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ABSTRACT

Proper DNA double-strand break (DSB) repair
is essential for maintaining genome integrity.
Microhomology-mediated end joining (MMEJ) is an
error-prone repair mechanism, which introduces mu-
tations at break sites and contributes to chromoso-
mal translocations and telomere fusions, thus driv-
ing carcinogenesis. Mitotic kinases PLK1, CDK1 and
Aurora A are important for supporting MMEJ and
are often overexpressed in various tumors. However,
the functional interplay between these kinases and
MMEJ has not been explored. Here, we found that
MMEJ is preferentially employed to fix DSBs in cells
arrested in mitosis following nocodazole treatment.
We further showed that the DSB repair factor CtIP is
jointly phosphorylated by CDK1/Aurora A and PLK1.
CDK1/Aurora A-mediated CtIP phosphorylation at
serine 327 triggers CtIP binding to the PLK1 polo-box
domain, which in turn facilitates PLK1 to phospho-
rylate CtIP mainly at serine 723. A PLK1 phosphor-
mimic CtIP mutant fails to initiate extended end re-
section and is thus unable to mediate homologous
recombination and the G2/M checkpoint but can me-
diate MMEJ. These data imply that PLK1 may target
CtlIP to promote error-prone MMEJ and inactivate the
G2/M checkpoint. These findings have helped eluci-
date the oncogenic roles of these factors.

INTRODUCTION

Double-strand breaks (DSBs) are repaired in mammalian
cells via two main mechanisms: Ku-dependent classical
non-homologous end joining (C-NHEJ) and homologous
recombination (HR) (1,2). HR is initiated by processing and
cutting the DSB ends to generate 3’ single-stranded DNA
(ssDNA) tails, which are then bound by Rad51 recombinase

to initiate homologous pairing, strand invasion and finish
DSB repair by HR with the aid of a series of recombina-
tion mediator proteins and nucleases (3). Because an iden-
tical sister chromatid template is required for accurate DSB
repair, HR is usually restricted to the late S/G2 phases of
the cell cycle, and is considered an error-free process (2,4).
Conversely, C-NHEJ can occur throughout the cell cycle
to repair DSBs by direct ligation of DNA ends without ex-
tensive processing; thus, it does not require a homologous
template and is associated with small alterations at junc-
tions (1). Microhomology-mediated end joining (MMEJ)
has been described as an alternative DSB repair mechanism
(5,6). MME]J is a mutagenic DSB repair process that in-
duces a deletion or insertion around a DSB and thus con-
tributes to the formation of chromosome rearrangements,
including translocations and telomere fusion (7,8). MMEJ
was originally considered as a back-up repair mechanism
in Ku-deficient cells (9,10). However, recent studies have
shown that it is also activated in normal, cycling cells (where
both C-NHEJ and HR pathways are functional) and con-
tributes to the survival of HR-defective tumors (11,12).
The choice between different DSB repair pathways de-
pends on the phase of the cell cycle and the nature of the
DSB. Selecting the appropriate DSB repair pathway has
a critical impact on genome integrity and tumorigenesis
(4,13,14). An essential determinant of DSB repair pathway
choice is the 5'-3' resection of DSB ends, which promotes
HR-mediated repair and prevents Ku-dependent C-NHEJ
(4,15). A two-step resection model has been established
based on studies performed in several model organisms (15—
18). In mammals, the Mrel1-Rad50-NBS1 (MRN) com-
plex and CtIP (CtBP-interacting protein) work together
to expose short, ssDNA regions. This exposure promotes
BLM-DNA2-Exol and RPA recruitment to these regions
to generate extended 3’-ssDNA for HR-mediated repair
(19). MMEJ is MRN-CtIP dependent but BLM-Exo1-RPA
independent, suggesting that the limited length of ssDNA
that is derived from the first step of resection is sufficient to
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initiate MMEJ (6,11). Inadequate 5'-3’ resection is, there-
fore, an important reason as to why cells unduly fix DSB
damage via MMEJ, resulting in genomic instability and car-
cinogenesis.

CtIP function in DSB repair is tightly controlled by cell-
cycle-dependent modifications. Phosphorylation of a con-
served cyclin-dependent kinase (CDK) site (threonine 847,
T847) at the CtIP C terminus during S/G2 phase is required
for efficient end resection and resection-dependent repair
via MMEJ or HR (20,21). CDK-mediated phosphoryla-
tion of CtIP at serine 327 (S327) is also critical for BRCA1
(breast cancer gene 1) binding and end resection regulation.
Some debate as to the role of CtIP S327 phosphorylation,
however, has been raised (22-24). In addition, phosphory-
lation of the five CDK sites located in the CtIP central do-
main permits CtIP to interact with Nbsl (Nijmegen break-
age syndromel) via its FHA-BRCT domains, which in turn
allows ATM (ataxia telangiectasia mutated) to phosphory-
late CtIP and facilitate end resection upon DNA damage
(21). Interestingly, a recent study found that CtIP can be
sequentially phosphorylated at S327 and T847 by PLK3
(polo-like kinase 3) during G1 phase in a DNA damage-
dependent manner and this phosphorylation is required for
complex DSB repair to occur in G1 (25).

PLK1 (polo-like kinase 1) is a well-defined cell-cycle
regulator that is expressed from early S phase to late M
phase and has numerous functions during mitosis progres-
sion (26). PLK1 is activated by Bora/Aurora A during the
G2/M transition and usually binds CDK-phosphorylated
targets through its Polo-Box Domain (PBD) to phosphory-
late them. The kinase activity of PLK1 is not essential for
normal cell-cycle progression, but is indispensable for the
G2/M transition in cells attempting to recover from DNA
damage (27-29).

In response to DSBs, mammalian cells activate phos-
phatidylinositol 3-kinase-like kinases (PIKKs), including
ATM and ATR (ATM and Rad3-related), to modulate
checkpoint activation and DSB repair via cascades of phos-
phorylation (30). ATM is activated by the MRN complex
and mainly responds to DSBs. ATR is activated by ATRIP
(ATR-interacting protein), RPA (replication protein A),
TOPBPI (topoisomerase binding protein 1) and Claspin
and responds to single-strand DNA lesions. Activated ATM
and ATR phosphorylate CHK2 and CHKI, respectively,
which results in downstream signal transduction and effec-
tor protein phosphorylation to initiate the S-phase and G2-
phase checkpoints in mammalian cells (31-33).

In this study, we used the previously described direct re-
peat enhanced green fluorescent protein (DR-EGFP) re-
porter system (34) combined with a modified DSB induc-
tion method to study DSB repair in nocodazole-arrested
mitotic cells. We found that these cells use MMEJ to
fix DSB damage. DSB end resection factor CtIP is con-
certed phosphorylated by CDK1/Aurora A and PLKI,
and PLK1-mediated phosphorylation of CtIP promotes
MMEIJ-mediated DSB repair. A PLK1 phosphor-mimic
CtIP mutant fails to mediate extensive end resection and
thus suppresses HR, promotes MMEJ and disrupts the
DNA damage-induced G2/M transition checkpoint. These
data suggest a new mechanism involving the mitosis kinases
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PLK1, CDK1 and Aurora A in DSB repair via CtIP phos-
phorylation. These findings further our understanding as to
how the regulation of DSB repair in mammalian cells dur-
ing the cell cycle can affect genomic stability and contribute
to carcinogenesis.

MATERIALS AND METHODS

Cell culture, plasmid construction and recombinant protein
expression

Human U20S, HCT116 and 293T cells were cultured
at 37°C in a humidified atmosphere with 5% CO, in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin. The Sf9 insect cell line was cul-
tured in Sf-900I1 SFM medium (Gibco). CtIP-knockout
HCT116 cells (35) and EGFP-HR and EGFP-MME]J re-
porter cells (34,36) were generated and cultured as previ-
ously described (35).

CtIP, PLK1 and Aurora A cDNAs were subcloned
into a pcDNA3 vector (Invitrogen). Point mutations,
small hairpin RNA (shRNA) target site-resistant mu-
tations and cDNA fragments were generated using the
QuikChange Site-directed Mutagenesis Kit (Stratagene)
or by polymerase chain reaction (PCR) amplification and
ligation into the mammalian expression vector pcDNA3 or
NBLV0051 (Novo Bio) vector containing a 3x N-terminal
Flag, HA or Myc epitope. EGFP-tagged CtIP or the indi-
cated mutants were generated using the EGFP-C1 expres-
sion vector (Clontech). Bacteria expressing His-tagged or
GST-tagged PLK1, Aurora A or CtIP fragments were gen-
erated using the pET28a (Invitrogen) or pGEX6T-1 (GE
Healthcare) system, respectively. Doxycycline-inducible
lentiviral expression vectors containing the humanized
Streptococcus pyogenes Cas9 plasmid were obtained
from Addgene (#50661). The sgRNA expression vector
was synthesized using two pairs of annealed oligomers
(HRF5-CACCGCTTCAAGCTTTAGGGATAAC-3,
HRR5-AAACGTTATCCCTAAAGCTTGAAGC-3,
MMEJFY-CACCGCGCGCCGAGTAGGGATAAC-3,
MMEJRSY-AAACGTTATCCCTACTCGGCGCGC-3),
which were inserted into the BsmBI site of the lenti
Guide-puro vector (Addgene #52963). The final constructs
encoded an single guide RNA (sgRNA) that targeted the
I-Scel-recognizing region in the EGFP-HR or EGFP-
MME]J reporters (Supplementary Figure S1A and S1B).
Stable expression of exogenous proteins in the indicated
U20S or HCT116 cells was achieved by lentiviral infection
followed by relevant drug selection. Recombinant bac-
uloviruses expressing GST-tagged wild-type (WT) CtIP or
the indicated mutants were generated using the Bac-to-Bac
baculovirus expression system (Invitrogen), as previously
described (21,36).

shRNA interference

Silencing of endogenous CtIP and BLM was achieved by
retroviral or lentiviral infection using pMKO or pLKO vec-
tors to express corresponding shRNAs. shRNA sequences
for CtIP (5-GAGCAGACCUUUCUCAGUAUA-3') and
BLM (5-GAGCACAUCUGUAAAUUAAUU-3) have
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been previously described (11,36). The shRNA-resistant
CtIP WT and indicated mutants were constructed by mu-
tating four nucleotides in the shRNA-targeting sequence
(36) by site-directed mutagenesis (Stratagene). Nocodazole
(M1404) and thymidine (T1895) were purchased from
Sigma; BI2536 (S1109), Roscovitine (CYC202), RO3306
(S7747) and MLNS8054 (S1100) were purchased from
Selleck.

Immunoblotting, immunoprecipitation and immunostaining

Whole-cell lysis, immunoblotting, immunoprecipitation
and immunostaining were performed as previously de-
scribed (21,34). Antibodies against CtIP, BRCA1, Chkl
and RPA were used according to previously derived condi-
tions (21,34,36). Anti-HA (A190-208A), anti-M YC (A190-
205A), anti-BLM (A300) and anti-pH3S10 (A301-844A)
were purchased from Bethyl. Anti-FLAG M2 (F1804) and
anti-B-actin (A5441) were purchased from Sigma. Anti-
PLK1 (sc-17783) was purchased from Santa Cruz. Rab-
bit phospho-specific antibodies against CtIP (S327), CtIP
(S723) and CtIP (S593) were generated and affinity-purified
by Beijing B&M Biotech using the phospho-peptides.

Protein purification

Full-length, WT GST-CtIP was expressed in Sf9 in-
sect cells and purified by affinity purification, as previ-
ously described (36). GST-fused CtIP fragments (GST-
CtIP 200-460, GST-CtIP 460-600, GST-CtIP 600-770), full-
length WT, indicated mutants and GST-BRCT proteins
were expressed in BL21 cells and affinity-purified using
glutathione-Sepharose4B (GE Healthcare). His-PLK 1 and
His-Aurora A were expressed in BL21 cells and purified us-
ing Ni-NTA agarose (Qiagen), according to the manufac-
turer’s instructions. Protein complex purification was per-
formed as previously described with some modifications
(37). Briefly, 293T cells were incubated with nocodazole
for 16 h and then lysed by sonication in lysis buffer [20
mM Tris-HCI (pH 8.0), 50 mM KCI, 0.5 mM dithiothre-
itol (DTT)] containing a protease inhibitor cocktail (‘PIC’,
cOmplete, Roche). After centrifugation, the supernatant
was loaded onto a Q sepharose FF column (GE Health-
care), equilibrated with equilibration buffer [20 mM Tris—
HCI (pH 8.0), 100 mM KCI, and 0.5 mM DTT] and step-
eluted in 300 mM KCl and 500 mM KCl, all in equilibration
buffer. The 300 mM fraction was then added to a Superose 6
column (GE Healthcare). Fractions were collected and an-
alyzed by western blotting using the indicated antibodies.

In vitro kinase assay

For in vitro kinase assays, bacteria-purified His-PLK 1, His-
Aurora A or commercially obtained CDK 1-cyclinB recom-
binant protein (New England Biolabs) were incubated with
purified protein substrates in the presence of 10 wCi y->?P-
ATP (Perkin Elmer) in kinase buffer [25 mM HEPES buffer
(pH 7.4), 50 mM NaCl,1 mM Na3;VO4,10 mM MgCl,,
1 mM DTT, 10 uM ATP] (21). The kinase reaction was
carried out at 30°C for 30 min. Phosphorylated proteins
were analyzed by sodium dodecylsulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) and autoradiography.

Mass spectrometry

Phosphorylation site mapping by mass spectrometry was
performed as previously described (21). Briefly, 293T cells
containing Flag-CtIP expression plasmids were treated with
nocodazole for 16 h or not, and then the cells were harvested
and lysed in NETN buffer [150 mM NaCl, 1 mM ethylene-
diaminetetraacetic acid, 20 mM Tris—-HCI (pH 8.0), 0.5%
NP-40] containing a protease inhibitor cocktail (‘PIC’,
cOmplete, Roche). The cell lysate was cleared by centrifu-
gation and the supernatant was applied to anti-Flag M2-
conjugated agarose beads (Sigma) pre-equilibrated with
NETN buffer containing a protease inhibitor cocktail
(‘PIC’, cOmplete, Roche). After incubation at 4°C for 3
h, the beads were centrifuged and washed extensively in
NETN buffer. Subsequently, Flag-CtIP was eluted with
NETN buffer containing FLAG peptide and analyzed by
mass spectrometry.

Laser-induced microirradiation and live-cell imaging

U20S cells expressing the indicated EGFP-tagged or
mRFP-tagged proteins were cultured in sterile glass-bottom
dishes (MatTek) in DMEM supplemented with 10% FBS.
DSBs were generated in live-cell nuclei by local irradiation
with a 365 nm pulsed nitrogen UV laser (16 Hz pulse, 41%
laser output) generated from the Micropoint System (An-
dor). Live-cell, time-lapse images were captured on a Nikon
A1l confocal imaging system directly coupled to the Mi-
cropoint System. Raw images were imported into ImageJ
(NIH of USA) for processing. The fluorescence intensity of
the micro-irradiated area was determined by measuring the
mean absolute intensity of the micro-irradiated areas, with
the mean cellular background intensity subtracted. Each
data point shown is the average of 10 independent measure-
ments (21).

HR and MMEJ assay

U20S cells carrying an EGFP-HR or EGFP-MME]J
reporter (34) and stably expressed doxycycline (Dox)-
inducible Cas9 (38) and sgRNA were used for the HR and
MME]J assay. sgRNA directs the Cas9 endonuclease to the
I-Scel recognition site to generate DSBs (Supplementary
Figure S1). The cells were incubated with Dox for 24 h to in-
duce a DSB and then recovered by trypsinization. The col-
lected cells were analyzed using a BD Accuri C6 flow cy-
tometer and the accompanying analysis software (BD Bio-
sciences).

Quantitation of DNA end resection

An in vivo end resection assay at a DSB site generated via
the ER-AsiSI system in U20S cells was performed as pre-
viously described (39). Briefly, stable ER-AsiSI expression
in U20S cells was achieved by retrovirus infection followed
by puromycin selection. ER-AsiSI-expressing U20S cells
(ER-As5iSI U20S) were treated with 4-hydroxytamoxifen
(4-OHT) to allow AsiSI to enter the nucleus and gener-
ate DSBs. After 4 h of 4-OHT induction, genomic DNA
was isolated using a TITANamp Genomic DNA Kit (TIAN-
GEN). RNaseH (NEB)-treated genomic DNA (3 mg) was



then mock digested or digested with BsrGI or HindIII
(NEB) at 37°C overnight. To quantify the extent of re-
section, the mock-digested and restriction enzyme-digested
samples were amplified by quantitative PCR (q-PCR) using
specific Tagman probes, as previously described (39).

Metaphase spread analysis

Metaphase chromosome analysis was performed as previ-
ously described (20). Briefly, cells were exposed to irradia-
tion (2 Gy) and allowed to recover for 8 h, before 0.1 pg/ml
colcemid treatment at 37°C for 1 h. Cells were collected, in-
cubated in hypotonic solution (75 mM KCI) for 30 min, and
fixed in a 3:1 methanol/acetic acid solution (three washes)
and stored overnight at —20°C. The cells were then dropped
onto slides, incubated for 2 h at 60°C and Giemsa-stained.

Cell-cycle distribution and G2/M transition checkpoint anal-
ysis

Cells were harvested by trypsinization, washed in
phosphate-buffered saline (PBS) and fixed with ice-
cold 70% ethanol for 16 h. The cells were then collected,
washed twice with PBS, resuspended in propidium
iodide/RNAse and the cell-cycle distribution was analyzed
by flow cytometry. The G2/M transition checkpoint
assay was performed as previously described with some
modifications (40). Briefly, the cells were treated with 2
Gy irradiation or camptothecin (CPT) for 1 h and then
cultured in fresh medium for a further 2 or 4 h. Nocodazole
was added 2 h after release from irradiation or CPT.
The cells were then fixed with 75% ethanol and stained
with an anti-pH3S10 antibody, before incubation with a
fluorescein isothiocyanate-conjugated secondary antibody.
After washing, the stained cells were treated with RNase,
incubated with propidium iodide and then analyzed by
flow cytometry.

Quantification and statistical analysis

All statistical analyses were performed in Microsoft Excel.
A two-tailed non-paired Student’s z-test was used to deter-
mine significant differences between samples.

RESULTS
PLK1, CDK1 and Aurora A promote error-prone MMEJ

We first developed a CRISPR /Cas9-based method to gen-
erate DSBs in EGFP-HR and EGFP-MMEJ reporter cells
(Figure 1A and B; Supplementary Figure S1). Following
a well-designed sgRNA, Cas9 cleaved the reporter sub-
strate at an identical region to the I-Scel endonuclease
to synchronously generate a DSB on the chromosome af-
ter Dox induction. This method allowed us to measure
DSB repair efficiency within a shorter time period than
the classical I-Scel-mediated method (34). To study DSB
repair during M phase, EGFP-HR or EGFP-MME] re-
porter cells were pre-treated with nocodazole for 16 h to
arrest them in M phase, then exposed to Dox to induce
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DSBs and incubated in the presence of nocodazole for a
further 24 h before harvesting to analyze EGFP-positive
cells by fluorescence-activated cell sorting (FACS) (Figure
1C). After nocodazole treatment, >80% cells were arrested
in G2/M phase (Figure 1D and E). Consistent with pre-
vious reports (41,42), reduced HR efficiency was found
in nocodazole-arrested mitotic cells (Figure 1F), suggest-
ing that the HR-mediated repair pathway was gradually
shut down when cells exited S phase. Unexpectedly, us-
ing the same protocol, we observed an almost 2-fold in-
crease in MMEJ activity in nocodazole-arrested mitotic
cells (Figure 1G). CDK1, Aurora A and PLK 1—major pro-
tein kinases driving cell entry into mitosis—were hyperac-
tivated during the G2/M transition (27). We thus reasoned
whether these kinases are responsible for high MMEJ activ-
ity in nocodazole-arrested mitotic cells. Indeed, after treat-
ment with a CDK 1-specific inhibitor (RO3306), Aurora A-
specific inhibitor (MLN8054) or PLK1-specific inhibitor
(BI25536), we found that MME]J efficiency was drastically
reduced in both control (DMSO) and nocodazole-arrested
cells (Figure 1G). These data suggest that the mitosis-
specific kinases CDK 1, Aurora A and PLK1 may promote
MMEJ-mediated DSB repair.

Cell-cycle analysis indicated that nocodazole treatment
led to ~80% cells with 4N DNA content and 15-35% cells
with positive phospho-Histone H3 (H3pS10) staining dur-
ing the whole experimental period (ranging from 16 to 40 h
of nocodazole treatment, Figure 1D and E; Supplementary
Figure S2A-C). These data suggest that DSB is induced and
repaired mainly in the G2/M phase of the cell cycle. Co-
treatment with nocodazole and CDK1 or an Aurora A in-
hibitor resulted in loss of H3pS10 staining in the majority of
cells, but most cells still had 4N DNA content (Supplemen-
tary Figure S2A, B, D and E). This finding indicated that
the cells might be forced to exit mitosis without dividing.

Inactive CDK1 or Aurora A kinases in the presence of
nocodazole might result in mitotic slippage (43). We found
that PLK1 inactivation using an inhibitor could only par-
tially reduce H3S10 phosphorylation (Supplementary Fig-
ure S2D and Figure 2B), suggesting that the functions of
CDK1 and Aurora A during this process are largely PLK1
independent. To show that mitotic kinase, particularly
PLK1, is virtually responsible for hyperactive MMEJ in
nocodazole-arrested cells, we overexpressed PLK1-WT or a
PLK1-KD (kinase dead) mutant in MMEJ-reporter U20S
cells and performed MMEJ assays. As expected, forced ex-
pression of PLK1-WT but not PLK1-KD markedly pro-
moted MME]J activity in U20S cells (Figure 1H). Analog-
sensitive (AS) kinases are powerful tools to determine the
cellular functions and phosphorylation targets of individ-
ual enzymes. A PLK1 AS mutant (C67V and L130G, here-
after referred to as PLK1-AS) but not wild-type PLK1
(PLK1-WT) was previously found to be sensitive to the
purine analog 3-methylbenzyl pyrazolopyrimidine (3-MB-
PP1) (44,45). The effect of PLK1-WT on MMEJ activity
was not sensitive to the bulky purine analog 3-MB-PP1
(Figure 11). However, this analog fully disrupted the effect
of PLK1-AS on MMEJ (Figure 1J). These data thus con-
firm that PLK1 kinase activity specifically promotes MMEJ
in mammalian cells.
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Figure 1. CDKI1, Aurora A and PLK1 kinase activity is required for MMEJ. (A) DR-EGFP-HR, (B) EGFP-MMEUJ reporter and modified DNA DSB
induction method by RNA-guided endonuclease Cas9. (C) Drug exposure and DSB repair assay. U20S cells carrying the indicated DSB repair reporter
substrate were treated with nocodazole (330 nM) or mock treated with DMSO for 16 h followed by Dox in the presence of nocodazole to induce a DSB.
After 24 h Dox induction, the cells were trypsinized and FACS was performed. (D and E) After 16 h nocodazole treatment, the cell-cycle profile was
determined by FACS and the mean percentage of cells in the indicated cell-cycle phases was determined. (F) HR repair efficiency in unperturbed and
synchronized cells with or without the indicated drugs was determined by FACS. A CDK1 inhibitor (10 wM R0O3306), PLK1 inhibitor (10 pM BI2536),
Aurora A inhibitor (2 oM MLN8054) or DMSO was added to the culture before Dox induction. (G) MMEJ repair efficiency determined by the same
method and strategy as the HR assay. (H) EGFP-MMEJ assay was performed in U20S cells with overexpressed Flag-PLK1 WT or Flag-PLK1 kinase
dead (K82M/D176N) mutant. Western blotting shows the expression of Flag-PLK1 variants. (I and J) U20S cells overexpressing Flag-PLK1-WT or a
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blotting shows the expression of Flag-PLK 1 variants. The data represent the means of three independent experiments, with error bars as SD and P values
as noted: **P < 0.01; n.s. not significant.
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Figure 2. CtIP is hyperphosphorylated by mitotic kinase. (A-C) U20S cells were incubated with nocodazole or DMSO for 16 h and then treated with
the indicated drugs for a further 1 h. After drug treatment, the cells were collected, lysed and subjected to western blotting using the indicated antibodies.
(D-F) Purified GST-CtIP proteins from Sf9 insect cells (Supplementary Figure S3A) were incubated with [y->2P] ATP in the presence or absence of the
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CtIP is phosphorylated by CDK1-Aurora A and PLK1 in
nocodazole-arrested mitotic cells

CtIP is important for end resection-mediated DSB repair
via both HR and MMEJ. We arrested cells in M phase with
nocodazole and then performed a phosphatase-sensitive
mobility shift assay for CtIP by SDS-PAGE. We found that
CtIP became hyperphosphorylated after nocodazole treat-
ment in the absence of DNA damage (Figure 2A-C). In-
activation of CDK1, Aurora A or PLK1 using specific in-
hibitors (RO3306, MLN8054 or BI2536, respectively) ei-
ther fully abolished or reduced CtIP hyperphosphorylation
(Figure 2A—C). Suppressing CDK?2 activity using roscov-
itine had no effect on CtIP hyperphosphorylation (Fig-
ure 2A). An in vitro kinase assay also showed that puri-
fied CtIP protein (Supplementary Figure S3A) can be phos-
phorylated by PLK1, Aurora A and CDKI1 kinases, while
phosphorylation by these kinases was abolished when the
cells were pre-treated with the corresponding specific in-
hibitors BI2536, MLN8054 and RO3306, respectively (Fig-
ure 2D-F). Inactivation of the three mitotic kinases in un-
perturbed cells did not lead to CtIP hyperphosphorylation

(Figure 2G). Taken together, these data suggest that CtIP
undergoes DNA damage-independent phosphorylation by
CDKI1, Aurora A and PLK1 in nocodazole-arrested cells.
Nocodazole may damage microtubules and activate the
spindle assembly checkpoint (SAC). Suppressing Aurora B
activity, which is required for a functional SAC, using spe-
cific inhibitors AZD1152 (46) or ZM447439 (47), had no ef-
fect on CtIP hyperphosphorylation (Figure 2G). These data
support that CtIP hyperphosphorylation in nocodazole-
arrested mitotic cells is not due to SAC activation.

CtIP is phosphorylated by PLK1 at S723

To determine the CtIP sites that are phosphorylated by
PLK1, we performed an in vitro kinase reaction using re-
combinant CtIP purified from Escherichia coli as the sub-
strate, and then analyzed the phosphorylated sites by mass
spectrometry. We found that residues T693, S723, T731 and
S789 at the CtIP C-terminus were potentially phosphory-
lated by PLK1 (Figure 3A). An in vitro kinase assay using
GST-CtIP 600-897 fragments or indicated mutants as sub-
strates showed that fragments carrying S723A, T731A or



10730 Nucleic Acids Research, 2018, Vol. 46, No. 20

A B
X o N o}
K A AV AD O
Phosphorylation PLK1(#) | NOC(#) A é\ Q4%
sites =
.
T693 + L S
S723 + + S0 S e e | Coomasie blue
731 * GST-CtIP 600-897
S789 +
C D HA-PLK1 + + +
PLK1 target NXS¢XD Flag-CtIP WT WT S723A
I [ BI2536 - + -
HumanCtlP 720 MNDSLEDMFDRT
Mouse CtIP 717 MNDSLEDMFDRT IZI pS723
RatCtlP 717 MNDSLEDMFDRT IP:Flag
Chicken CtlIP 726 MNDTI| TEMFDRT - ..a ™ Flag

Xeonopus CtlP 671 DQDSFGEMFDKT

[NpUL | —-—— HA

Consensus MNDSLEDMFDRT
E F
HA-PLKIWT -+ - PLKI-WT  PLKI-AS
HA-PLK1 KD - -+
FlagCIPWT + + + 3MB-PP1(uM) - 10 20 - 10 20
- pS723 P Fiag | e pS723
. ‘Fla
IP:Flag | = — ’ [0 O | | S e | Fiag-CHP
— . | —— | —— )0 1
e ™ | Flag Input
Input | [ — — i
—— A
G H

hours after thymidine release

Myc-CtiP WT + +
NOC 0 7 9 11 1315

PR ps723
E Myc IP:Flag

[ | Fi2g-CtiP
o ||Z| H3pS10 |

p-actin Input

e ——— | PLK1

|-----¢| B—actin
73 26 17 20 48 65 G1%

15 38 18 17 17 21 S%
8 28 64 62 34 13 G2IM%
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T693A mutations largely lost radioactive phosphorylation
signals but the S7T89A mutant retained the phosphorylation
signal (Figure 3B). These data suggest that T693, S723 and
T731 are the most likely PLK 1 phosphorylation sites in vivo.
To test this hypothesis, we expressed Flag-tagged CtIP in
U20S cells, then arrested the cells in mitosis using nocoda-
zole and immunopurified Flag-CtIP from the cell lysate us-
ing an anti-Flag antibody and repeated the mass spectrom-
etry to identify the PLK1 phosphorylation sites in CtIP in
vivo. Here, S723 was the only potential phosphorylation site
identified (Figure 3A). This site is conserved across differ-
ent species and is located in the canonical PLK1-targeted
sequence (Figure 3C).

To further investigate CtIP phosphorylation by PLK1 in
vivo, we raised a phospho-specific antibody against phos-
phorylated CtIP at S723 (pS723). This antibody recognized
WT phosphorylated CtIP but not mutant CtIP (S723A)
(Figure 3D). The PLK1 kinase-specific inhibitor BI2536 al-
most totally abolished the phosphorylation signal revealed
by this antibody (Figure 3D). Furthermore, a catalytically
inactive mutant PLK1 (K82M and D176N) failed to cat-
alyze CtIP phosphorylation at this site (Figure 3E). These
data support that the pS723 antibody specifically recognizes
PLK1-mediated CtIP phosphorylation in vivo.

Both PLK1-WT and PLK1-AS were able to phosphory-
late CtIP at S723in 293T cells (Figure 3F). However, PLK1-
AS was more sensitive to the purine analog than PLK1-WT.
3-MB-PP1 almost had no effect on PLK1-WT activity to-
ward S723, but totally abolished PLK1-AS activity (Figure
3F). These data suggest that PLK1 selectively phosphory-
lates CtIP at the S723 site in vivo.

Furthermore, we observed a marked increase in CtIP
phosphorylation levels at S723 in nocodazole-treated cells
compared to asynchronous cells (Figure 3G). After dou-
ble thymidine block and release, CtIP phosphorylation at
S723 mainly occurred in G2/M phase, which correlates with
PLK1 expression (Figure 3H). These together demonstrate
that PLK1 may phosphorylate CtIP at S723 during the
G2/M phase of the cell cycle.

PLK1 interacts with CtIP in a S327 phosphorylation-
dependent manner

PLKI1 is structurally characterized by a PBD at the C-
terminus and a kinase domain at the N-terminus (Supple-
mentary Figure S3B). PLK1 binds to protein substrates
that contain phosphorylated serine or threonine residues
through its PBD, and this binding is a prerequisite for
the phosphorylation of the PLKI1 substrates (48). Given
that PLK1 phosphorylates CtIP at S723 during G2/M, we
sought to determine if CtIP interacts with PLK 1 during this
cell-cycle stage to facilitate PLK 1-mediated phosphoryla-
tion. We arrested cells in mitosis using nocodazole, collected
and fractionated the cell lysate through columns and then
analyzed the fractions by western blotting (Figure 4A, left).
Both CtIP and PLK1 bound the Q sepharose FF column
and co-fractionated at 300 mM KCl fractions after step elu-
tion. Further fractionation through a Superose 6 gel filtra-
tion column revealed that a portion of PLK1 was present
in a relatively higher molecular weight fractions containing
CtIP, and some PLK1 was eluted without CtIP (Figure 4A,
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right). These findings suggest that a portion of PLK 1 asso-
ciates with CtIP in nocodazole-arrested mitotic cells. Co-
immunoprecipitation (co-IP) experiments were then per-
formed to further confirm this interaction. We found that
endogenous CtIP was present in the PLK 1 immunocomplex
(Figure 4B) and vice versa (Figure 4C). These data indicate
that endogenous CtIP interacts with PLK1 in nocodazole-
arrested mitotic cells.

We next characterized the interaction between PLK 1 and
CtIP. We first found that PLK 1 mainly interacted with CtIP
through its PBD domain (Supplementary Figure S3C), and
by using purified proteins from Sf9 insect cells (GST-CtIP)
and E. coli (His-PBD), we demonstrated that the inter-
action is direct. De-phosphorylation of CtIP by lambda
phosphatase (Lamda PP) drastically reduced the interac-
tion, and re-phosphorylation of CtIP by CDK1/CyclinB
restored binding (Supplementary Figure S3D). A PLKI1-
WHK mutant (W414F, H538A and K540M) (Supplemen-
tary Figure S3B) carrying mutations at the critical sites
for binding to the phosphor-motifs in the PLK1-PBD do-
main (48) failed to interact with CtIP (Supplementary Fig-
ure S3E). These findings suggest that CtIP binds PLK1 in
a PBD-dependent and CDK 1 phosphorylation-dependent
manner. CtIP contains 12 putative CDK consensus sites
(SP/TP motifs) (Figure 4D top), and the mutant CtIP-12A,
in which all the 12 sites were mutated, compromised the in-
teraction with the PLK1 PBD (Figure 4D). Other mutants,
including CtIP-N2A (S10A, S163A), CtIP-7A (S233A,
T245A, S276A, T315A, S347A, S549A and S568A), CtIP-
5A (S233A, T245A, S276A, T315A and S347A) and CtIP-
C2A (T847A, S889A), but not CtIP-S327A, could bind the
PLK1 PDB at an equivalent level to WT CtIP (Figure 4D).
These data support that CtIP S327 phosphorylation is im-
portant for priming the interaction between CtIP and the
PLK1 PBD domain.

Concerted phosphorylation of CtIP by CDK1-Aurora A and
PLK1

We used mass spectrometry to characterize CtIP phospho-
rylation by Aurora A. We mapped multiple Aurora A sites
on CtIP, including the previously identified CDK site S327
(22) (Supplementary Figure S4A). An in vitro kinase as-
say indicated that S593 is the predominant site in CtIP
that is targeted by Aurora A (Supplementary Figure S4B).
Our phosphor-specific antibody against the phosphorylated
S593 site recognized WT CtIP but not mutant CtIP (S593A)
(Supplementary Figure S4C). Phosphorylation of CtIP at
S593 was suppressed upon application of an Aurora A-
specific inhibitor (MLN®8054) or by an Aurora A kinase
dead mutation (K162R) (Supplementary Figure S4C-E).
Using the phosphor-specific antibody (that specifically
recognizes phosphorylated CtIP at S327), we found that
the S327 site can be phosphorylated by both Aurora A and
CDK1 kinase (Supplementary Figure S4F and G and data
not shown). Previous reports have indicated that CtIP S327
is phosphorylated by CDKs in S/G2 phase to mediate its in-
teraction with BRCA1 (21,22). Intriguingly, co-IP indicated
that CtIP no longer associates with BRCAT1 in nocodazole-
arrested mitotic cells (Figure 4E). Previous reports have
also indicated that the C-terminal tandem BRCT domain of
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BRCALI is responsible for the phosphorylation-dependent
binding between BRCA1 and CtIP (22). Consistent with
this finding, we also observed an interaction between BRCT
and CtIP in asynchronous cells. However, this interaction
was lost upon nocodazole treatment in conjunction with
an increase in S327 phosphorylation (Supplementary Fig-
ure S3F and G). This finding suggests that some proteins
may compete with BRCA1 (BRCT domain) to bind CtIP
in nocodazole-arrested mitotic cells. To test this hypothe-
sis, we exposed cell lysates to different amounts of purified
His-PBD and performed the same pull-down assay using
GST-BRCT as bait. The binding capacity of CtIP to BRCT
was suppressed when increasing amounts of His-PBD were
added to the system (Supplementary Figure S3H). These
data imply that overexpression of PLK1 in G2/M cells may
compete with BRCA1 to interact with pCtIP-S327. CtIP
may deviate from the BRCA1 complex and join the PLK1
complex at this cell-cycle stage.

We  further investigated  whether the  S327
phosphorylation-mediated interaction is required for
CtIP phosphorylation by PLK1. Compared to wild-type
CtIP (CtIP-WT) or mutant CtIP-5A (S233A, T245A,
S276A, T315A and S347A), which fails to bind Nbsl
FHA/BRCT domains (21), CtIP-S327A could not be fully
phosphorylated by PLK1 at S723 (Figure 4F). This finding
implies that the S327-mediated interaction between CtIP
and the PBD is a prerequisite for PLK1 to phosphorylate
CtIP. Taken together, we propose a mechanism of concerted
phosphorylation of CtIP by CDK1-Aurora A and PLKI,
in which CDK1-Aurora A-mediated phosphorylation of
CtIP at S327 modulates the binding between CtIP and the
PLK1 PBD, which in turn permits PLK1 to phosphorylate
CtIP mainly at S723 (Figure 4G).

Phosphorylation of CtIP by PLK1 suppresses DSB end re-
section

To determine whether CtIP phosphorylation by PLKI1
and Aurora A affects its DSB repair function, we in-
troduced phosphor-mimic and phosphor-block mutations
into shRNA-resistant CtIP derivatives to mimic constitu-
tive phosphorylation or to block potential phosphoryla-
tion at threonine or serine residues, respectively. Consistent
with previous reports (49,50), end resection was defective
in CtIP-depleted cells, as revealed by diminished RPA foci
formation (Figure SA) and RPA phosphorylation (Supple-
mentary Figure S5A). Re-expression of CtIP-WT or CtIP-
3A, in which the PLK1 phosphorylation sites T693, S723
and T731 were mutated to alanine to block potential phos-
phorylation, in CtIP-depleted cells could fully rescue this
end-resection defect (Figure SA and B), while re-expression
of the CtIP-3E mutant, in which the PLK1 phosphory-
lation sites T693, S723 and T731 were mutated to nega-
tively charged glutamic acid to mimic constitutive phospho-
rylation, could only partially rescue the end-resection de-
fect with reduced RPA foci and phosphorylation (Figure
SA and B). By contrast, re-expression of the CtIP-S593D
mutant did not result in any defects in RPA phosphoryla-
tion or foci formation (Supplementary Figure S5B and data
not shown). These data suggest that PLK1-mediated CtIP
phosphorylation but not Aurora A-mediated CtIP phos-
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phorylation at S593 may impair DSB end resection. CtIP-
3A mutant cells exhibited mild but consistently increased
RPA foci (Figure 5A), suggesting that CtIP-WT but not the
CtIP-3A mutant is phosphorylated by PLK1 in vivo.

RPA foci formation is a low-resolution technique to mea-
sure DSB end resection at random positions in the genome.
To more precisely explore the extent by which end resec-
tion is impacted by PLK 1-mediated CtIP phosphorylation,
we used a recently developed system in which resection at
specific AsiSI restriction-enzyme sites can be quantified by
g-PCR (39). Here, we found that the levels of resection at
a known DSB site on chromosome 1 were reduced in CtIP-
3E mutant cells compared to CtIP-3A mutant cells (~52.5,
~50.8 and ~32.8% reduction at position 335, 1618 and 3500
nt from DSB, respectively) and CtIP-WT cells (Figure 5C).
Together these results suggest that PLK 1-mediated phos-
phorylation indeed suppresses DSB end resection.

We next explored the cause of the end-resection de-
fect in the CtIP-3E mutant. We performed live-cell imag-
ing of CtIP recruitment to DSBs by monitoring fluores-
cently tagged CtIP. We observed that both EGFP-tagged
CtIP-3A and CtIP-3E mutants accumulated in the laser-
induced damage region (Figure 5D). Time-lapse imaging
showed that the accumulation kinetics of the CtIP-3E mu-
tant were indistinguishable from CtIP-WT and CtIP-3A
during the acute recruitment phase (Figure 5D), suggest-
ing that PLK1-mediated phosphorylation may not affect
the initial recruitment of CtIP to DSB sites. However, when
we measured retention kinetics, which may reflect the disas-
sociation of the proteins from DSB sites, we observed sig-
nificant differences between the CtIP-3A and CtIP-3E mu-
tant. The fluorescence intensity of CtIP-3A at the damage
region dropped to 3% of the maximum level in a 90-min pe-
riod, whereas CtIP-3E only decreased to 90% of the max-
imum level. These findings support that PLK1-mediated
phosphorylation may retard the disassociation of CtIP from
DSB sites.

BLM protein also has important roles in end resection
and HR. CtIP not only promotes BLM recruitment to
DSB sites in vivo, but also enhances BLM-DNA2-mediated
long-range resection in vitro (21,51). By monitoring mR FP-
tagged BLM localization to DSBs in live cells, we found that
BLM recruitment to damage sites was significantly reduced
in CtIP-3E mutant cells compared to CtIP-3A cells (Figure
SE). Depletion of BLM by shRNA markedly reduces end
resection measured by the same q-PCR-based assay as de-
scribed in Figure 5C (Supplementary Figure S5C). Thus,
PLK1-mediated phosphorylation of CtIP may block the
transition from the initial step to the second step of end re-
section. As a consequence, PLK 1-mediated CtIP phospho-
rylation affects both end resection and end resection-related
repair function.

Phosphorylation of CtIP by PLK1 promotes error-prone
MMEJ over error-free HR

CtIP-mediated DSB end resection is required for both
HR and MMEJ (34). We next considered whether PLK 1-
mediated CtIP phosphorylation might regulate the function
of CtIP in DSB repair. To explore this, we used the U20S
cells carrying the EGFP-based HR or MME] substrate to
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perform HR and MMEJ-mediated DSB repair assays, as
described in Figure 1A and B. Consistent with previous
findings (34), shRNA-mediated CtIP inactivation signifi-
cantly reduced HR and MMEJ activities and re-expression
of CtIP-WT could fully rescue this repair defect (Supple-
mentary Figure SSD and E). We further examined HR and
MME]J in reporter substrates containing U20S cells ex-
pressing CtIP variants with endogenous CtIP inactivated by
CtIP shRNA. In line with reduced end-resection efficiency,
we found that HR was significantly impaired in CtIP-3E
mutant cells but not in CtIP-WT, CtIP593D and CtIP-3A
mutant cells (Figure 6A and Supplementary Figure S5D).
Interestingly, we found that MMEJ was markedly increased
in CtIP-3E mutant cells, but not in CtIP-WT, CtIP-3A and
CtIP-S593D cells (Figure 6B and Supplementary Figure
S5E). Compared with CtIP-3E cells, CtIP-3A mutant and
CtIP-WT cells exhibited higher HR but lower MMEJ ac-
tivities (Figure 6A and B). It is well documented that chro-
mosomal translocations and telomere fusions are mediated
by CtIP and the alt-NHEJ (MMEJ) pathway (52). Com-
pared with cells expressing CtIP-WT or CtIP-3A mutant,
CtIP-3E cells had an increased number of chromosomal fu-
sions after 2 Gy of irradiation (Supplementary Figure S5F).
These findings suggest that PLK1 may target CtIP to pro-
mote MMEJ and lead to genome instability in mammalian
cells.

Phosphorylation of CtIP by PLK1 disrupted G2-M transi-
tion checkpoint

Consistent with previous findings (40), we found that de-
pletion of CtIP by shRNA in U20S cells can markedly re-
duce the level of CHK 1 phosphorylation, particularly at the
late time points following CPT treatment (Supplementary
Figure S5A). CtIP-WT and S593D, but not the CtIP-3E
mutant, could restore CHK1 activity (Figure 5B and Sup-
plementary Figure S5B), supporting that PLK 1-mediated
CtIP phosphorylation may disrupt sustained ATR-CHK1
checkpoint signaling. To further address this, we introduced
the CtIP expression vector into CtIP-deficient HCT116
cells (CtIP KO) (35) and generated stable cell lines express-
ing CtIP variants. We then performed a G2/M transition
checkpoint assay. Consistent with a previous report (22),
we found that CtIP depletion in HCT116 cells (CtIP KO)
caused a G2/M transition checkpoint defect after irradi-
ation and CPT treatment. The percentage of mitotic cells
markedly increased 4 h after release from irradiation and
CPT, despite the presence of DNA damage. Reconstitution
with CtIP-WT or CtIP-3A mutant almost fully restored this
G2/M checkpoint, whereas a PLK1 phospho-mimic mu-
tant (CtIP-3E) failed to do so (Figure 6C and Supplemen-
tary Figure S6). These data suggest that PLK1-mediated
phosphorylation of CtIP may disrupt the G2/M transition
checkpoint. These findings are consistent with defected end
resection in CtIP-3E mutant cells, as CtIP-mediated G2/M
checkpoint maintenance is end-resection dependent (40).

DISCUSSION

Defective DSB repair can result in genomic instability and
ultimately cancers or other relevant diseases. Cells typically
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employ an error-free mechanism to repair DSBs to main-
tain genome integrity and avoid DNA damage-induced ge-
nomic instability. In mammalian cells, DSB repair pathway
choice is tightly controlled by complicated mechanisms, in-
volving the cell cycle and DNA end resections (4,13). C-
NHEJ may function throughout the cell cycle and is the
predominant DSB repair pathway in G1 when resection ac-
tivity is low. HR is activated only during S/G2 phase, when
genomic DNA is duplicated and a sister chromatid template
is available (53). Recent studies have indicated that MMEJ
also exhibits substantial activity in cycling cells, and MMEJ
activity increases in S phase (11). However, the function and
regulation of MMEJ outside of S phase is unclear. Here,
we observed a marked increase in MMEJ activity and a de-
crease in HR activity in nocodazole-arrested mitotic cells.
This finding suggests that these cells shut down the HR
pathway, but the MMEJ pathway remains available to fix
DSBs in these cells. Due to a technical limitation, we were
unable to detect MME]J activity in cells enriched by mitotic
shake-off. As such, it is unclear whether this DSB repair
mechanism also functions in the late stages of mitosis when
both C-NHEJ and HR are not utilized in order to prevent
damage-induced telomere fusion (54).

We detected reduced HR activity in unperturbed cells af-
ter PLK1 inhibition, which is consistent with a previous
report (55). In nocodazole-arrested cells, however, residual
HR activity was no longer restricted by PLK1 activity, but
application of a CDK1 inhibitor could cause a reduction
in HR efficiency (Figure 1F). Different from HR, MME] is
strongly dependent on PLKI1 activity in both unperturbed
cells and nocodazole-arrested cells (Figure 1G), suggesting
a specific role for PLK1 activity in MMEJ regulation, par-
ticularly in nocodazole-arrested mitotic cells.

Much evidence supports that end resection has a decisive
role in DSB repair pathway choice (4). Extended end resec-
tion is needed to recruit Rad51 recombinase and promote
HR-mediated error-free DSB repair. However, limited re-
section or a resection defect encourages cells to use MMEJ
or C-NHEJ as a repair mechanism, which are both error
prone (4). Both damage-induced RPA phosphorylation and
foci formation are classical end-resection markers (3). Dif-
fering from a previously identified CDK (T847A) mutant
(20), here, end resection was just disturbed (not abolished)
in PLK1 phosphor-mimic mutant (CtIP-3E) cells (Figure
5A and B). Using a q-PCR-based end-resection assay, we
found that the levels of end resection (~350 to ~3500 bp
from DSB) in CtIP-3E mutant cells are much lower than
in CtIP-3A cells (Figure 5C). Depletion of the long-range
resection factors Exol (39) or BLM (Supplementary Fig-
ure S5C) also markedly reduced end resection at the same
locations adjacent to DSBs. Our data, thus, suggest that
PLK1 targets CtIP to suppress long-range end resection.
The MME]J reporter allowed us to monitor DSB repair re-
quiring <20 bp of end resection (11); this process repre-
sents the initial step of end resection. Increased MMEJ ac-
tivity in CtIP 3E mutant cells (Figure 6B) thus implies that
the initial step of end resection still is functional. PLK1-
mediated CtIP phosphorylation may not influence this pro-
cess. Furthermore, mRFP-BLM recruitment to DSB sites
was drastically reduced in CtIP-3E cells (Figure 5E). A re-
cent study indicated that CtIP may not just function as an
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%EGFP positive

Figure 6. PLK1-mediated CtIP phosphorylation disrupts the damage-inducible G2-M checkpoint and promotes MMEJ.(A) EGFP-HR or (B) EGFP-
MMEJ assay was performed in U20S cells stably expressing Flag-CtIP WT or indicated mutants, in which endogenous CtIP was silenced by shRNA.
Western blotting shows the expression of Flag-CtIP variants. (C) HCT116 WT or CtIP-KO cells stably expressing Flag-CtIP WT or the indicated mutants
were fixed at the indicated time points after irradiation and nocodazole (Noc) treatment. Checkpoint assays were then performed. The bar chart shows the
percentage of phosphor-histone H3-positive cells measured by flow cytometry. The western blot shows the expression of Flag-CtIP variants. (D) A model
to describe a role for G2/M phase-specific phosphorylation of CtIP in checkpoint regulation and DSB repair. HR, homologous recombination. The data
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MRN co-factor in the initial step of end resection, but also
binds BLM and promotes long-range resection mediated
by BLM-DNA2 (51). Our findings thus support a model
whereby PLK 1-mediated CtIP phosphorylation may ham-
per CtIP function in the second step of end resection. The
CtIP-3E mutant can still work together with the MRN com-
plex in the initial step to carry out limited end resection,
which is enough to mediate MMEJ but not HR, and main-
tain the G2/M checkpoint (Figure 6D). Further biochemi-
cal studies are now needed to clarify the underlying mecha-
nism.

It is well established that CtIP S327 phosphorylation
induces its interaction with BRCA1, which may mediate
MRN/BRCAT1 complex formation and promote HR dur-
ing S phase (49). Intriguingly, we found that in nocodazole-
arrested mitotic cells, the BRCA1-CtIP interaction is lost,
but a PLK1-CtIP interaction is established. This find-
ing suggests that the switch between HR and MME]J in
nocodazole-arrested cells may also be caused, in part, by
disassembly of the BRCA1-CtIP complex, although the
role of S327 phosphorylation in HR has been questioned
in the field (23,24,56,57).

CtIP is also required to maintain the G2/M transition
checkpoint through end resection-dependent sustain of the
ATR/CHKI signal, but not initiation, which is mediated
by factors including TopBP1 and Claspin (40). PLK1 ki-
nase can target several components of the ATR/CHKI1
pathway, including Claspin, to inactivate the DNA repli-
cation stress-induced G2/M checkpoint, or directly phos-
phorylate and silence CHK?2 in defective ATM/CHK2 sig-
nal branches (58-60). Here, we showed that the sustained
G2/M checkpoint (mediated by the ATR-CHK1 signal) is
lost in CtIP-3E mutant cells. This finding suggests a new
mechanism for PLK 1-mediated G2/M checkpoint inactiva-
tion and supports that PLK 1 has a more general role in this
process than previously thought. This finding is also con-
sistent with data obtained from budding yeast, where over-
expressed CDCS5 (the only polo kinase in yeast) can target
Sae2 (CtIP ortholog) to suppress DSB end resection and
override the DSB-induced checkpoint (61).

CtIP was originally reported as a tumor suppressor, par-
tially due to its interaction with BRCA1 (62,63). However,
a recent study suggested CtIP may facilitate mammary tu-
morigenesis in p53-deficient mice possibly through its func-
tion in MMEJ-mediated chromosome translocations and
telomeric chromosomal fusions (64). In addition, Plk1 and
Aurora A are frequently overexpressed in cancers includ-
ing breast cancer (65-67). Our findings imply that exces-
sive PLK1 or Aurora A may target CtIP to inactivate cell-
cycle checkpoints and switch DSB repair to the error-prone
MMEJ pathway and eventually cause genomic instability
and carcinogenesis. These findings help explain the onco-
genic roles of these factors and open avenues to generate
novel therapeutic strategies based on targeting these factors.
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