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DNA double-strand break (DSB) repair is initiated by DNA end resection. CtIP acts in short-range resection to
stimulateMRE11–RAD50–NBS1 (MRN) to endonucleolytically cleave 5′-terminated DNA to bypass protein blocks.
CtIP also promotes the DNA2 helicase–nuclease to accelerate long-range resection downstream from MRN. Here,
using AlphaFold2, we identified CtIP-F728E-Y736E as a separation-of-function mutant that is still proficient in
conjunction with MRN but is not able to stimulate ssDNA degradation by DNA2. Accordingly, CtIP-F728E-Y736E
impairs physical interaction with DNA2. Cellular assays revealed that CtIP-F728E-Y736E cells exhibit reduced
DSB-dependent chromatin-bound RPA, impaired long-range resection, and increased sensitivity to DSB-inducing
drugs. Previously, CtIP was shown to be targeted by PLK1 to inhibit long-range resection, yet the underlying
mechanism was unclear. We show that the DNA2-interacting region in CtIP includes the PLK1 target site at S723.
The integrity of S723 in CtIP is necessary for the stimulation of DNA2, and phosphorylation of CtIP by PLK1 in vitro
is consequently inhibitory, explaining why PLK1 restricts long-range resection. Our data support a model in which
CDK-dependent phosphorylation of CtIP activates resection by MRN in S phase, and PLK1-mediated phosphory-
lation of CtIP disrupts CtIP stimulation of DNA2 to attenuate long-range resection later at G2/M.
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The repair of DNA double-strand breaks (DSBs) in eukary-
otes is catalyzed by either of twomain processes: end join-
ing and homology-directed repair (Ranjha et al. 2018). The
end-joining pathways, comprising both the canonical non-
homologous end joining (NHEJ) as well as the microho-
mology-mediated end joining (MMEJ), involve only
minimal processing of the DNA ends, followed by the li-
gation of DNA molecules with little or no homology
(Chang et al. 2017). In contrast, homology-directed repair
pathways use an intact homologous DNA sequence, usu-
ally the sister chromatid in vegetative cells, as the repair
template. Consequently, recombination is typically limit-
ed to the S and G2 phases of the cell cycle, when the sister
chromatid is available (Ira et al. 2004; Bocquet et al. 2014;
West et al. 2015; Ranjha et al. 2018). The DSB repair path-
way is determined by DNA end resection. Although lim-
ited resection may be involved in NHEJ/MMEJ, extended

resection inhibits end joining and commits DSB repair to
the recombination pathways (Shibata et al. 2014; Cejka
and Symington 2021).
DNA end resection involves a controlled degradation of

the 5′-terminated DNA strand at DSB sites. It leads to 3′

overhangs, which are essential for the subsequent steps
in homologous recombination. In most cases, resection
is a two-step process divided into short-range and long-
range pathways (Zhu et al. 2008; Cejka and Symington
2021). The first short-range step is catalyzed by the
MRE11–RAD50–NBS1 (MRN) complex. CtIP, upon its
phosphorylation by CDK, promotes the endonuclease ac-
tivity of MRN. CtIP is thus an essential cofactor of MRN
in short-range resection (Huertas et al. 2008; Huertas and
Jackson 2009; Anand et al. 2016; Deshpande et al. 2016;
Cannavo et al. 2018). The key CDK phosphorylation site
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in CtIP is T847 near its C terminus, which is well con-
served in evolution (Huertas et al. 2008; Huertas and Jack-
son 2009). However, CDK phosphorylates CtIP at
additional sites localized in the central domain of CtIP,
which allows it to interact with NBS1 and further pro-
motes resection (Wang et al. 2013; Anand et al. 2019).
The CDK-dependent step thus activates resection and
hence homologous recombination only in the S/G2 phase
of the cell cycle, when sister chromatids are available.
Downstream from MRN, either of two resection path-
ways produce 3′ ssDNA overhangs up to several kilobases
in length. These long-range pathways are catalyzed by
EXO1 or DNA2 nucleases (Gravel et al. 2008; Mimitou
and Symington 2008; Zhu et al. 2008; Cejka and Kowalc-
zykowski 2010). EXO1 resects the 5′-terminated DNA
strand within dsDNA (Tran et al. 2002; Cannavo et al.
2013). DNA2 instead degrades 5′-terminated ssDNA and
thus requires a helicase partner, which can be either
BLM or WRN in human cells. The cognate helicase un-
winds dsDNA to provide ssDNA for the nucleolytic degra-
dation by DNA2 (Bae et al. 1998; Masuda-Sasa et al. 2006;
Cejka et al. 2010;Nimonkar et al. 2011; Sturzenegger et al.
2014; Pinto et al. 2016). DNA2 also possesses a helicase
domain, which likely functions as a ssDNA translocase
to facilitate movement along the unwound ssDNA. The
enhanced DNA2 translocation ultimately promotes
DNA degradation by the DNA2 nuclease domain, in par-
ticular in the presence of the replication protein A (RPA)
(Zhou et al. 2015; Pinto et al. 2016; Levikova et al. 2017;
Miller et al. 2017; Ceppi et al. 2020; Acharya et al. 2021;
Shen et al. 2022).

Despite DNA end resection being commonly described
as a two-step process, the short- and long-range resection
pathways and their respective nucleases are not indepen-
dent. The MRN complex has a structural role in promot-
ing DNA2- and EXO1-dependent resection (Cejka et al.
2010; Shim et al. 2010; Nimonkar et al. 2011; Cannavo
et al. 2013; Shibata et al. 2014; Reginato et al. 2017; Gob-
bini et al. 2018). In addition to its role in promoting the
endonuclease activity of MRN, CtIP was found to stimu-
late DNA2-mediated long-range resection in vitro by en-
hancing DNA unwinding by BLM as well as the motor
activity of DNA2 in vitro (Daley et al. 2017; Ceppi et al.
2020). Simultaneously, CtIP interacts with EXO1 and
restrains its processive 5′–3′ exonuclease activity in vitro,
implicating CtIP in the modulation of long-range resec-
tion pathways (Eid et al. 2010). While the stimulation
of short-range resection by CtIP and its regulation are
relatively well understood, the function of CtIP in long-
range resection is less clear. As the CtIP function up-
stream in short-range resection is prerequisite for resec-
tion and recombination, the downstream function in
long-range resection ismore difficult to address in cellular
experiments.

Here, usingmolecularmodeling by AlphaFold2 (Jumper
et al. 2021), we precisely define the interaction between
DNA2 and CtIP. We identified two conserved residues,
F728 and Y736, in CtIP that are necessary for the physical
and functional interaction with DNA2. The CtIP-F728E-
Y736E mutant fails to bind DNA2 and cannot stimu-

late DNA2 activity to degrade ssDNA but is fully profi-
cient in activating the MRN endonuclease. The CtIP-
F728E-Y736E is thus a separation-of-function variant
that allows definition of the physiological relevance of
CtIP and DNA2 interplay in long-range resection path-
way in human cells. Using multiple complementary
cellular approaches, we found that CtIP-F728E-Y736E im-
pairs long-range resection in vivo, which inhibits recom-
bination and results in sensitivity to DNA-damaging
drugs. PLK1was previously shown to act on CtIP to inhib-
it long-range resection, but the underlying mechanism re-
mained unclear (Wang et al. 2018). We note that the PLK1
target S723 lies within the DNA2 interaction patch in
CtIP and show that the integrity of S723 in CtIP is impor-
tant for physical interaction and, correspondingly, for the
ability of CtIP to promote DNA2. In vitro phosphoryla-
tion of CtIP by PLK1 similarly inhibited CtIP function
in long-range resection. Our results support a model in
which CDK-dependent phosphorylation of CtIP early in
the cell cycle in S phase activates MRN function in
short-range resection, while PLK1-dependent phosphory-
lation of CtIP late in the cell cycle at G2/M then disrupts
the stimulatory effect of CtIP on DNA2 to down-regulate
long-range resection.

Results

Identification of CtIP separation-of-function point
mutants deficient in promoting DNA2

The CtIP region between residues 690 and 740 was previ-
ously identified to be required for the stimulation of
DNA2 motor activity (Ceppi et al. 2020), but a precise
mapping of this physical and functional interplay was
missing. To better define the interaction interface, we first
performedmultiple sequence alignment analysis of the re-
spective CtIP regions in CtIP orthologs to reveal evolu-
tionary patterns that could best fit with the ability to
bind and activate the DNA2 helicase. A priori, we consid-
ered that no equivalent region should be present in unicel-
lular organisms such as yeast, since the regulation of
DNA2 by CtIP appeared to be restricted to higher eukary-
otes (Ceppi et al. 2020). We identified that in the domain
spanning positions 710–740, several residues were highly
conserved among vertebrates, especially S723, F728, and
Y736, while inmollusks and inmore distantly related spe-
cies, this conservation pattern was lost (Fig. 1A). It was
previously shown that in nocodazole-arrested cells,
S723, together with T693 and T731, can be phosphorylat-
ed by PLK1 upon its binding to CtIP, which is facilitated
by CDK1/Aurora A-mediated phosphorylation on CtIP
S327 (Wang et al. 2018). The conservation pattern of
F728 and Y736 in the vicinity of S723 and the propensity
of aromatic residues in disordered regions to mediate pro-
tein interactions prompted us tomutate F728 and Y736 to
potentially affect CtIP binding to DNA2.

The prediction that F728 and Y736 may be involved in
the interaction with DNA2 was further supported by the
structural modeling of the assembly between DNA2 and
CtIP region 690–740, which could be performed using
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AlphaFold2 algorithm (Jumper et al. 2021). AlphaFold2
network parameters trained on the monomer or the mul-
timer data sets converged toward a consistent solution,
with themultimer-trained network resulting in amore ro-
bust and extensive interface observed in all five generated
models (Fig. 1B). The predicted model with the highest
pTMscore (0.84) exhibited low PAE (predicted alignment
error) in the positions of CtIP, in contact to the interface
(Supplemental Fig. S1A). High-confidence prediction was
centered on CtIP F728, with residues 719–730 folding
into a helix, whichwould anchor in an exposed apolar cav-
ity at the surface of DNA2 formed by helices spanning res-
idues 614–624 and 628–639 (Fig. 1C). The predicted
interface would be stabilized by a network of favorable
contacts (1) between the apolar residues of CtIP (L724,
M727, and F728) and theDNA2 apolar cavity (Supplemen-
tal Fig. S1B), (2) between oppositely charged residues of

CtIP (E725 and D729) with DNA2 K635 (Supplemental
Fig. S1C), and (3) by a C-terminal capping by DNA2
R631 of the established CtIP helix (Fig. 1B). Remarkably,
these residues in CtIP were also the most conserved resi-
dues in vertebrates (Fig. 1A). Moreover, the mapping of
the evolutionary rates at the surface of either human or
yeastDNA2 analyzed frommultiple sequence alignments
restricted either to vertebrates or fungal species highlight-
ed that the DNA2 surface patch interacting with CtIP was
specifically conserved in vertebrates but not in more re-
motely related species (Supplemental Fig. S1D,E).With re-
gard to Y736, the five models did not converge toward a
single conformation, suggesting a more speculative char-
acter of the prediction.
Based on the sequence alignment and structure predic-

tion, we designed the CtIP-F728E-Y736E mutant as the
most likely candidate to block the interaction with

A
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Figure 1. The CtIP-F728E-Y736E mutant sep-
arates CtIP functions in short- and long-range
resection in vitro. (A) Multiple sequence align-
ment of orthologs of Homo sapiens CtIP fo-
cused on the domain spanning positions 710–
740. (B) Superimposition of the structural mod-
els of the assembly between H. sapiens DNA2
(rainbow cartoon) and domain 720–737 of H.
sapiens CtIP (pink cartoon), generated using
AlphaFold2 from a coalignment of sequences.
CtIP F728, highlighted as a sphere, is predicted
to play an anchoring role in the interface and
was mutated in the study. CtIP S723 is shown
as sphere together with the conserved DNA2
K616, which is predicted to interact with the
S723 side chain. The ADP/ATP molecule in-
volved in the helicase activity of DNA2 is
shown as green spheres, as observed in the
structure of the mouse DNA2 (PDB: 5EAX). It
occupies the same site as the predicted position
of CtIP Y736, shown as a sphere. The location
of CtIP Y736 varies significantly among the
five models, in contrast to F728, whose posi-
tion is very well defined, suggesting that Y736
may form more specific interactions with the
nucleotide, which is not modeled by Alpha-
Fold2. The position of ssDNA in DNA2, as ob-
served in the structure of the mouse DNA2
(PDB: 5EAX), is indicated as gray sticks. (C ) A
magnified view of the interface highlighting
the three CtIP residues: L724 andM727, which
are predicted to bury with F728 in the hydro-
phobic cavity at the surface of DNA2. Con-
served acidic positions E725 and D729 in the
CtIP helix are predicted to form a salt bridge
with DNA2 K635 (shown in yellow). (D) A

schematic representation of the CtIP protein with the indicated F728 and Y736 residues mutated in the study. (E) A representative
15% denaturing polyacrylamide gel showing an endonuclease assay using 40 nM recombinantMRN complex and 50 nM indicated pCtIP
variant on 3′ end-labeled 70-bp dsDNAwith all ends blocked with streptavidin. The red asterisk indicates the position of the radioactive
label. (F ) Quantitation of overall DNA cleavage from experiments such as shown in E. n= 3; error bars indicate SEM. (ns) P >0.05 (not sig-
nificant), two-tailed t-test. (G) Degradation of ssDNA fragments of various length by 20 nMDNA2without or with 40 nM indicated pCtIP
variant in the presence of 864 nM RPA. Red asterisks indicate the position of the radioactive labels. (H) Quantitation of small degrada-
tion products (≤300 nt) from experiments such as shown in G. n=3; error bars indicate SEM. (∗∗∗∗) P<0.0001, two-tailed t-test. (I ) Quan-
titation of ATP hydrolysis from experiments such as shown in Supplemental Figure S1I. n=4; error bars indicate SEM. (∗∗∗∗) P< 0.0001,
two-tailed t-test.
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DNA2 (Fig. 1D). At the same time, we anticipated that
DNA2-L623E-K635E-L639E (referred to here as DNA2-
EEE) would reciprocally disrupt the interaction with
CtIP from the DNA2 side (Supplemental Fig. S1F). We
then expressed and purified the wild-type and mutant
CtIP and DNA2 variants in Sf9 insect cells (Supplemental
Fig. S1G,H; Anand et al. 2016; Pinto et al. 2016; Ceppi
et al. 2020). CtIP was prepared with phosphatase inhibi-
tors, as established previously, to preserve CtIP phosphor-
ylation at multiple positions in the polypeptide (Anand
et al. 2016, 2019). Phosphorylation of CtIP is crucial for
the stimulation of MRE11 endonuclease activity (Anand
et al. 2016, 2019). Phosphorylated CtIP is referred to
here as pCtIP.

The purified pCtIP-F728E-Y736Emutant was then used
in in vitro reconstituted nuclease reactions with MRN or
DNA2 to validate the model. First, we used radioactively
labeled oligonucleotide-based dsDNA with streptavidin
bound toDNAends to investigate pCtIP-stimulated endo-
nucleolytic DNA cleavage by MRN near protein-blocked
DNAends (Anand et al. 2016).We observed thatwild-type
pCtIP and the F728E-Y736E mutant stimulated the endo-
nuclease of MRN to a similar extent, and hence pCtIP-
F728E-Y736E exhibits no apparent defect in short-range
resection in vitro (Fig. 1E,F). We next used a procedure de-
veloped previously that allows assessment of the function
of DNA2 in long-range resection (Levikova et al. 2017;
Ceppi et al. 2020). Specifically, we monitored the 5′ → 3′

degradation of 3′ end-labeled fragments of long ssDNA
by DNA2 in the presence of RPA, which bypasses the
need to use BLM. As BLM is also regulated by CtIP, the as-
say that we used is best suited to define the effect of CtIP
on DNA2 (Daley et al. 2017; Ceppi et al. 2020). Strikingly,
the pCtIP-F728E-Y736E variant was completely deficient
in the stimulation of ssDNA degradation by DNA2 (Fig.
1G,H). Consistently, the pCtIP-F728E-Y736E variant
failed to promote the ATPase activity of DNA2, in con-
trast to wild-type CtIP, in assays containing RPA and
ssDNA as cofactors (Fig. 1I; Supplemental Fig. S1I). Col-
lectively, our data indicate that CtIP-F728E-Y736E is a
separation-of-function mutant that is proficient in its
function as a cofactor of MRN in short-range resection
but deficient in the stimulation of DNA2 in vitro.

CtIP-F728E-Y736E fails to interact with DNA2 and
promote its motor-driven activities

Previously, we observed that the motor activity of yeast
Dna2 led to an increase in the length of DNA degradation
products (Levikova et al. 2017). The length of the DNA
fragmentsmay be important for DNA damage checkpoint
activation or innate immune signaling through cGAS-
STING,whichwas found to be dependent onDNA2 in hu-
man cells upon replication stress (Emam et al. 2022). Con-
sidering the enhancement of the human DNA2 motor by
CtIP, we set out to test whether the length of DNA degra-
dation products might be affected in the human system.
To this point, we used biochemical reconstitution assays
with DNA2 in the presence or absence of pCtIP. As a sub-
strate, we used a 2200-nt-long ssDNA labeled internally at

random locations, which allowed us to monitor degrada-
tion fragment lengths as opposed to experiments with
end-labeled substrate. Kinetic experiments showed that
in the absence of pCtIP, wild-type DNA2, similar to the
helicase-deficient DNA2-K654R variant, mostly generat-
ed products <20 nt long at any time point tested (Fig.
2A,B; Supplemental Fig. S2A). In contrast, the presence
of pCtIP with wild-type DNA2 yielded first long frag-
ments, whichwere further degraded into smaller products
at later time points (Fig. 2A,B), reminiscent of the reac-
tions with yeast recombinant proteins (Levikova et al.
2017). In contrast, only short ssDNAdegradation products
were observed by helicase-deficient DNA2-K654R, irre-
spective of the presence of pCtIP (Supplemental Fig.
S2A), confirming the need for an intact DNA2 motor ac-
tivity for the generation of longer fragments in the pres-
ence of CtIP. In accord with this, we observed that the
pCtIP-F728E-Y736Emutant also failed to promote the for-
mation of long ssDNA degradation intermediates with
wild-type DNA2 (Fig. 2A,B). Therefore, the two aromatic
residue mutations in CtIP disrupt its interplay with
DNA2, which is dependent on the stimulation of DNA2
motor activity.

Using pull-down assays with the recombinant proteins,
we next observed that the pCtIP-F728E-Y736E mutant
was strongly impaired in its ability to physically interact
with DNA2 (Fig. 2C–E). We also observed that the
DNA2-EEE mutant reciprocally disrupted the interaction
with pCtIP, supporting the structural model (Supplemen-
tal Figs. S1F, S2B,C). However, DNA2-EEE was, per se, de-
ficient in ssDNA degradation (Supplemental Fig. S2D,E),
suggesting that the L623E-K635E-L639E mutations may
have a broader impact on DNA2 structure and function.
Indeed, the DNA2 nuclease domain contains a conserved
iron sulfur cluster domain that coordinates nuclease and
helicase activities and is generally very sensitive to muta-
genesis (Mariotti et al. 2020). Therefore, we did not use
DNA2-L623E-K635E-L639E for further analysis. Coim-
munoprecipitation experiments in HEK293T cells
cotransfectedwith FLAG-DNA2 andGFP-CtIP confirmed
that the F728E-Y736Emutations impaired the interaction
with DNA2 (Fig. 2F,G), although we note that the interac-
tion in cell extracts was very weak. In agreement with its
ability to stimulate the MRN endonuclease activity (Fig.
1E,F), pCtIP-F728E-Y736E was proficient in its ability to
physically interact with MRE11, as well as with BRCA1,
in vitro (Fig. 2H,I). Therefore, based on our in vitro and cel-
lular experiments, the F728E-Y736E mutations in CtIP
disrupted physical and functional interactions with
DNA2 while not affecting the interplay with MRN, dem-
onstrating that it is a useful separation-of-function mu-
tant for cellular experiments.

The CtIP-F728E-Y736E mutant inhibits DNA2-
dependent long-range resection in cells

Wenext set out to define the biological significance of the
DNA2 interplaywithCtIP using the predicted and in vitro
validated CtIP-F728E-Y736E separation-of-function mu-
tant. The DNA2-dependent long-range resection is at
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Figure 2. CtIP-F728E-Y736E fails to interact with DNA2 and promote its motor-driven activities. (A) Kinetics of randomly labeled 2200-
nt-long ssDNA degradation by 30 nMwild-type DNA2 in the absence or presence of 80 nM either pCtIP wild type or pCtIP-F728E-Y736E
mutant as analyzed by 20% polyacrylamide denaturing gels. Red asterisks indicate the position of the labels. Lane 1 shows radioactively
labeledmarker. The assay contained 395.5 nMRPA. (B) Quantitation of >20-nt products from experiments such as shown inA. n= 3; error
bars indicate SEM. (C ) Schematic of the pull-down assay with immobilized DNA2-FLAG and pCtIP variants. (D) Analysis of DNA2 in-
teractionwithwild-type pCtIP or pCtIP-F728E-Y736E.DNA2-FLAGwas immobilized onM2 anti-FLAG affinity resin and incubatedwith
the indicated recombinant pCtIP variant. The Western blot was performed with anti-FLAG and anti-CtIP antibodies. (E) Quantitation of
the DNA2–pCtIP interaction from experiments such as shown in D. n =3; error bars indicate SEM. (∗∗∗∗) P< 0.0001, two-tailed t-test. (F )
Coimmunoprecipitation experiments in extracts from HEK293T cells cotransfected with FLAG-DNA2 or empty vector (EV) and GFP-
CtIP wild type (WT) or F728E and Y736E as single or double mutants. Cell lysates were incubated with M2 anti-FLAG beads overnight.
The Western blot was performed with anti-CtIP, anti-DNA2, and anti-GAPDH antibodies. (G) Quantitation of the DNA2–CtIP interac-
tion from experiments such as shown in F. Relative GFP-CtIP-WT and F728E-Y736E protein levels were determined by quantification of
GFP-CtIP band intensity normalized to FLAG-DNA2band intensity (bait) in the IP using ImageJ software. Averages shown, n =2. (H) Sche-
matic of the pull-down assay with immobilized CtIP (bait) and either MRE11 or BRCA1 (prey). (I ) Analysis of wild-type pCtIP or pCtIP-
F728E-Y736E interaction with MRE11 or BRCA1. The indicated recombinant pCtIP variant was immobilized on Dynabeads protein G
(Invitrogen) conjugated with anti-CtIP antibody and incubated with MRE11 or BRCA1. The Western blot was performed with anti-
CtIP, anti-MRE11, and anti-BRCA1 antibodies.
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least partially redundant with the EXO1 pathway (Gravel
et al. 2008;Mimitou and Symington 2008; Zhu et al. 2008;
Nimonkar et al. 2011). To specifically analyze the effect of
CtIP on long-range end resection by DNA2 in vivo, we
first generated CRISPR/Cas9-based EXO1 knockout
clones in U2OS-SA and U2OS-EJ2 cells (Bennardo et al.
2008), DIvA (AsiSI-ER-U2OS) cells (Zhou et al. 2014),
and HEK293 Flp-In T-REx cells (Supplemental Fig. S3A,
B) and used them in the experiments described below. Ad-
ditionally, we used the Flp-In system to produce EXO1−/−

stable human HEK293 Flp-In T-REx cell lines with doxy-
cycline-inducible expression of siRNA-resistant FLAG-
taggedCtIP eitherwild type or F728E-Y736Emutant (Sup-
plemental Fig. S3C). In these cells, the addition of 0.5 ng/
mL doxycycline (DOX) for 48 h resulted in expression lev-
el of the two CtIP variants only moderately higher than
that of endogenous CtIP (Supplemental Fig. S3D, cf. lanes
3,7 and 1).

We first evaluated the growth of stably CtIP-expressing
EXO1−/− HEK293 Flp-In T-REx cells in the absence of
DNA damage. Our data showed a clear decrease in the
growth rate upon depletion of endogenous CtIP with
siRNA, as expected (Fig. 3A; Supplemental Fig. S3E). We
then observed an increase in cell counts upon doxycy-
cline-induced expression of wild-type CtIP but not CtIP-
F728E-Y736E (Fig. 3A), indicating that the F728E-Y736E
mutations may affect CtIP functions even in the absence
of exogenous DNA damage. Next, we investigated the ac-
cumulation of chromatin-bound replication protein A
(RPA) after DSB induction with the DNA topoisomerase
I inhibitor camptothecin (CPT). As RPA accumulates on
ssDNA generated by resection, the assay offers first in-
sights into the efficacy of resection (Forment et al. 2012).
To this point, we used the EXO1−/− HEK293 Flp-In T-
REx cells stably expressing wild-type or CtIP-F728E-
Y736E variants in which endogenous CtIP was depleted
with siRNA (Supplemental Fig. S3E). The RPA accumula-
tion was monitored by flow cytometry (Fig. 3B). We no-
ticed significantly reduced levels of chromatin-bound
RPA inCtIP-F728E-Y736E-complemented cells compared
with CtIP-WT-complemented cells (Fig. 3C,D), suggest-
ing that expression of CtIP-F728E-Y736E may impair
DNA2-dependent end resection in vivo.

However, RPA focus formation is a low-resolution tech-
nique to measure DNA end resection, as it does not re-
trieve quantitative data about the length of resected
DNA. Consequently, we used a qPCR-based assay to
quantify resection at two specific distances away from
an AsiSI restriction enzyme-induced DSB to gain insights
into the efficacy of both short- and long-range resection
(Fig. 3E; Zhou et al. 2014). EXO1−/− DIvA cells were de-
pleted of endogenous CtIP with siRNA and simultane-
ously transfected with siRNA-resistant FLAG-tagged
CtIP-expressing variants (Fig. 3F; Supplemental Fig. S3F).
Depletion of endogenous CtIP resulted in a strong
decrease in end resection at locations both 200 and 740
bp away from the DSBs (Fig. 3G,H). The resection defect
in the vicinity of the break (200 bp) could be largely res-
cued by expressing either wild-type CtIP or the F728E-
Y736E mutant (Fig. 3G), indicating no major defects in

short-range resection. In contrast, however, unlike wild-
type CtIP, the CtIP-F728E-Y736E mutant failed to revert
the DNA end resection defect 740 bp away from the break
(Fig. 3H), in agreement with the hypothesis that CtIP-
F728E-Y736E is not able to promote long-range resection
by DNA2. Taken together, our experiments suggest that
the point mutations disrupting DNA2–CtIP complex for-
mation have negative effects on long-range DNA end re-
section by DNA2 while maintaining efficient short-
range resection by the MRN complex, in agreement
with our biochemical data.

Single-molecule analysis reveals that CtIP-F728E-Y736E
inhibits resection also in EXO1+/+ cells

The qPCR-based resection assay is limited to the analysis
of resection at a site created by the endonuclease cut at a
specific site of the genome. Tomeasure resection genome-
wide, we used the single-molecule analysis of resection
tracks (SMART) technique (Huertas and Cruz-García
2018). To this point, U2OS cells were treated with either
BrdU or CldU for 24 h to mark just one of the strands of
the DNA. After inducing DNA damage and DSBs with
10 Gy of ionizing radiation (IR), DNA ends were resected,
exposing either the BrdU or CldU epitopes in ssDNA.
Upon hybridization with the corresponding antibody,
the length of the resected tracks can be visualized (Supple-
mental Fig. S4A), thus allowing measurement of the ex-
tent of DNA resection (Fig. 4A; Supplemental Fig. S4B).
Using this technique, we observed a significant decrease
in the span of DNA resection tracks when the CtIP-
F728E-Y736E mutant was overexpressed (Fig. 4B; Supple-
mental Fig. S4C), indicating a dominant-negative effect of
CtIP-F728E-Y736E in resection. We note that the experi-
ment was carried out in EXO1+/+ cells without depleting
endogenous CtIP. The fact that we observed resection im-
pairment in CtIP-F728E-Y736E cells in an otherwise wild-
type background (in the presence of EXO1) further sup-
ports the physiological relevance of theCtIP–DNA2 inter-
play in long-range resection.

CtIP-F728E-Y736E inhibits single-strand annealing and
causes sensitivity to DNA damage

To further test the functional consequence of the im-
paired resection in the CtIP-F728E-Y736E mutant cells,
we monitored single-strand annealing (SSA), which is a
DSB repair pathway that relies on extended resection of
DNA between two repeated sequences. Following an I-
SceI-induced DSB, resection of a 2.7-kb-long DNA se-
quence, and annealing, a functional GFP gene is restored
(Fig. 5A,B). As SSA relies on extended resection, it is often
used as a reliable readout of physiological DNA end resec-
tion efficacy.Using EXO1−/−U2OS cells with the SA-GFP
reporter (Stark et al. 2004), we tested how the expression
of CtIP-F728E-Y736E complemented the loss of endoge-
nous CtIP (Supplemental Figs. S3A, S5A). As anticipated,
CtIP depletion resulted in a strong reduction of SSA (Fig.
5C). Importantly, complementation with the CtIP-
F728E-Y736E mutant caused only a small increase in
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SSA compared with complementation with wild-type
CtIP, suggesting that CtIP-F728E-Y736E is not fully func-
tional in long-range resection and hence SSA. Moreover,
complementation with CtIP-F728E-Y736E resulted in
SSA defects comparable with siDNA2-treated cells (Fig.
5C), in agreement with the model that the CtIP-F728E-
Y736E mutant impairs the DNA2-mediated long-range
DNA end resection pathway. In contrast, CtIP-F728E-
Y736E did not impair DSB repair in U2OS-EJ2 reporter
cells, which primarily score for alternative end joining
(AltEJ and MMEJ), which does not rely on extensive
DNA resection (Fig. 5D,E; Supplemental Fig. S5B).
To assess how the CtIP-F728E-Y736E variant affects

cellular sensitivity to DNA damage, we next used the
topoisomerase I inhibitor camptothecin (CPT), which
causes replication-associated DSBs and hence preferen-
tially kills CtIP-depleted cells (Sartori et al. 2007; Naka-
mura et al. 2010). Using the two different cell lines,
EXO1−/− HEK293 Flp-In T-REx and EXO1−/− U2OS-de-
rived DIvA, we observed that CtIP depletion resulted in
cellular sensitivity to CPT, as reported previously (Sartori

et al. 2007). Expression of wild-type CtIP resulted in in-
creased cell survival, while expression of CtIP-F728E-
Y736E did not (Fig. 5F,G; Supplemental Fig. S5C).We con-
clude that the long-range resection defects observed in
CtIP-F728E-Y736E cells negatively impact SSA efficacy
and cause sensitivity to DSB-inducing drugs.

Phosphorylation of CtIP at S723 by PLK1 down-regulates
resection through disrupting the interplay with DNA2

As described previously, CDK1/Aurora A facilitate phos-
phorylation of CtIP by PLK1 (Wang et al. 2018). A phos-
phorylation-mimicking CtIP-3E mutant (T693E, S723E,
and T731E) exhibited impaired long-range resection,
while error-prone MMEJ, which does not require long-
range resection, was instead enhanced (Wang et al.
2018). The underlying mechanism remained unknown.
We noted that the residues subject to phosphorylation
are located within or near the DNA2 interaction patch
in CtIP, identified here (Fig. 1A–C). We next set out to
define the importance of these CtIP phosphorylation sites
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D

Figure 3. The CtIP-F728E-Y736E mutant in-
hibits DNA2-dependent long-range resec-
tion in cells. (A) Quantification of cell counts
after normalizing to siCTRL and no doxycy-
cline (DOX) in parental or wild-type CtIP-
expressing or CtIP-F728E-Y736E-expressing
EXO1−/− HEK293 Flp-In T-REx cells. n≥ 3; er-
ror bars indicate SEM. (∗∗∗∗) P<0.0001, (ns) P>
0.05 (not significant), (∗) P<0.05, two-tailed t-
test. (B) Timeline of the chromatin-bound RPA
detection assay in CtIP-expressing EXO1−/−

HEK293 Flp-In T-REx cells after CPT treat-
ment. (C ) Representative flow cytometry plots
of CtIP-expressing EXO1−/− HEK293 Flp-In T-
REx cells treated with siCTRL or siCtIP fol-
lowed by doxycycline-mediated overexpres-
sion of the indicated CtIP variant. Plots show
the percentage of RPA+ cells upon mock
(DMSO) or CPT treatment. (D) Quantitation
of RPA+ cells from experiments such as shown
inC. n =4; error bars indicate SEM. (∗∗) P <0.01,
two-tailed t-test. (E) Schematic of the qPCR re-
action in EXO1−/−DIvA (AsiSI-ER-U2OS) cells
upon DSB induction at the indicated AsiSI
sites (DSB-II or DSB-V) with 4-hydroxytamoxi-
fen (OHT). DNA end resection was monitored
at sites either 200 or 740 bp away from the in-
dicated DSBs. Arrows indicate the position of
the PCR primers. (F ) Timeline of the qPCR-
based DNA end resection assay in EXO1−/−

DIvA cells. (G) Quantification of the qPCR-
based DNA end resection efficacy monitored
at a site 200 bp away from the 4-hydroxyta-
moxifen (OHT)-induced DSB. n= 3; error bars
indicate SEM. (ns) P> 0.05 (not significant),
two-tailed t-test. EV, empty vector. (H) Quanti-
fication of the qPCR-based DNA end resection
efficacy monitored at a site 740 bp away from
the 4-hydroxytamoxifen (OHT)-induced DSB.
n≥ 2; error bars indicate SEM. (∗) P <0.05,
two-tailed t-test. EV, empty vector.
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for the interplay of CtIP with DNA2. We expressed and
purified recombinant nonphosphorylatable S723A or
phosphorylation-mimetic S723E pCtIP variants (Supple-
mental Fig. S6A), together with the previously described
3E (T693E, S723E, and T731E) (Wang et al. 2018) and

CtIP-3A (T693A, S723A, and T731A) mutants (Supple-
mental Fig. S6B), and analyzed them for their ability to
stimulate DNA2.

We observed that pCtIP-S723A and pCtIP-S723E, and
similarly pCtIP-3A and pCtIP-3E, were strongly impaired
in the stimulation of long-length ssDNA degradation by
DNA2 (Fig. 6A,B). Both the alanine and the phosphomi-
metic substitution mutants were compromised, demon-
strating that the integrity of the respective residues in
pCtIP is very important for the stimulation of DNA2. Ac-
cordingly, the pCtIP mutants were less efficient in the
stimulation of the DNA2 ATPase (Supplemental Fig.
S6C,D). We noted that the pCtIP variants could not bind
DNA2 as efficiently as pCtIP wild type (Fig. 6C–E). In con-
trast, pCtIP-S723A and pCtIP-S723E stimulated the endo-
nuclease of MRN almost as well as wild-type pCtIP
(Supplemental Fig. S6E,F), suggesting that pCtIP phos-
phorylation at S723 primarily affects long-range resection,
in agreement with cellular data (Wang et al. 2018). As ex-
pected for a mutant with a defect in DNA2 stimulation,
CtIP-S723A-overexpressing cells showed an impaired
DNA resection phenotype, since a reduction in DNA re-
section length could be observed compared with CtIP
wild-type-overexpressing cells (Supplemental Fig. S6G–I).

Given that PLK1was proposed to phosphorylate CtIP in
vivo (Wang et al. 2018), we asked whether recombinant
PLK1 was able to directly phosphorylate pCtIP and affect
its function in vitro. As previously stated, we used pCtIP
prepared with phosphatase inhibitors, as nonphosphory-
lated CtIP is largely aggregated and cannot be efficiently
purified. Therefore, our pCtIP preparation already has
some, but not all, phosphorylation sites modified (Anand
et al. 2016, 2019). Nevertheless, we observed that recom-
binant PLK1 further phosphorylated pCtIP in a radioac-
tive kinase assay (Fig. 6F). Moreover, wild-type pCtIP
was more efficiently in vitro phosphorylated compared
with the pCtIP-S723A or pCtIP-3A mutants (Fig. 6F),
showing that S723 is one of the main targets of PLK1 in
CtIP, as suggested previously (Wang et al. 2018). Having
established efficient in vitro phosphorylation of pCtIP
by PLK1, we used themodified pCtIP protein to test its ac-
tivity as a cofactor in short- and long-range resection.
PLK1-treated pCtIP was significantly impaired in its abil-
ity to stimulateDNAdegradation byDNA2 (Fig. 6G,H). In
contrast, PLK1-treated pCtIP was indistinguishable from
mock-treated pCtIP in the stimulation of the MRN endo-
nuclease activity (Fig. 6I; Supplemental Fig. S6J). Taken
together, these experiments explain how PLK1-mediated
phosphorylation of CtIP inhibits long-range resection
(Wang et al. 2018) and further support the physiological
relevance of CtIP and DNA2 interplay (Fig. 7).

Discussion

CtIP functions as an activator of theMRN complex to ini-
tiate short-range DNA end resection (Anand et al. 2016;
Deshpande et al. 2016). More recently, in vitro studies re-
vealed that CtIP also controls the DNA2 translocase and
the BLM helicase, which function in resection

A

B

Figure 4. Single-molecule analysis reveals that CtIP-F728E-
Y736E inhibits resection also in EXO1+/+ cells. (A) A schematic
representation of the SMART protocol using the tilting SMART
assay. (B) Quantification of the length of ssDNA fibers. Cultures
were irradiated at 10 Gy and harvested after 1 h. The values are
normalized to CtIP-WT. n =7; error bars indicate SEM. (∗∗∗) P <
0.001, two-tailed t-test. The presented data were pooled from ex-
periments with BrdU, as shown in Supplemental Figure S4B, and
CldU labeling, as shown in A.
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downstream from MRN (Daley et al. 2017; Ceppi et al.
2020). In addition, CtIP inhibits EXO1 5′ → 3′ exonuclease
activity in vitro (Eid et al. 2010). It was demonstrated that
CtIP promotes the DNA degradation by DNA2 via the
stimulation of DNA2 translocase activity, which likely
accelerates the rate by which DNA gets fed into the
DNA2 nuclease domain (Ceppi et al. 2020). However, it
was not clear to what extent such interplay is relevant
forDNAend resection in cells. Particularly, in the context
of replication stress, CtIP was instead shown to restrict
pathological DNA2 activity (Przetocka et al. 2018). There-

fore, the interplay of DNA2 and CtIP in a cellular setting
was not obvious and required careful examination. To this
point, we set out to identify a separation-of-function CtIP
mutant that would be proficient in stimulating MRN and
hence unaffected in short-range resection but specifically
deficient in activating DNA2.
Here, we adopted a combined evolutionary and struc-

tural modeling approach to predict the mode of interac-
tion between CtIP region 690–740 in CtIP orthologs and
DNA2 (Ceppi et al. 2020). We designed the CtIP-F728E-
Y736E mutant, which activates MRN similarly to wild

A

B

D

F G

E

C Figure 5. CtIP-F728E-Y736E inhibits single-
strand annealing and causes sensitivity to
DNA damage. (A) Timeline of the GFP-based
DSB reporter assays in EXO1−/− U2OS cells.
(B) Schematic of the single-strand annealing as-
say in EXO1−/−U2OS-SA cells. (C ) Quantifica-
tion of the single-strand annealing efficacy
after normalizing to siCTRL+EV. n≥ 2; error
bars indicate SEM. (∗) P< 0.05, two-tailed t-
test. (EV) Empty vector. (D) Schematic of the
microhomology-mediated end-joining repair
assay in EXO1−/−U2OS-EJ2 cells. (E) Quantifi-
cation of the microhomology-mediated end-
joining efficacy after normalizing to siCTRL+
EV. n =4; error bars indicate SEM. (∗) P <0.05,
(∗∗) P<0.001, (ns) P>0.05 (not significant),
two-tailed t-test. (EV) Empty vector. (F ) Quan-
titation of clonogenic cell survival upon acute
treatment with 300 nM CPT for 2 h in
EXO1−/− HEK293 Flp-In T-REx cells, where
endogenous CtIP was mock-depleted (siCTRL)
or depleted (siCtIP) and either wild-type CtIP
or CtIP-F728E-Y736E expression was induced
with doxycycline. The values are normalized
to siCTRL treated with 300 nM CPT. n=4; er-
ror bars indicate SEM. (∗) P <0.05, two-tailed t-
test. (G) Quantitation of clonogenic cell sur-
vival upon acute treatment with 1 µM CPT
for 1 h in EXO1−/− DIvA cells, where endoge-
nous CtIP was mock-depleted (siCTRL) or de-
pleted (siCtIP) and complemented with the
indicated CtIP variant. The values are normal-
ized to siCTRL+EV treated with 1 µM CPT. n
=4; error bars indicate SEM. (∗) P<0.05, two-
tailed t-test. (EV) Empty vector.

CtIP and DNA2 interplay in DNA end resection

GENES & DEVELOPMENT 127

 Cold Spring Harbor Laboratory Press on August 1, 2024 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


type but is deficient in physical and functional interac-
tions with DNA2. Our structural model allowed us to
speculate how the specific residues might be able to

bind and activate the DNA2 translocase (Fig. 1B). F728
would be important for stable anchoring of CtIP to
DNA2, while Y736 might rather modulate the way
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Figure 6. Phosphorylation of CtIP at S723 by PLK1 down-regulates DNA2-dependent resection. (A) Degradation of ssDNA fragments of
various length by 20 nMDNA2without or with 40 nM indicated pCtIP variant in the presence of 864 nM RPA. (B) Quantitation of small
degradation products (≤300 nt) from experiments such as shown in A after 8 min. n=3; error bars indicate SEM. (C ) A representative
DNA2 interaction assay with the indicated pCtIP variants (see cartoon in Fig. 2C). DNA2-FLAG was immobilized on M2 anti-FLAG af-
finity resin. TheWestern blot was performed with anti-FLAG and anti-CtIP antibodies. (D) Quantitation of the DNA2–pCtIP interaction
fromexperiments such as shown inC. n=3; error bars indicate SEM. (∗) P <0.05, (∗∗) P <0.01, two-tailed t-test. (E) DNA2 interaction assays
with indicated pCtIP variants (see cartoon in Fig. 2C). DNA2-FLAG was immobilized on M2 anti-FLAG affinity resin. The Western blot
was performedwith anti-FLAG and anti-CtIP antibodies. (F ) In vitro phosphorylation of pCtIP by PLK1. Purified pCtIP-WT, pCtIP-S723A,
and pCtIP-3A were incubated in an in vitro kinase assay with PLK1. (Top) Quantification. The radioactive signal is normalized to PLK1-
treated pCtIP-WT. n=3; error bars indicate SEM. (∗∗∗∗) P< 0.0001, (∗) P<0.05, two-tailed t-test. (Bottom) Coomassie-stained proteins after
PAGE. (Middle) Autoradiograph of the identical gel. (G) Degradation of ssDNA fragments of various lengths by 10 nMDNA2 without or
with 40 nM pCtIP either mock-treated or prephosphorylated by either PLK1 or heat-inactivated d-PLK1 in the presence of 864 nM RPA.
(H) Quantitation of small degradation products (≤300 nt) from experiments such as shown in G. n≥ 3; error bars indicate SEM. (∗∗∗∗) P <
0.0001, two-tailed t-test. (I ) Quantitation of endonucleolytic DNA cleavage from experiments such as shown in Supplemental Figure S6J.
n= 3; error bars indicate SEM. (ns) P>0.05 (not significant), two-tailed t-test.
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nucleotides interact with DNA2 in a yet unknown man-
ner. One speculative model would be that CtIP-Y736 spe-
cifically disturbs the interaction of ADP in the DNA2
nucleotide binding site, playing the role of an ADP ex-
change factor to increase the turnover of the enzyme, con-
sistent with CtIP’s ability to stimulate DNA2 ATPase-
driven motor activity. The evolutionary properties indi-
cate that the interaction betweenCtIP andDNA2 through
this motif would be restricted to vertebrate species. In-
deed, previous data showed that the stimulation of the
DNA2 translocase activity by CtIP could not be recapitu-
lated in the yeast system andwas indeed dependent on the
CtIP region that is absent in the yeast homolog Sae2
(Ceppi et al. 2020).
Using a variety of complementary cellular assays in var-

ious genetic backgrounds, we observed that CtIP-F728E-
Y736E mutant-expressing cells show decreased accumu-
lation of chromatin-bound RPA upon DSB induction
and, consequently, decreased survival (Figs. 3–5). Using
assays to monitor DNA end resection at various positions
in the human genome, we observed that resection in CtIP-
F728E-Y736E-expressing cells was not affected when
monitoring resection of a site in the vicinity of the DNA
break. However, a clear resection defect was observed
when a position at a greater distance from the break was
analyzed, supporting our biochemical data showing that
the F728E and the Y736E mutations affect specifically
the interplay of CtIP and DNA2 in long-range resection.
The majority of the cellular experiments were carried
out in the EXO1-deficient background, but a clear defect
of DNA end resection genome-wide was also observed
in EXO1-proficient cells upon overexpression of the
CtIP-F728E-Y736E variant. Therefore, we conclude that
disrupting the interaction between DNA2 and CtIP in
cells results in defects in DNA end resection.
The identifiedDNA2-interacting patch inCtIP includes

a previously recognized PLK1 target site (Wang et al.
2018). Specifically, in nocodazole-arrested mitotic cells,
the CtIP-3E mutant (T693E, S723E, and T731E) was
shown to inhibit extended end resection and instead pro-
mote MMEJ (Wang et al. 2018). However, mechanistic in-
sights about how PLK1-mediated phosphorylation of CtIP

inhibits the long-range resection were missing; in fact, it
was not known how CtIP promotes extended resection
at all. We showed that the integrity of S723 is critical
for the stimulation of DNA2, as both S723A and S723E
mutations failed to promote DNA2 (Fig. 6). In contrast
to the nearly complete disruption of the functional inter-
play, the two substitution mutations in CtIP also reduced
physical interaction with DNA2 but to a lesser extent.
The structural model predicts contacts between CtIP-
S723 and DNA2-K616 and DNA2-H613 (Fig. 1C). It is
possible that phosphorylated S723 may induce allosteric
conformational changes in the DNA2 helix 614–624 (con-
taining K616), likely affecting nucleotide binding pro-
perties, since the DNA2 G625 backbone directly
contacts the N6 atom of the nucleotide base. Such chang-
es may explain the disruption of the ATP hydrolysis-
dependent stimulation of DNA2 nuclease by the CtIP-
S723 mutants without strongly affecting the protein–
protein interaction. Nevertheless, more insights are need-
ed to understand the regulation of DNA2 and CtIP inter-
play specifically by S723 phosphorylation on the atomic
level.
Phosphorylation of CtIP early in the cell cycle by CDK

activates DNA end resection and hence homologous re-
combination at the cell cycle stage (S/G2), when sister
chromatids are available as templates for homology-di-
rected repair (Ira et al. 2004; Huertas et al. 2008; Huertas
and Jackson 2009). CDK phosphorylation activates addi-
tional components of the resection machinery (Chen
et al. 2011; Ferretti et al. 2013), and CtIP is further activat-
ed by ATM- and DNA damage-dependent activity in re-
sponse to DSBs (Peterson et al. 2013; Deshpande et al.
2020). In contrast to the activation of resection by phos-
phorylation, much less is known about what terminates
resection. As chromatin remodeling in the vicinity of
DSBs is needed for efficient resection (Chen et al. 2012;
Costelloe et al. 2012; Dong et al. 2014; Kollárovič et al.
2020), there may be a physical limit to how far resection
can go, governed by the extent of chromatin remodeling.
Additionally, pCtIP may be targeted for degradation (Fer-
retti et al. 2016; Li et al. 2020; Han et al. 2021), or pCtIP
may be dephosphorylated (Isobe et al. 2021). Phosphoryla-
tion of RPA was described to inhibit long-range resection
dependent on BLM (Soniat et al. 2019). The mechanism
uncovered here—inhibitory phosphorylation of CtIP—
goes along the same lines, showing yet another mode of
negative regulation of long-range end resection (Fig. 7).
As PLK1 activity peaks late in the cell cycle at M phase,
PLK1-dependent modification of CtIP at S723 would dis-
rupt DNA2-dependent resection and hence HR initiation
at a cell cycle stage when it is no longer desirable while
still allowing alternative repair pathways such as MMEJ.
Notably, PLK1-mediated phosphorylation of BLM instead
enhances its double-Holliday junction dissolution activi-
ty (Balbo Pogliano et al. 2022). Late in the cell cycle,
PLK1 thus likely orchestrates a switch to limit initiation
of recombination (resection) while promoting completion
of recombination (dissolution) to guarantee flawless sepa-
ration of genetic material during subsequent cellular
division.

Figure 7. Model for CtIP-mediated regulation of DNA2-depen-
dent long-range DNA end resection. A schematic depicting the
role of pCtIP in the regulation of DNA2-dependent long-range re-
section. CDK phosphorylates CtIP early in the cell cycle and ac-
tivates DNA end resection at the S/G2 stage, when sister
chromatids are available as templates for repair. Instead, at M
phase, PLK1 phosphorylates CtIP at S723, thus negatively regu-
lating DNA2-dependent long-range end resection.
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Materials and methods

Sequence analysis and modeling of the interaction between human
DNA2 and CtIP

Orthologs ofDNA2 andCtIPwere retrieved using three iterations
of HHblits (Steinegger et al. 2019) on the UniProt30 database
(Mirdita et al. 2017). Homologs sharing <20% and 30% for CtIP
and DNA2, respectively, and a coverage <30% and 50% for
CtIP and DNA2, respectively, were discarded. In case several ho-
mologs belonged to the same species, only the one sharing high-
est sequence identity with the query was kept. Full-length
sequences of the selected homologs were then retrieved and re-
aligned with mafft (Katoh and Standley 2013). To model the
structure of the DNA2–CtIP complex, MSAs of DNA2 and CtIP
(645–753) containing 2124 and 821 homolog sequences of
DNA2 and CtIP, respectively, were concatenated, resulting in
1169 aligned positions. When homologs of the subunits belonged
to the same species, they were aligned in a paired manner; other-
wise, theywere left unpaired. The concatenatedMSAwas used as
input to run five independent simulations of theAlphaFold2 algo-
rithmwith six iterations each (Jumper et al. 2021), generating five
structural models using a local version of the ColabFold interface
(Mirdita et al. 2022), trained on themultimer data set (Evans et al.
2022) on a local HPC equippedwith NVIDIAAmpere A100 80Go
GPU cards. The best models of each of the five runs converged to-
ward similar conformations. They reached high confidence and
quality scores with pLDDTs in the range [82.9, 83.7] and
pTMscore in the range [0.834, 0.84]. The model with the highest
pTMscore was relaxed using Rosetta relax protocols to remove
steric clashes (Leman et al. 2020) with strong backbone con-
straints (standard deviation of 0.5 Å for the atomic positions)
and was used for structural analysis. Surface conservation was
calculated for DNA2 homologs using the Rate4Site algorithm
(Pupko et al. 2002) on the ConSurf server (Ashkenazy et al.
2016). Figures were prepared using Jalview for sequences (Water-
house et al. 2009) and PyMOL for structures (the PyMOLmolec-
ular graphics system, version 2.0, Schrödinger, LLC). The model
is available in ModelArchive at https://modelarchive.org/doi/10
.5452/ma-b36a2.

Chromatin-bound RPA assay

The sequences of the two crRNAs targeting EXO1 used in this
study are listed in Supplemental Table S1. The sequences of all
primers used in this study are listed in Supplemental Table S2.
One day before transfection, stable EXO1−/− HEK293 Flp-In T-
REx cells were plated in 2 mL of antibiotic-free medium in six-
well plates such that they would be 40%–50% confluent at the
time of transfection. The next day, cells were transfected with
20 pmol of siRNA and 7.2 µL of RNAiMAX (Invitrogen) in 500
µL of Opti-MEM (Gibco) and cultured for 5 h before the addition
of 0.5 ng/mL doxycycline to induce the expression of wild-type
CtIP or the F728E-Y736Emutant. Forty-four hours after the addi-
tion of doxycycline, cells were treated with 1 µMCPT (Sigma) for
4 h to induce DNA lesions. Cells were then trypsinized, washed
with cold PBS, and permeabilized with 0.2% Triton X-100 in
PBS for 7min. All washing stepswere conducted by spinning cells
at 660g for 4 min. After permeabilization, the cells were washed
with 0.1% BSA in PBS, fixed with Cytofix/Cytoperm buffer
(BD), and incubated for 15 min at room temperature in the
dark. Cells were then washed with 0.1% BSA in PBS and incubat-
ed with RPA primary antibody (1:200; Calbiochem NA19L) for 1
h at room temperature in the dark. Samples were washed again
with 0.1% BSA in PBS and incubated with a fluorescent second-
ary goat antimouse Alexa Fluor 647 antibody (1:200; Invitrogen

A21236) for 30 min at room temperature in the dark. Finally,
cells were washed with 0.1% BSA in PBS; resuspended in 0.3
mL of PBS with 0.02% sodium azide (Sigma), 250 µg/mL RNase
A (Sigma), and 2 µg/mL DAPI (Sigma); and then incubated for
30 min at 37°C in the dark. The fraction of RPA-positive cells
was then scored on a LSR Fortessa flow cytometer (BD) and
quantified using FlowJo software (BD) (Forment et al. 2012).
The sequences of all siRNAs used in this study are listed in Sup-
plemental Table S3.

qPCR-based end resection assay

The sequences of the two crRNAs targeting EXO1 used in this
study are listed in Supplemental Table S1. EXO1−/− DIvA
(AsiSI-ER-U2OS) cells were plated in 2 mL of antibiotic-free me-
dia in six-well plates such that they would be 40%–50% conflu-
ent at the time of transfection. Four hours after plating, cells
were transfectedwith 20 pmol of siRNA and 7.2 µL of RNAiMAX
(Invitrogen) in 400 µL of Opti-MEM (Gibco) and cultured for 20
h. Cells were then complemented with 2.4 µg of siRNA-resistant
pcDNA3.1 empty vector or vector expressing either wild-type
CtIP or CtIP-F728E-Y736E. Forty-eight hours after transfection,
cells were treated with 300 nM (Z)-4-hydroxytamoxifen (Sigma)
or mock-treated for 4 h. Cells were then washed twice, trypsi-
nized, and pelleted by centrifugation at 200g for 5 min. Genomic
DNA was isolated using a DNeasy kit (Qiagen) with RNase A
treatment during lysis. Next, 500 ng of genomicDNAwas treated
with 5 U of RNase H (New England Biolabs) for 15 min at 37°C
and heat-inactivated for 20 min at 65°C. RNase H-treated geno-
mic DNA (150 ng) was digested with 16 U of BanI (New England
Biolabs) ormock-digested overnight at 37°C and then heat-inacti-
vated for 20min at 65°C. Finally, 2 ng of digested or mock-digest-
ed genomic DNA was used in a 10-µL qPCR reaction (PerfeCTa
SYBR Green fast mix, Quanta Bio) with 300 nM primers flanking
the BanI sites at 200 bp from the DSB-II AsiSI site or 740 bp from
the DSB-V AsiSI site, respectively. The sequences of all primers
used in this study are listed in Supplemental Table S2. The
qPCR reactions were run using MicroAmp Fast 96-well optical
plates and adhesive film (Applied Biosystems) on a QuantStudio
3 real-time PCR system (Applied Biosystems) using the standard
SYBR Green program according to the manufacturer’s instruc-
tions. The percentage of ssDNA generated for each sample was
calculated in Microsoft Excel using the following equation: per-
cent ssDNA=1/[POWER(2,Ct digested sample−Ct nondigested
sample− 1) + 0.5] × 100 (Zhou et al. 2014).

GFP-based reporter assays

The sequences of the two crRNAs targeting EXO1 used in this
study are listed in Supplemental Table S1. EXO1−/− U2OS-SA
or U2OS-EJ2 cells (0.45× 105 cells) were seeded in 0.5 mL of anti-
biotic-free media in 24-well plates; 3 h later, cells were transfect-
ed with 6 pmol of siRNA and 1 µL of RNAiMAX (Invitrogen) in
100 µL of Opti-MEM (Gibco) and cultured for 20 h. The cells
were transfected for 5 h with 0.4 µg of I-SceI (pCBASce) and 0.2
µg of empty pcDNA3.1 vector, pcDNA3.1-CtIP-WT-2XFLAG
vector, or pcDNA3.1-CtIP-F728E-Y736E-2XFLAG vector using
Lipofectamine 2000 transfection reagent (Invitrogen) in 100 µL
of Opti-MEM. After 5 h, cells were washed and cultured in
complete medium for 3 d to allow for the repair of the DSB.
Cells were then scored for the percentage of GFP-positive cells
on a LSR Fortessa flow cytometer (BD) (Stark et al. 2004). The se-
quences of all siRNAs used in this study are listed in Supplemen-
tal Table S3.
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Cell proliferation and viability assays

The sequences of the two crRNAs targeting EXO1 used in this
study are listed in Supplemental Table S1. To evaluate cell
growth, 300,000 stable EXO1−/− HEK293 Flp-In T-REx cells
were seeded in a six-well plate and 24 h later were transfected
with the indicated siRNA as described for the chromatin-bound
RPA assays. Twenty-four hours after transfection, cells were
counted and reseeded in six-well plates (300,000 cells/well) in
the presence of doxycycline to induce the expression of wild-
type CtIP or the F728E-Y736E mutant. Forty-eight hours later,
cells were counted again. Results are shown as cell counts nor-
malized for the siCTRL control.

Clonogenic survival assay

The sequences of the two crRNAs targeting EXO1 used in this
study are listed in Supplemental Table S1. Stable EXO1−/−

HEK293 Flp-In T-REx cells were seeded in 24-well plates such
that they would be 40% confluent at the time of transfection.
The next day, cells were transfected with 6 pmol of siRNA and
1 µL of RNAiMAX (Invitrogen) in 100 µL of Opti-MEM (Gibco)
and cultured for 5 h before reseeding at low density in the pres-
ence of 0.5 ng/mL doxycycline to induce the expression of wild-
type CtIP or the F728E-Y736E mutant. Forty-eight hours after
the addition of doxycycline, 1000 cells per dish were seeded in
10-cm dishes in duplicate per each condition. Cells were allowed
to adhere for 6 h in drug-free media and then treated with the in-
dicated concentrations of CPT (Sigma) for 2 h. The cellswere then
washed and fed with drug-free media. Colonies were allowed to
grow for 7–10 d. Colonies were fixed with cold 100% methanol
and stained with 0.5% crystal violet in 20% methanol.
EXO1−/− DIvA (AsiSI-ER-U2OS) cells were seeded in 12-well
plates such that theywould be 40%confluent at the time of trans-
fection. The next day, cells were transfected with 10 pmol of the
indicated siRNA and 3.6 µL of RNAiMAX (Invitrogen) in 200 µL
of Opti-MEM (Gibco) and cultured for 20 h. The cells were trans-
fected for 5 h with 1.2 µg of empty pcDNA3.1 vector, pcDNA3.1-
CtIP-WT-2XFLAG vector, or pcDNA3.1-CtIP-F728E-Y736E-
2XFLAG vector using Lipofectamine 2000 transfection reagent
(Invitrogen) in 200 µL of Opti-MEM. After 5 h, the cells were
washed and cultured in complete medium until the following
morning. One-thousand-five-hundred cells per dish were seeded
in 10-cm dishes in duplicate per each condition. Cells were al-
lowed to adhere for 6 h in drug-free media and then treated
with the indicated concentrations of CPT (Sigma) for 1 h. For ex-
periments withMRE11 inhibitors, cells were treated with 50 µM
PFM03 (Sigma) and 50 µMPFM39 (Sigma) for 30min prior to CPT
addition. The cells were then washed and fed with drug-free me-
dia. Colonies were allowed to grow for 7–10 d, fixed, and stained
as described above.

Immunoblotting

For the immunoblot analysis, the cells were transfected as de-
scribed for the corresponding in vivo assays in six-well plates
and, 48 h after transfection, lysed in RIPA buffer containing 50
mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% sodiumdodecylsulfate (SDS), 1%protease in-
hibitor cocktail (Sigma), and 1mMPMSF. Cell lysates were incu-
bated for 30 min on ice with occasional vortexing and then
cleared by centrifugation at 12,000g for 5 min at 2°C. Proteins
in the cell extract were quantitated with DC protein assay (Bio-
Rad) according to the manufacturer’s instructions. Subsequent
SDS-PAGE and Western blotting were performed using standard
methods using the following antibodies and dilutions: anti-β-Ac-

tin (1:1000; Santa Cruz Biotechnology sc-47778), anti-β-Tubulin
(1:1000; Santa Cruz Biotechnology sc-9104), anti-CtIP (1:1000;
Santa Cruz Biotechnology sc-271339), and anti-EXO1 (1:1000;
Abcam ab95068). Retrieved protein complexes following coim-
munoprecipitation were boiled in SDS sample buffer and ana-
lyzed by SDS-PAGE, followed by immunoblotting using the
following antibodies: anti-CtIP (1:250; Santa Cruz Biotechnology
sc-271339), anti-DNA2 (1:500; Abcam ab96488), and anti-
GAPDH (1:2000; Millipore MAB374).

Nuclease assays

Nuclease assays with 0.15 nM (in molecules) 3′-labeled Hind III
digest of λ DNA were performed in 15-µL volume in 25 mM
Tris-acetate (pH 7.5), 3 mM magnesium acetate, 1 mM ATP, 1
mM DTT, 0.1 mg/mL BSA (New England Biolabs), 1 mM phos-
phoenolpyruvate (PEP), and 80 U/mL pyruvate kinase (Sigma).
Human RPA (864 nM) was included as indicated to saturate all
ssDNA. Recombinant proteins were then added on ice, and the
reactions were incubated for 8 min at 37°C. Reactions were
stopped by adding 5 µL of 2% stop solution (150 mM EDTA,
2% sodium dodecyl sulfate, 30% glycerol, bromophenol blue)
and 1 µL of 14–22 mg/mL proteinase K (Roche) and incubated
for 10min at 37°C. Sampleswere analyzed by 1%agarose gel elec-
trophoresis. Gels were squeezed and dried on DE81 chromatogra-
phy paper (Whatman), exposed to storage phosphor screens (GE
Healthcare), and scanned by a Typhoon 9500 phosphorimager
(GE Healthcare). Endonuclease assays with MRN and 15-µL vol-
ume of phosphorylated CtIP were performed in nuclease buffer
containing 25 mM Tris-HCl (pH 7.5), 5 mM magnesium acetate,
1 mM manganese acetate, 1 mM ATP, 1 mM DTT, 0.25 mg/mL
BSA, and 1 nM oligonucleotide-based DNA substrate (in mole-
cules) (see Supplemental Table S4). Biotinylated DNA ends
were blocked by adding 15 nM monovalent streptavidin (a kind
gift from Mark Howarth, University of Oxford) and incubating
the samples for 5 min at room temperature. The reactions were
incubated for 2 h at 37°C, stopped by adding 0.5 µL of 0.5 M
EDTA and 1 μL of 14–22 mg/mL proteinase K (Roche), and incu-
bated for 30 min at 50°C. An equal amount of formamide dye
(95% [v/v] formamide, 20 mM EDTA, bromophenol blue) was
added, and samples were heated for 4 min at 95°C and separated
on 15% denaturing polyacrylamide gels (ratio acrylamide:bisa-
crylamide 19:1; Bio-Rad). After fixing in a solution containing
40% methanol, 10% acetic acid, and 5% glycerol for 30 min,
the gels were dried on 3-mmpaper (Whatman) and analyzed as de-
scribed above. Kinetic experiments with randomly labeled 2200-
nt-long substrate (1 nM in molecules) were performed in 15-µL
volume using the same buffer described for the λ/Hind III ssDNA
substrate, except for the magnesium acetate, which was used at 2
mM final concentration. RPA (176 nM) was included to saturate
all ssDNA. The reactions were assembled on ice and incubated
for the indicated time at 37°C. Samples were then stopped as de-
scribed above for the endonuclease assays and analyzed on 20%
denaturing polyacrylamide gels. Fixing, drying, and analysis
were performed as described above.

Recombinant protein interaction assays

To test for interactions between DNA2 and pCtIP variants,
6Xhis-DNA2-FLAG wild type or L623E-K636E-L640E mutant
was expressed in Sf9 cells. Cells were lysed, and soluble extract
containing DNA2 (bait) was bound to 50 µL of M2 anti-FLAG af-
finity resin (Sigma). The resin was washed with wash buffer 1 (50
mM Tris-HCl at pH 7.5, 300 mM NaCl, 10% glycerol, 1 mM
PMSF, 0.5 mM β-mercaptoethanol, 0.1% NP40) and incubated
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for 1 h at 4°C with 1 µg of the indicated recombinant purified
pCtIP variant (prey) in IP buffer (25 mM Tris-HCl at pH 7.5, 0.5
mMDTT, 3mMEDTA, 100mMNaCl, 0.20 µg/µL BSA). The res-
in was then washed five times with wash buffer 2 (50 mM Tris-
HCl at pH 7.5, 0.5 mM DTT, 3 mM EDTA, 80 mM NaCl, 0.1%
NP40), and proteins were eluted with 70 µL of wash buffer 2 con-
taining 150 ng/µL of 3XFLAG peptide (APExBIO). As a negative
control, purified pCtIP variants were incubated with the resin
that had not been bound to 6Xhis-DNA2-FLAG. The proteins
in the eluate were analyzed by Western blotting using anti-
FLAG primary antibody (1:1000; Sigma F3165) against DNA2-
FLAG or anti-CtIP primary antibody (1:1000; Santa Cruz Biotech-
nology sc-271339) using standard procedures. To test for interac-
tions between the pCtIP variants andMRE11 or BRCA1, 10 µL of
Dynabeads protein G (Invitrogen) was conjugated with 1.5 µg of
anti-CtIP antibody (1:250; Santa Cruz Biotechnology sc-271339)
in PBS-T for 1 h at 4°C. Next, beads were incubated with 1 µg
of the indicated recombinant pCtIP variant (bait) in IP buffer
(25 mM Tris-HCl at pH 7.5, 1 mM DTT, 3 mM EDTA, 0.2 mg/
mL BSA, 50 mM NaCl) for 1 h at 4°C. Beads were then washed
three times with wash buffer (25 mM Tris-HCl at pH 7.5, 80
mM NaCl, 0.05% [v/v] Triton-X-100, 1 mM DTT, 3 mM
EDTA) and incubated for 1 h at 4°C with 1 µg of recombinant
MRE11 or BRCA1 (prey) in IP buffer. Beads were again washed
three times with wash buffer, and proteins were eluted by boiling
for 3 min in SDS buffer (50 mM Tris-HCl at pH 6.8, 1.6% [m/w]
sodium dodecyl sulfate, 10% [v/v] glycerol, 0.1 M DTT, 0.01%
[m/w] bromophenol blue). As a negative control, purified
MRE11 or BRCA1 was incubated with the anti-CtIP-coupled
Dynabeads that had not been bound by CtIP. The proteins in
the eluate were analyzed byWestern blotting using anti-CtIP pri-
mary antibody (1:1000; Santa Cruz Biotechnology sc-271339),
anti-MRE11 primary antibody (1:1000; Abcam ab214), or anti-
BRCA1 primary antibody (1:1000; Santa Cruz Biotechnology sc-
6954) using standard procedures. To quantitate the data of the
bait–prey interaction, nonspecific binding (bait without prey) sig-
nal was subtracted, and the values were normalized to the
amount of bait.

In vitro kinase assays

In vitro phosphorylation reactions were performed in 20-µL vol-
ume in 50 mM Tris-HCl (pH 7.5), 5 mM magnesium acetate,
0.2 mM EDTA, 0.5 mM sodium orthovanadate (Sigma), 10 mM
p-nitrophenyl phosphate (Sigma), 150 mM NaCl, and 1% NP-
40. Recombinant pCtIP (0.7 µg) and 74 ng of PLK1 (Abcam)
were added to the reactions as indicated. Reactions were initiated
by the addition of 0.1 mM ATP and 37 kBq of [γ-32P]ATP (Perkin
Elmer) and incubated for 30 min at 37°C. Phosphorylation reac-
tions were stopped by adding 5 µL of SDS buffer (50 mM Tris-
HCl at pH 6.8, 1.6% sodium dodecyl sulfate, 10% glycerol, 0.1
M DTT, 0.01% bromophenol blue) supplemented with 1 µg of
BSA and incubated for 5 min at 95°C. Samples were separated
by SDS-PAGE, stained with Coomassie dye, and destained in
40% methanol and 10% acetic acid. The destained gel was dried
on 3-mm paper (Whatman), exposed to storage phosphor screens
(GE Healthcare), and scanned by a Typhoon 9500 phosphorim-
ager (GE Healthcare). Phosphorylated samples used for biochem-
ical assays were prepared as described above except for the [γ-32P]
ATP, which was omitted.
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