycle stages (Figure
3C), and immunoblot analysis demonstrated no substan-
tial changes in His;op.SUMO-2 expression levels over the
phases (Supplementary Figure S4B). Intriguingly, the de-
gree of CtIP modified by SUMO-2 was dependent on the
cell cycle stage, increasing and peaking considerably at S
phase (3 h post-release) while decreasing as the cells pro-
gressed through G, and reaching a minimum in G| phase,
despite less drastic fluctuations in total CtIP expression over
the cell cycle (Figure 3D and Supplementary Figure S4C).
This induction of CtIP SUMOylation reflected a ~2-3-fold
increase in SUMO-2-CtIP compared to asynchronous cells.
Observing the large impact the cell cycle stage can have on
SUMUOylation, we next tested if cells synchronized to S or
G| phase would respond to DSBs by further upregulating
CtIP SUMOylation. Still, inducing DSBs via IR did not
increase CtIP SUMOylation, whether the cells were syn-
chronized to S or G| phase (Supplementary Figure S4D).
The induction of SUMOylation in S phase suggested that
CtIP was SUMOylated in response to active DNA repli-
cation or replication stress. We consequently examined if
there were alterations in CtIP SUMOylation in response to
externally applied replication stress. His pull-down experi-
ments on asynchronous cells revealed a surprising reduction
in SUMO-2-CtIP upon treatment with HU, aphidicolin (a
DNA polymerase inhibitor), and low concentration CPT,
all inducers of replication stress, despite steady expression
levels of CtIP (Figure 3E). In support of this, we observed a
time-dependent reduction in SUMO-2-CtIP over 4 h of HU
treatment (Figure 3F). Thus, CtIP modification by SUMO-
2 occurs constitutively in S phase, and this modification is
not detectably induced by DSB damage, but is reduced dur-
ing exogenous replication stress.

SUMOylation of CtIP in S phase is dependent on cyclin-
dependent kinase and ATR activities and an interaction with
PCNA

As we only observed an induction of CtIP SUMOylation
during S phase, we focused on characterizing this occur-
rence, seeking to identify factors that mediate it. We first
examined the C-terminus of human CtIP, which contains a
Sae2-like domain evolutionarily conserved among CtIP or-
thologues in vertebrates and in budding and fission yeast (5)
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(Supplementary Figure S5A). To determine if the residues
in the C-terminus could potentially play a role in the abil-
ity for CtIP to be SUMOylated, we compared the abil-
ity of full length (WT) and C-terminally-truncated CtIP
(D6, missing residues 732-892) to be modified by SUMO-
2. FLAG-tagged-WT- and D6-CtIP were transiently ex-
pressed in S phase synchronized HeLa His;(.SUMO-2 cells
and processed for His pull-down. While both constructs
were expressed at similar levels, SUMOylation of the D6
mutant was almost abolished relative to WT-CtIP (Fig-
ure 4A). While we could not rule out that certain lysine
residues within the region deleted in D6 (161 residues) were
SUMOylation sites or if the D6 mutant was altered in
its ability to interact with DNA (68,69), one explanation
could be that residues within the C-terminus, upon mod-
ification by phosphorylation, could be promoting CtIP’s
SUMOylation. Indeed, the C-terminus of CtIP contains
serine and threonine residues that are sites of phosphory-
lation and regulate the function of CtIP in HR repair (35—
37) (Supplementary Figure S5A). Kinases that target these
sites include the DNA damage sensing kinases ATM and
ATR, which control the cellular response to DNA dam-
age and replication stress, respectively (70), and the cyclin-
dependent kinases (CDKs), which govern temporal pro-
gression of the cell cycle (71). Given that CtIP SUMOyla-
tion occurs during S phase, and that the C-terminus con-
tains several CDK sites (35,37), we predicted that inhibit-
ing the activity of CDKs would block bulk CtIP SUMOy-
lation. In agreement, HeLa His;o.SUMO-2 cells synchro-
nized to S phase and treated with two broad-acting CDK
inhibitors that inhibit CDK2, which mediates progression
through late G; and S phase (72), roscovitine and AZD5438
(73,74), exhibited reduced CtIP SUMOylation compared to
the vehicle control (Figure 4B). We verified the acute treat-
ments had little immediate impact on the cell cycle distri-
bution and that the inhibitors were active (Supplementary
Figure S5B, C). Interestingly, RO-3306, an inhibitor spe-
cific to CDK1, a CDK active in the transition from late
G, to mitosis (75), exhibited much less of an inhibitory ef-
fect (Figure 4B). This suggests CDKs other than CDKI,
perhaps CDK2, may be phosphorylating CtIP and facil-
itating its SUMOylation. We further confirmed the role
of CDK activity in CtIP SUMOylation by obtaining mu-
tants of GFP-tagged CtIP at a conserved CDK site, T847
(Supplementary Figure S5A), whose phosphorylation pro-
motes DNA end resection (35,36). We first verified that
GFP-WT-CtIP could indeed be SUMOylated itself in vivo,
as a clear shift in molecular weight was observed when
the construct was expressed in HeLa His;g.SUMO-2 cells
and subjected to His-tag purification (Supplementary Fig-
ure S5D). The detected immunoblot signal was specific to
the CtIP portion of the construct, since it was not seen
when GFP empty vector was transfected instead. To test the
role of T847 in CtIP SUMOylation, GFP-CtIP-WT or mu-
tants where T847 was substituted with alanine (loss of func-
tion, T847A) or glutamate (phosphomimic, T847E) were
expressed in HeLa His;p. SUMO-2 cells synchronized to S
phase. By His-tag pull-down, the T847A mutant had par-
tially reduced SUMOylation compared to WT-CtIP, and
this was partially restored in the T847E mutant (Figure 4C).
Thus, phosphorylation of CtIP by CDKs, at T847 and po-
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A515-518 deletion mutant. Shown is a representative result of two independent experiments.



tentially other CDK sites, mediates its SUMOylation in S
phase.

As the C-terminus of CtIP also contains residues that
are targets for phosphorylation by ATM and ATR (33—
37), we next pursued if the activities of these kinases could
be prerequisites for CtIP SUMOylation. To address this,
HeLa His;o.SUMO-2 cells were synchronized to S phase
while being treated acutely with inhibitors to ATM (KU-
55933), ATR (ETP-46464 and VE-821) and the related
DNA-dependent protein kinase catalytic subunit (DNA-
PKcs) (NU-7441), and SUMOylated CtIP was isolated
by His pull-down. Importantly, we verified that the cho-
sen compounds only exerted minimal effects on the cell
cycle profile (Supplementary Figure S5E), and were ef-
fective at inhibiting their target kinases (Supplementary
Figure S5F-I). ETP-46464 and VE-821 treatment reduced
CtIP SUMOylation (Figure 4D), suggesting that ATR-
dependent phosphorylation events on CtIP could be reg-
ulating its SUMOylation. To confirm this, we obtained
an HA-tagged CtIP mutant where three previously iden-
tified S/TQ sites (the consensus sequence phosphorylated
by ATM and ATR (76)), S664, S679 and S745 (33,34,37)
(Supplementary Figure SSA), were mutated to alanine (48).
In HelLa His;o.SUMO-2 cells, exogenous HA-CtIP-WT was
SUMOylated more than its S664A /S679A/S745A counter-
part (Figure 4E). This was seen in both asynchronous and
S phase-synchronized cells, with the difference more obvi-
ous in cells in S phase, supporting the cell cycle-dependent
nature of CtIP SUMOylation. Another S/TQ site on CtIP
is T859 (Supplementary Figure S5A), whose phosphoryla-
tion by ATR upon DSB formation allows CtIP to bind to
chromatin and activate end resection (36). Bulk SUMOy-
lation of CtIP in S phase was not impacted in a mutant
with T859 mutated to alanine, T859A (Supplementary Fig-
ure S5J), indicating this particular site is dispensable for the
CtIP SUMOylation observed. Thus, ATR-dependent phos-
phorylation of CtIP, potentially at residues S664A, S679A
and/or S745A, but not at T859, mediates constitutive CtIP
SUMOylation in S phase.

Our observations that CtIP forms foci during replication
stress, and is SUMOylated during S phase in a CDK- and
ATR-dependent manner, are compatible with the finding
that CtIP interacts with the DNA polymerase processiv-
ity factor PCNA (25). The study found a putative PCNA-
interacting protein domain (PIP-Box (77)) within CtIP at
residues 518-537 (Supplementary Figure S5A). This PIP-
Box resides in a region of CtIP dubbed the Replication
Foci Targeting Sequence (RFTS, residues 505-546) (295).
The RFTS was found to be sufficient for binding PCNA as
well as targeting CtIP to BrdU™ foci of active DNA repli-
cation. Deleting residues 515-518 near and within the PIP-
Box disrupted the interaction of the RFTS fragment with
PCNA, and prevented RFTS from being targeted to repli-
cation foci (25). We hypothesized that the interaction be-
tween PCNA and CtIP facilitates its SUMOylation, per-
haps by helping recruit CtIP to sites of DNA replication
or replication stress. We first verified that both proteins do
interact as reported. We co-expressed monomeric red fluo-
rescent protein (RFP)-tagged PCNA and GFP-CtIP in U-
2 OS cells and performed co-immunoprecipitation (Co-IP)
experiments. Immunoprecipitating GFP-CtIP co-purified
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RFP-PCNA (Figure 4F), and vice versa (Supplementary
Figure S6A), confirming the two proteins associate with
each other. By Co-IP, we also found that the A515-518 mu-
tation in CtIP (Supplementary Figure S5A) could partially
disrupt its interaction with PCNA (Figure 4G), in support
of the previous findings (25). To study the impact of disrupt-
ing the PCNA-CtIP interaction on CtIP SUMOylation,
we expressed in S phase-synchronized HeLa His;o.SUMO-
2 cells GFP-CtIP-AS515-518. The His pull-down assay re-
vealed the A515-518 mutant was markedly less SUMOy-
lated than GFP-CtIP-WT (Figure 4H), suggesting the inter-
action with PCNA promotes CtIP SUMOylation. In sum-
mary, we have shown that conjugation of SUMO-2 to CtIP
in S phase is promoted by residues in its C-terminus, par-
ticularly those that are targets of the activities of the CDKs
and ATR kinase, as well as residues 515-518, which may act
by enhancing an interaction with PCNA.

SUMOylation of CtIP in S phase is dependent on the E3
SUMO ligase PIAS4

Next, we investigated which E3 SUMO ligase(s) could be
SUMOylating CtIP in S phase. Our candidates were PIAS1
and PIAS4, which have been implicated in SUMOylation
events at DSB sites (67,78), and CBX4, which was recently
reported to mediate CtIP’s role in end resection (46). siR-
NAs targeting each of the three E3 ligases were transfected
into HeLa His;(.SUMO-2 cells as they were being synchro-
nized to S phase, and His pull-down was performed to
enrich SUMO-2-CtIP. While each E3 ligase was knocked
down sufficiently, depleting PIAS1 upregulated CtIP ex-
pression levels, while depleting PIAS4 and CBX4 down-
regulated them (Figure SA, first run). When these fluctu-
ations in basal CtIP expression were accounted for, de-
pleting PIAS4, but not PIAS1 or CBX4, inhibited CtIP
SUMOylation in S phase (Figure 5A, second run). Impor-
tantly, the effect of PIAS4 knockdown on CtIP SUMOyla-
tion was not due to substantial changes in the cell cycle pro-
file (Figure 5B). To complement the depletion experiment,
overexpression of FLAG-tagged PIAS4 in the same cells
enhanced the abundance of SUMO-2-CtIP, despite even
loading of samples into the His pull-down fraction (Fig-
ure 5C). Notably, this effect was more pronounced in cells
synchronized to S phase relative to asynchronous cells, un-
derscoring the notion that PIAS4 SUMOylates CtIP dur-
ing S phase. As an E3 SUMO ligase for CtIP, we then
predicted that PIAS4 would interact with CtIP, and pur-
sued Co-IP experiments to test this. Indeed, GFP-tagged
CtIP was able to co-immunoprecipitate endogenous PIAS4
in U-2 OS cells (Figure 5D). In addition, a U-2 OS cell
line stably expressing GFP-CtIP-WT (Supplementary Fig-
ure S6B) co-immunoprecipitated more PIAS4 when it had
been synchronized to S phase than when it was grown asyn-
chronously (Figure SE), congruent with the rise in CtIP
SUMOylation we observe during S phase (Figure 3D, Sup-
plementary Figure S4C). Intriguingly, inducing replication
fork stalling with HU caused a dose-dependent dissociation
of PIAS4 from GFP-CtIP (Figure 5F), consistent with the
reduction in CtIP SUMOylation seen in the presence of HU
and other replication stress agents (Figure 3E-F). All in all,
the Co-IP experiments support the notion that PIAS4 asso-
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ciates with CtIP during S phase to promote its SUMOyla-
tion. Combining them with the PIAS4 depletion and over-
expression experiments, we conclude that PIAS4 is the main
E3 ligase for SUMOylating CtIP in S phase.

K578 is a key CtIP SUMOylation site

Having narrowed down specific factors involved in
SUMOylating CtIP in S phase, we wished to determine
which particular lysine residue(s) CtIP was SUMOylated
on. Recent work from Pablo Huertas’ group uncovered a
role for CtIP SUMOylation on residue K896 (46). Using
GPS-SUMOsp2.0 software to predict putative SUMOyla-
tion sites on CtIP, Soria-Bretones and colleagues selected
seven residues as potential SUMO sites: K46, K449,
K578, K705, K709, K802 and K896 (Figure 6A) (46).
Interestingly, they observed that substituting K896 with the
positively-charged but non-SUMOylatable arginine residue
yielded functional defects, preventing CtIP’s recruitment to
an [-Scel-induced DSB, impairing DNA end resection and
RADS1 accumulation, and increasing genomic instability,
although having little impact on the CtIP SUMOylation
detectable by immunoblot (Supplementary Figure 3G in
their report) (46). To further refine which of the six remain-
ing residues selected by Soria-Bretones et al. were potential
SUMOylation sites, we used an internal deletion panel of
FLAG-tagged CtIP constructs, of which the D6 construct
described earlier is a part of (47), to assess which regions
of CtIP mediated its bulk SUMOylation. Along with D6,
the panel consisted of mutants with large deletions that
overlap with the remaining sites chosen by Soria-Bretones
et al.: D3 (residues 369-495 deleted), D4 (496695 deleted)
and D5 (695-778 deleted) (Supplementary Figure S7A).
We ignored construct D1 (17-160 deleted) as we did not
wish to interfere with CtIP’s N-terminal oligomeriza-
tion region, shown to be important for CtIP function
(47,68,69). Despite variable expression of each construct
in HeLa His;(.SUMO-2 cells, mutants D4 and D6 showed
pronounced inhibition of SUMOylation, unlike D3 and
D5 (Supplementary Figure S7B). Having already observed
an impact of the C-terminus on CtIP SUMOylation via
D6 (Figure 4A), the dramatic loss of SUMOylation in
D4 suggested residue K578, or potentially other residues
within 496-695, could be potential SUMOylation sites or
be mediating CtIP SUMOylation.

After obtaining the arginine substitution mutants of
GFP-CtIP used by Soria-Bretones er al in their study
(46), we proceeded to evaluate which of the seven pre-
dicted residues were SUMOylation sites on CtIP. We ex-
pressed the mutants in HeLa His;o(.SUMO-2 cells synchro-
nized to S phase, and subjected the cells to His-tag purifica-
tion. Consistent with Soria-Bretones ef al. (46), a mutant
where all seven predicted sites had been substituted with
arginine (7KR) (Figure 6A) strongly reduced the amount
of SUMOylated GFP-CtIP enriched in the His pull-down
fraction relative to WT-CtIP (Figure 6B), suggesting one
or more of the seven predicted residues was responsible for
the majority of CtIP SUMOylation. We did not observe
a reduction of SUMOylation in the K896 mutant, while
the 6KR mutant (where six of the predicted sites except
K896 were mutated to arginine) (Figure 6A) sharply dimin-
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ished CtIP SUMOylation to a level similar to that of 7KR
(Figure 6B). This suggests that K896’s contribution to bulk
CtIP SUMOylation is very minor, and that one or more of
the remaining six sites is instead responsible. With residues
K449, K705, K709 located within internal deletions in mu-
tants that did not reduce CtIP SUMOylation (D3 and D5),
and K578 located within the deleted residues of mutant
D4, which showed remarkable loss of SUMOylation (Sup-
plementary Figure S7B), we moved to investigate if K578
specifically was a CtIP SUMOylation site.

The K578R mutant of GFP-CtIP was generated by
site-directed mutagenesis and transfected into S phase-
synchronized HelLa His;o.SUMO-2 cells. Relative to GFP-
CtIP-WT, K578R abolished SUMOylation to an extent
similar to the 7KR mutant (Figure 6C), suggesting K578
is a major site responsible for CtIP SUMOylation. In ad-
dition, unlike the K896R single mutant, a double mu-
tant where both K578 and K896 were mutated to arginine
(K578R-K896R) (Figure 6A) exhibited a similar reduction
in SUMOylation as both the K578R and 7KR mutants
(Figure 6D), emphasizing the key contribution of K578 to
bulk CtIP SUMOylation. To determine if K578 alone was
responsible for bulk SUMOylation, or if the remaining pre-
dicted sites contributed, we generated a mutant that would
allow only K578 to be SUMOylatable out of the seven pre-
dicted sites. The mutant, 7KR-R578K, was prepared by re-
verting residue R578 to lysine in the 7KR construct (Figure
6A). Upon expression in S phase or asynchronous HelLa
His;o.SUMO-2 cells, the reversion partially restored CtIP
SUMOylation, but not to the extent of WT-CtIP (Figure
6E, Supplementary Figure S7C). This confirmed that K578
was a SUMOpylatable residue, while suggesting its SUMOy-
lation is a pre-requisite for SUMOylation events on the
other six residues to constitute the rest of CtIP SUMOy-
lation. To recapitulate the effect of K578R in a construct
that did not utilize a bulky GFP tag, we incorporated the
mutation into HA-tagged CtIP, observing yet again a sub-
stantial loss in SUMO-2-modified CtIP in the presence of
K578R, even in cells that were asynchronous (Supplemen-
tary Figure S7D). Finally, we sought to demonstrate the
importance of K578 in CtIP SUMOylation by aligning
amino acid sequences of CtIP orthologues using Clustal
Omega. Consistently, K578, amid the canonical {-K-x-E
SUMOylation motif (79-81) (with ¢ representing a bulky,
hydrophobic amino acid), is conserved among mammalian
orthologues of CtIP as well as in chicken (Supplementary
Figure S7E). Taken together, our data uncover a novel
SUMOylation site for CtIP at residue K578. Moreover,
they reveal a dynamic interplay between SUMO sites, with
K578 SUMOylation serving as a prerequisite for SUMOy-
lation on other residues, a role not detectably manifested
by K896.

Cells expressing KS78R mutant CtIP show defects in DNA
end resection and homologous recombination

We next sought to study the functional effects of CtIP
reduced in SUMOylation using the mutants K578R and
A515-518 (mutant with attenuated PCNA interaction, Fig-
ure 4G). We first asked if cells expressing these mutants ex-
hibited a defect in DNA end resection. To do this, we gen-
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erated U-2 OS cell lines stably expressing siRNA-resistant
GFP-CtIP-WT, -K578R, -K896R and -A515-518 (Sup-
plementary Figure S6B). The cells were then depleted of
endogenous CtIP with siRNA, and treated with CPT to
induce end resection, which we measured by quantifying
native BrdU (Figure 7A) and RPA (Figure 7B) foci in
vH2AX™ cells. Parental U-2 OS cells were capable of form-
ing native BrdU and RPA foci in response to CPT, but this
was severely impaired when CtIP was depleted. Express-
ing WT-CtIP could restore these foci to similar levels as
parental cells, but adding back K578R or A515-518 could
not, or caused only a slight rescue of foci formation, indi-
cating both mutants were defective in promoting end resec-
tion. Critically, the K896R mutant also could not recover
RPA and BrdU foci to levels in cells expressing WT-CtIP,
in line with the findings of Soria-Bretones et al. (46).

We then explored mechanistically how K578R and
A515-518 are unable to promote end resection. We first
asked if both mutants were capable of being recruited to
sites of DNA damage generated by laser microirradia-
tion. GFP-CtIP-K578R was recruited and retained on laser
tracks efficiently, with similar kinetics as GFP-CtIP-WT
(Supplementary Figure S8A, B), indicating impaired re-
cruitment was not a factor in its inability to promote end re-
section, and that SUMOylation on K578 is not required for
CtIP’s recruitment to sites of damage. On the other hand,
the A515-518 mutant recruited poorly to laser-damaged
DNA, providing an explanation for its inability to stimulate
resection. We thus continued investigating functional im-
pacts of the K578R mutation, hypothesizing that SUMOy-
lation at K578 could be promoting CtIP’s known interac-
tions with the MRN complex and BRCA1. By Co-IP, the
K578R mutant co-immunoprecipitated all the aforemen-
tioned proteins as efficiently as WT-CtIP (Supplementary
Figure S8C), implying CtIP’s association with these pro-
teins is not dependent on the K578 residue being a func-
tional modification site. Seeing no alteration in recruit-
ment or protein interactions, we resorted to reconstitut-
ing end resection in vitro to see if KS78R-CtIP was im-
paired in its ability to stimulate the MRN complex in cleav-
ing streptavidin-blocked double-stranded DNA (6). We suc-
cessfully expressed and purified phosphorylated WT- and
K578R-CtIP and the MRN complex in Sf9 cells (Supple-
mentary Figure S8D, E). To our surprise, both phospho-
rylated WT- and K578R-CtIP were capable of stimulating
MRN endonuclease activity, and to a similar extent (Sup-
plementary Figure S8F). However, as we could not detect
higher molecular weight forms of purified CtIP indicative
of SUMOylation (Supplementary Figure S8D), it is likely
that most of the purified CtIP was not SUMOylated and
that a difference in SUMOylation status did not exist be-
tween WT-and K578R-CtIP. Nevertheless, our in vitro data
demonstrates that the K578R mutant is inherently as ca-
pable of stimulating MRN activity as WT-CtIP, therefore
its defect in promoting end resection in vivo is not due
to a change in catalytic activity arising from the arginine
substitution. This suggests that for WT-CtIP in the cell,
SUMO modification at K578 may promote conformational
changes that alter MRN activity, or alter CtIP’s interactions
with other proteins. Perhaps it is these changes that fully ac-
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tivate CtIP’s ability to stimulate MR N-dependent resection,
and these changes are lost when the K578 site is not modi-
fiable.

We next wondered if there were further functional im-
pacts from the loss in end resection in cells expressing
K578R-CtIP. As end resection is an initiating step in ho-
mologous recombination (3), we predicted that the process
of HR would be disrupted if end resection was impaired.
To test this, we performed the DR-GFP HR reporter as-
say (Supplementary Figure S1A) in cells depleted of en-
dogenous CtIP and complemented with either HA-tagged
WT- or K578R- siRNA-resistant CtIP (Figure 7C, Supple-
mentary Figure S7D). As expected, the frequency of HR
events was dramatically decreased in cells depleted of CtIP.
Fittingly, expressing HA-CtIP-WT was able to rescue HR
almost to levels seen in cells treated with non-targeting
siRNA, while expressing HA-CtIP-K578R was strikingly
unable to, demonstrating the significance of CtIP SUMOy-
lation at K578 on proper HR function. Taking this fur-
ther, we anticipated that cells expressing K578R-CtIP, with
their diminished end resection and consequently HR capac-
ities, would be more sensitive to DNA damage by DSBs. To
address this, we performed a clonogenic survival assay on
CtIP-depleted stable cell lines expressing GFP-CtIP-WT or
-K578R and challenged with CPT (Figure 7D, Supplemen-
tary Figure S6B). Accordingly, unlike WT-CtIP expressing
cells, those expressing the CtIP-K578R mutant were as sen-
sitive to CPT as parental U-2 OS cells depleted of CtIP with
siRNA. This sensitivity was also seen for the A515-518 mu-
tant, which is impaired in recruitment to sites of DNA dam-
age, SUMOylation and thus DNA end resection (Supple-
mentary Figure S§A, B; Figures 4H, 7A, B). To summarize,
modification of CtIP at residue K578 by SUMOylation pro-
motes DNA end resection, and substituting K578 with argi-
nine results in impaired end resection and HR activity and
poorer survival in response to CPT.

K578 is not required for CtIP recruitment during replication
stress or its interaction with PCNA

The fact that CtIP SUMOylation decreases in the presence
of HU, aphidicolin and low dose CPT (Figure 3E, F) sug-
gests SUMO-2 modification may mediate CtIP’s functions
in the response to replication stress. We thus performed ex-
periments to explore the functional consequences of an in-
ability to SUMOylate CtIP in the context of replication
stress. We previously found that CtIP is recruited to sites
of replication stress, seen by its ability to form foci in re-
sponse to HU and low dose CPT (Supplementary Figure
S2A). We then asked how a loss of SUMOylation at K578
would impact CtIP recruitment to stalled replication forks.
We depleted endogenous CtIP in U-2 OS cells stably ex-
pressing GFP-CtIP-WT or -K578R, then treated them with
HU and evaluated their abilities to form foci. U-2 OS stably
expressing the PCNA interaction mutant GFP-CtIP-AS15-
518 (Figure 4G) were also used in these experiments, as pre-
vious observations showed the interaction with PCNA re-
cruits CtIP to active replication centers (25). In response to
HU, cells expressing K578R-CtIP exhibited a partial reduc-
tion in foci-forming ability compared to WT-CtIP, as op-
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posed to those expressing A515-518, which were severely
inhibited (Supplementary Figure S9A). While this indicates
an interaction with PCNA is needed for CtIP recruitment
to sites of replication stress, in line with the literature (25),
it is clear that unlike the AS515-518 mutant, SUMOyla-
tion of CtIP at K578 is dispensable for recruitment to these
sites.

Earlier, we also observed that the interaction with PCNA
promotes CtIP SUMOylation (Figure 4G, H). We next pur-
sued the converse question: if SUMOylation at K578R
impacts CtIP’s interaction with PCNA, both under nor-
mal and replication stress conditions. We performed co-
immunoprecipitations in U-2 OS cells depleted of endoge-
nous CtIP and transfected with RFP-PCNA and GFP-
CtIP-WT or -K578R. Both the forward and reverse Co-1Ps
did not show a reduction in the CtIP-PCNA interaction for
K578R-CtIP relative to WT at the steady state, unlike the
AS515-518 mutant (Supplementary Figure S9B-D). More-
over, the interaction of GFP-CtIP and endogenous PCNA
was not altered in the presence of replication stress induced
by HU, whether WT- or K578R-CtIP was immunoprecip-
itated as the bait (Supplementary Figure S9E). Thus, we
conclude residue K578 is not required for the interaction
between CtIP and PCNA.

K578R expression phenocopies a fork protection defect in
CtIP-depleted cells during replication stress

A recent study demonstrated that CtIP protects stalled
replication forks from degradation (26). Here, the presence
of CtIP limited stalled replication forks from over-resection
by DNA2 exonuclease and prevented genomic instabil-
ity, virtues lost when mutations that abrogate CtIP’s ap-
parent intrinsic flap endonuclease activity were introduced
(26,82,83). We therefore sought to determine if SUMOy-
lation of CtIP at K578 could play a role in replication
fork protection, despite the K578R mutant still being able
to recruit to replication foci (Supplementary Figure S9A).
To directly visualize the impact of K578R substitution on
fork dynamics, we performed the DNA fiber spreading
assay. Briefly, we sequentially pulse-labeled newly synthe-
sized DNA using two halogenated nucleosides (5-chloro-
2'-deoxyuridine (CldU) first, then 5-iodo-2’-deoxyuridine
(IdU) second), then treated with HU to stall replication fork
progression and potentially initiate nascent strand degra-
dation (Figure 8A; the typical appearance of spread fibers
is shown in Supplementary Figure SI0A). The ratio of the
resulting IdU and CIdU tract lengths in the spread DNA
fibers was then used as a readout for replication fork protec-
tion; IdU/CIdU ratios near 1 reflected little or no degrada-
tion (fork protection), whereas ratios <1 indicated degrada-
tion of newly synthesized DNA. The assay was performed
on U-2 OS cells depleted of endogenous CtIP and com-
plemented with WT- or mutant GFP-CtIP. Consequently,
depleting CtIP consistently reduced the IdU/CIdU ratio
from ~1 to 0.5-0.7, and the ratio was restored to 0.91
when GFP-CtIP-WT was added back (Figure 8§B), confirm-
ing the reported loss of fork protection in the absence of
CtIP (26). Interestingly, expressing the 7KR mutant could
not restore fork protection, nor could K578R-CtIP. How-
ever, the 7KR-R578K mutant recovered the IdU/CldU ra-
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tio to near WT levels (Figure 8B). This implicates K578 as
the residue among the seven predicted SUMOylation sites
that mediates CtIP’s role in replication fork protection. In
support of a role for CtIP SUMOylation in fork protec-
tion, the A515-518 mutant, which interacts less with PCNA
and is inhibited in SUMOylation (Figure 4G, H), reduced
the IdU/CIdU ratio in a similar manner to CtIP-K578R
(Figure 8C), although the value was slightly higher, per-
haps because K578 was still intact as a SUMOylation site.
Secondly, depleting SUMO E2 UBC9 also produced the
nascent DNA degradation phenotype (Supplementary Fig-
ure S10B), suggesting SUMOylation events in general pro-
mote fork protection. Thirdly, as PIAS4 SUMOylates CtIP
in S phase (Figure 5), we predicted that reducing PIAS4
levels would lead to more nascent DNA degradation. Cer-
tainly, knockdown of PIAS4 reduced the IdU/CIdU ratio
relative to mock transfected cells, but not to the extent of
cells expressing the K578R mutant (Figure 8D), suggesting
fork protection overall is mediated by PIAS4 and other E3
SUMO ligases. Critically, however, depleting PIAS4 while
expressing K578R-CtIP resulted in an IdU/CIdU ratio sim-
ilar to expressing the K578R mutant alone (Figure 8D),
demonstrating that CtIP modification at K578 and PIAS4
activity reside within the same pathway and are epistatic.
Together, our DNA fiber data demonstrate that an inabil-
ity to SUMOylate CtIP results in defective fork protection
in response to HU, with the CtIP-K578R mutant pheno-
copying the fork over-resection defect seen by the loss of
CtIP.

Since the purported flap endonuclease activity of CtIP
(82,83) was reported to mediate CtIP’s role in replica-
tion fork protection (26), we were curious if SUMOyla-
tion at K578 controls this activity. The apparent endonu-
clease activity can be inhibited by loss of function mu-
tations at residues N181 or N289 and H290 (82,83). We
thus generated both mutants in GFP-CtIP by site-directed
mutagenesis, along with double mutants combining ‘nu-
clease deficiency’ with K578R (N181A-K578R, N289A-
H290A-K578R). As a control, we found that neither of
the solely ‘nuclease-deficient” mutants were impacted in
the ability to be SUMOylated during S phase in HeLa
His;o.SUMO-2 cells, unlike K578R (Supplementary Fig-
ure S10C). Only the ‘nuclease-deficient’-K578R double mu-
tants were strongly reduced in CtIP SUMOylation, and
to the same level as K578R alone (Supplementary Figure
S10C), indicating that ablation of K578 was responsible for
the reduction in SUMOylation. Intriguingly, K578R, both
‘nuclease-deficient’ mutants, and the ‘nuclease-deficient’-
K578R combination mutants all showed similar IdU/CldU
ratios (Figure 8E). This suggests that both SUMOylation at
K578 and the functions of residues N181 and N289/H290
are within the same pathway. While this implies K578
SUMOylation could control CtIP’s purported endonucle-
ase activity, we could not test the idea, as we were unable
to detect any flap endonuclease activity in purified CtIP to
start (Supplementary Figure S10D). Nevertheless, this ex-
periment shows K578 SUMOylation is epistatic with what-
ever functions residues N181 and N289/H290 mediate, and
our evidence overall implicates K578 SUMOylation in the
mechanism by which CtIP protects stalled replication forks
from over-resection.
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DISCUSSION

In this study, we sought to find potential SUMO targets
in the HR pathway and characterize how SUMOylation
could affect their function. Use of the SUMOylation in-
hibitor GA suggested CtIP was a substrate for SUMOy]la-
tion, as its recruitment to sites of DSBs was impaired upon
GA treatment, along with the process of DNA end resec-
tion, which CtIP is known to promote (5-7) (Figure 1G-I,
Supplementary Figure S1D). By nickel affinity purification
of Hisjp-SUMO-2ylated proteins, we later detected DSB
damage-independent (Figure 3A, B, Supplementary Figure
S4D) and constitutive (Figure 2B-D) CtIP SUMOylation
in vivo. In line with this, a recent report by Soria-Bretones
et al. also found CtIP to be constitutively SUMOylated, and
at similar levels with or without DNA damage (46). Soria-
Bretones and coworkers showed that this was mediated by
the E3 SUMO ligase CBX4, which when depleted inhib-
ited DNA end resection (46). Furthermore, they found that
SUMOylation at the near-C-terminal residue K896 was re-
quired for proficient DNA end resection, RADS1 foci for-
mation, maintenance of genomic stability and CtIP’s re-
cruitment to [-Scel-generated DSBs, as these were all in-
hibited in cells expressing the K§96R mutant but could
be rescued when SUMO-1 was fused to the C-terminus of
CtIP (46). In our study, we establish a cell cycle dependency
for CtIP SUMOylation, with the modification strikingly
stimulated during S phase (Figure 3D and Supplementary
Figure S4C). We then uncovered a SUMOylation site on
CtIP, K578, that sits within a canonical {-K-x-E SUMOy-
lation motif (Supplementary Figure S7E). Comparing our
findings, we and Soria-Bretones et al. show that constitu-
tive CtIP SUMOylation at residues K578 or K896 (46) is
important for DNA end resection, and to similar extents
(Figure 7A, B). It might be that both sites are function-
ally critical to promote end resection, thus end resection is
blocked whenever one or the other site is ablated. More en-
ticingly, however, it could be that K896 SUMOylation con-
trols end resection, but that K578 SUMOylation is a prereq-
uisite for K896 SUMOylation (see below). Meanwhile, our
studies do report contrasting results for the dependence of
SUMOylation on CDK phosphorylation at T847, where we
find T847 phosphorylation does partially mediate SUMOy-
lation (Figure 4C). Additionally, CtIP SUMOylation was
promoted by the E3 ligase PIAS4, not CBX4, in our study
(Figure 5A, C). These two contradictions could be a re-
sult of our emphasis on S phase-synchronized cells and the
SUMO isoform SUMO-2. We reason that PIAS4 SUMOy-
lates CtIP in S phase, and speculate additional SUMOyla-
tion by CBX4 could then prepare CtIP to function in DNA
end resection.

CtIP’s function in end resection is tightly governed by
multiple PTMs, including phosphorylation (35-37), ubiq-
uitylation (32) and SUMOylation (46). For instance, CDK
phosphorylation of T847 (and its equivalent in the S. cere-
visiae orthologue) restricts end resection activity to the S
and Gj cell cycle stages (35,84). Furthermore, ATR phos-
phorylation at T859 enables CtIP recruitment to DNA to
activate end resection (36). Our work reveals a dynamic in-
terplay between the PTMs on CtIP. Firstly, our data indi-
cates CDK- and ATR-mediated phosphorylations promote
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CtIP SUMOylation during S phase (Figure 4B-E), suggest-
ing phosphorylation events are upstream of CtIP SUMOy-
lation. In support of this, both kinase activities were linked
for CtIP phosphorylation in Xenopus oocytes, where phos-
phorylation at the residue corresponding to CDK site T847
preceded ATR phosphorylation at the equivalent of T859
(36). In addition, a connection between CDK activity and
human CtIP SUMOylation was found in a mass spectrom-
etry screen, where peptides of K578-SUMOylated CtIP
were co-modified with CDK-dependent phosphorylation,
and CtIP SUMOylation at different sites was altered in
the presence of a CDK inhibitor (85). Secondly, we un-
cover mechanistic intricacies in CtIP SUMOylation. Un-
like the K896R mutation, the K578R substitution dra-
matically reduces CtIP SUMOylation (Figure 6C-E, Sup-
plementary Figure S7C, D), while combining both muta-
tions in the K578R-K896R double mutant reduces CtIP
SUMOylation to a level similar to K578R alone (Figure
6A, D). This suggests SUMOylation on K896 is likely a
low abundance modification, perhaps only for the frac-
tion of CtIP engaged in end resection (46), and is con-
sistent with Soria-Bretones ez a/. who found the K896R
mutant exhibited similar SUMOylation levels as WT-CtIP
(46). Astonishingly, we found that K578 contributes promi-
nently to CtIP SUMOylation not only as a SUMOyla-
tion site, but by priming SUMOylation en masse at other
residues within CtIP when it is SUMOylated. This was in-
ferred from the observation that the K578R single mutant
reduces SUMOylation levels similar to that of the 7KR
mutant (where all seven potential SUMOylation sites are
blocked), yet the 7KR-R578K mutant (where of the seven
blocked SUMOylation sites, only K578 was restored) could
only partially rescue SUMOylation levels to that of WT-
CtIP (Figure 6A, E, Supplementary Figure S7C). Thus it
appears at least some of the other six putative sites con-
tribute to CtIP SUMOylation, but in a manner dependent
on the SUMOylation of K578. It may be that SUMOyla-
tion at K578 is a prerequisite for activatory conformational
changes in CtIP that then allow other lysine residues to be-
come accessible for SUMOylation.

While HR proteins are involved in fork reversal and
restart (16-22), their precise roles and regulation at repli-
cation forks are poorly understood compared to their func-
tions at DSBs. Our data fosters three implications for CtIP
in fork biology. Firstly, our findings illustrate the impor-
tance of CtIP’s interaction with PCNA (25). We demon-
strate that disrupting the interaction via A515-518 (Fig-
ure 4G, Supplementary Figure S9D) prevents CtIP recruit-
ment to sites of DNA damage as well as replication stress
foci (Supplementary Figures S8A, B, S9A). Interestingly,
while CtIP-A515-518 exhibits a recruitment defect, this is
not manifested in the K578R mutant (Supplementary Fig-
ures S§A, B, S9A), implying that the inhibition of CtIP re-
cruitment upon GA treatment (Figure 11, Supplementary
Figure S2B) may depend on SUMOylation on other sites
of the protein, or perhaps multiple other SUMOylation
events beyond those on CtIP. That CtIP-K578R is markedly
less SUMOylated than WT, beyond the contribution of the
K578 site alone (Figure 6C-E, Supplementary Figure S7C,
D), but still is recruited efficiently also suggests complete
SUMOylation is not required for CtIP accumulation at sites



950 Nucleic Acids Research, 2021, Vol. 49, No. 2

of replication stress or DNA damage. This supports the
notion that CtIP SUMOylation occurs downstream of its
accrual on chromatin. We propose then that the PCNA-
CtIP interaction targets CtIP to actively replicating DNA
for rapid responses to DNA damage and replication stress.
This could then allow CtIP to be SUMOylated (Figure 4H),
which we find is critical for its functions in DNA end resec-
tion and fork protection (Figures 7A, B, 8B-D). While a
portion of the A515-518 mutant is still chromatin-enriched
(Supplementary Figure S6B), perhaps localizing CtIP to
PCNA brings CtIP in the vicinity of PIAS4 for its SUMOy-
lation, in line with a report that PCNA can be SUMOy-
lated by PIAS4 (86). Second of all, our data demonstrate
that SUMOylation of K578 is necessary and sufficient for
protecting stalled replication forks from excessive nucle-
olytic degradation (Figure 8). This is made evident with the
7KR-R578K (Figure 8B) mutant being proficient in fork
protection, despite ablation of the remaining six potential
SUMUOylation sites (Figure 6A). While K578R and point
mutants causing CtIP to be ‘nuclease-deficient’ (82,83) were
epistatic in the fork degradation phenotype (Figure 8E), we
were unable to detect this intrinsic endonuclease activity in
purified CtIP (Supplementary Figure S10D) and thus could
not determine if SUMOylation regulated the activity. Other
groups have not been able to detect nuclease activity in CtIP
or its orthologues (6,7,69). We therefore speculate SUMOy-
lation triggers conformational changes that control CtIP’s
function as a co-factor for an associated endonuclease activ-
ity. This activity promotes fork protection and is somehow
mediated by residues N181 and N289/H290 within CtIP,
perhaps by facilitating protein-protein interactions. Thirdly,
the increase in CtIP SUMOylation during S phase (Figures
3D, 4B, D, and Supplementary Figure S4C, D) raises the
intriguing possibility that CtIP could play a role in DNA
replication. This is bolstered by evidence that CtIP interacts
constitutively with the processivity factor PCNA (25), an
observation we have reproduced (Figure 4F, Supplementary
Figure S6A), forms foci at sites of active DNA replication
(25) and during replication stress (Supplementary Figure
S2A), is recruited to ongoing replication forks as detected
by iPOND (isolation of proteins on nascent DNA) (24), and
that SUMOylated CtIP is enriched on chromatin (Figure
2D) and is promoted by CDK activity (Figure 4B, C). No-
tably, we find that replication stress inducing agents reduce
CtIP SUMOylation (Figure 3E, F), and fittingly HU treat-
ment causes the dissociation of the E3 SUMO ligase PIAS4
from CtIP (Figure 5F). Consistent with this, a mass spec-
trometry study detected K578 as a SUMOylation site on
CtIP, and classified it as a dynamically regulated site, being
markedly deSUMOylated in response to HU treatment at
2 and 24 h (65). Thus, it appears CtIP is SUMOylated dur-
ing fork progression, but this is reduced during prolonged
fork stalling. Perhaps these changes in SUMOylation level
switch CtIP between different roles depending on the condi-
tions at the fork. Interestingly, while we observe a reduction
in CtIP SUMOylation in response to HU (Figure 3F), the
SUMOylation-deficient CtIP-K578R mutant still exhibits
a fork protection defect (Figure 8B-E). This suggests CtIP
must first be SUMOylated in S phase, then deSUMOylated
during prolonged fork stalling, in order to protect halted
forks from nascent DNA strand degradation.

Taken together, our data supports the following model
(Figure 8F). CtIP is recruited to chromatin by an inter-
action with PCNA, which facilitates its targeting to ac-
tive DNA replication foci during S phase. CDK-dependent
phosphorylation events (at T847 and other residues), along
with ATR-dependent phosphorylation (at sites such as
S664, S679 and/or S745), predispose CtIP for constitutive
modification by SUMO-2 during S phase. This SUMOyla-
tion is facilitated by the E3 SUMO ligase PIAS4. SUMOy-
lation on residue K578 then licenses CtIP to be SUMOy-
lated on other sites. SUMOylated CtIP is an activated ver-
sion of the protein that promotes DNA end resection, and
subsequently HR, and prevents over-resection of newly syn-
thesized DNA at stalled replication forks, functions that
are disrupted when K578 is not modifiable by SUMOyla-
tion (Figure 8F). Overall, our data provide a link between
CtIP SUMOylation and fork protection (26). Our work ex-
pands the functions of SUMOylation in regulating CtIP be-
yond its recruitment to DSBs, promotion of end resection
(46), and solubility (87), and validates K578 as a bona fide
SUMOylation site with functional impacts.
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