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Introduction

DNA double-strand breaks (DSBs) are genotoxic lesions that 
arise by diverse mechanisms, including endogenous processes 
such as replication fork collapse and abortive DNA transactions 
by ligases, topoisomerases, or nucleases (Pommier et al., 2010; 
Symington and Gautier, 2011). Although DSBs are primarily 
repaired by nonhomologous end joining (NHEJ), they can also 
be resolved during S phase by homology-directed repair (HDR) 
using the sister chromatid as a DNA template (Symington and 
Gautier, 2011; Chapman et al., 2012; Andres et al., 2014; Apa-
ricio et al., 2014). The decision to use NHEJ or HDR is gov-
erned in part by DNA resection, a nucleolytic process in which 
DSB ends are converted into 3′ single-strand DNA overhangs, 
an essential intermediate for the downstream steps of HDR and 
a potent inhibitor of NHEJ. DNA resection in eukaryotes is ini-
tiated by CtIP (Sae2 in yeast) and the MRN/X complex (Mre11, 
Rad50, and Nbs1/Xrs2 in yeast; Sartori et al., 2007; Huertas and 
Jackson, 2009; Qvist et al., 2011). Whereas MRN-CtIP mediates 
short-range 5′ to 3′ resection, exonuclease 1 (Exo1) can, after a 
lag, extensively resect DSBs independently of MRN-CtIP. The 
resection activity of CtIP is regulated in both a cell-cycle– and 
damage-dependent manner that is conserved among vertebrates 
(You et al., 2009; Peterson et al., 2011). Interestingly, CtIP also 
binds the BRCA1 tumor suppressor (Yu et al., 1998), an es-
sential HDR protein. Whereas the effect of BRCA1 on CtIP- 
mediated DNA resection remains unclear (Reczek et al., 2013; 
Zhou et al., 2014), genetic data suggest a role for CtIP–BRCA1 
interaction in cellular tolerance to camptothecin and, to a lesser 
extent, to etoposide (Nakamura et al., 2010).

Topoisomerases facilitate DNA transactions such as rep-
lication and transcription by relieving DNA topological stress. 
Type IB topoisomerases (Top1) remove supercoils by generat-
ing single-strand DNA breaks that allow DNA to rotate over its 
axis. Through a transesterification reaction, the catalytic tyro-
sine of the enzyme forms a transient phosphotyrosine covalent 
linkage, generating a nick in the DNA. After isomerization, the 
DNA phosphodiester backbone is restored when the 5′ OH of 
the broken DNA strand attacks the 3′ phosphotyrosine bond, 
liberating Top1 for subsequent cleavage and unwinding. Type 
IIA topoisomerases (Top2) remove topological constraints by 
generating staggered incisions, 4 bp apart, on both strands of 
DNA, which allow passage of a second DNA duplex through 
the DSB (Liu et al., 1983; Rowe et al., 1984; Wu et al., 2011). 
This reaction also entails formation of a transient protein–DNA 
adduct, in this case between a tyrosine residue at each active site 
of the Top2 dimer and the 5′ phosphates of DNA strands on both 
sides of the DSB. After isomerization, the resulting 3′-hydroxyl 
DNA ends direct the reversal of the phosphotyrosyl bonds, 
thereby enabling the release of the topoisomerase and religation 
of the DNA break (Pommier et al., 2010; Vos et al., 2011).

Given that DNA breaks are normal intermediates of to-
poisomerase activity, abortive topoisomerase reactions that sta-
bilize the transient protein–DNA adduct represent a significant 
source of DNA damage (Vos et al., 2011). Moreover, the for-
mation of such “trapped” protein–DNA adducts can be exacer-
bated by topoisomerase poisons such as etoposide (also known 
as VP-16-213), which increases the stability of Top2–DNA  
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adducts (Pommier et al., 2010). These unprocessed Top2–DNA 
adducts block DNA replication and RNA transcription and gen-
erate lethal DSBs that can induce cell-death pathways. Because 
cancer cells rely more heavily on DNA repair than normal cells 
(Tewey et al., 1984; Treszezamsky et al., 2007; Nitiss, 2009), 
the cellular toxicity of etoposide has been exploited therapeuti-
cally for a variety of human malignancies, including small cell 
lung carcinoma, testicular cancer, and lymphomas.

Eukaryotic cells coordinate multiple pathways to eliminate 
trapped protein–DNA adducts. Whereas ubiquitin-dependent 
proteasome degradation can remove much of the adducted pro-
teins, further enzymatic processing by a DNA repair pathway 
is required to release the residual adducted peptide. For exam-
ple, formaldehyde-induced DNA–protein cross-links require 
nucleotide-excision repair or HDR for resolution (Ide et al., 
2011). Similarly, Top2-adducted DNA ends can be converted 
into ligatable ends upon direct cleavage of the 5′-tyrosine phos-
phodiester bond by tyrosyl DNA phosphodiesterase 2 (TDP2; 
Mao et al., 2001; Zhang et al., 2006; Andres et al., 2014; Gao 
et al., 2014). In addition, biochemical studies in Escherichia 
coli and genetic analyses in yeast implicate the orthologous fac-
tors MRN/X and CtIP/Sae2 in nucleolytic removal of 5′-linked 
proteins from DNA including topoisomerase–DNA adducts 
(Neale et al., 2005; Hartsuiker et al., 2009; Cannavo and Cejka, 
2014), as well as the Spo11–DNA adducts normally generated 
during meiotic recombination (de Massy et al., 1995; Keeney 
and Kleckner, 1995; Liu et al., 1995; Hartsuiker, 2011; Lee 
et al., 2012; Cannavo and Cejka, 2014; Makharashvili et al., 
2014). Yeast Spo11, an enzyme related to DNA topoisomerases, 
is required to initiate meiotic recombination by generating sta-
ble 5′-end covalent protein–DNA intermediates (Keeney and 
Kleckner, 1995). Of note, rad50S and mre11S hypomorphic 
mutations, mre11 nuclease-deficient alleles, and null mutations 
in sae2 completely block 5′ DNA strand processing in meiosis, 
allowing the accumulation of Spo11–DNA complexes at DSBs. 
This suggests that Spo11 complexes are normally removed by 
nuclease activities of the MRX–Sae2 complex (Keeney et al., 
1997; Keeney, 2001; Nitiss, 2009). In contrast, rad50S and 
mre11S hypomorphic mutations are compatible with mitotic 
cell growth and have a milder phenotype: delayed resection of 
endonuclease-generated DSB ends (Symington and Gautier, 
2011). This implies that topoisomerase–DNA adducts are infre-
quent in mitotic cells and/or that alternative pathways remove 
5′-end adducts in these cells. Finally, recent studies suggest that 
Top2 adducts could also be removed by the nucleolytic activ-
ities of the MRN complex (Mre11, Rad50, and Nbs1) and its 
associated protein CtIP (Cruz-García et al., 2014).

BRCA1 tumor suppressor plays a role early in HDR, pos-
sibly by facilitating resection and antagonizing 53BP1 func-
tion (Moynahan et al., 1999; Bunting et al., 2012). However, 
analysis of BRCA1 inactivation on resection shows conflicting 
results, and how BRCA1 might regulate resection is unknown 
(Symington and Gautier, 2011).

Here, we show that MRN, CtIP, and BRCA1 are required 
for efficient removal of etoposide-induced Top2–DNA adducts 
from Xenopus laevis chromatin, as well as the subsequent resec-
tion of Top2-adducted DSB ends. We demonstrate enhanced re-
cruitment of BRCA1 to etoposide-damaged DNA. Furthermore, 
unlike resection of endonuclease-generated DSBs, the process-
ing of Top2 covalent complexes by CtIP is dependent on its 
interaction with BRCA1. These findings identify MRN–CtIP–
BRCA1 as a major pathway for processing Top2–DNA adducts.

Results

Replication of etoposide-treated 
chromosomal DNA requires CtIP
CtIP promotes the resection of “clean” DSB ends generated by 
endonuclease cleavage (Sartori et al., 2007; You et al., 2009; 
Peterson et al., 2011). To assess its role in processing DSB ends 
that harbor a Top2–DNA cleavage complex, we first examined 
whether CtIP is required for chromosomal DNA replication in 
Xenopus cell-free extracts (Fig.  1  A). As shown in Fig.  1 (B 
and C, native genomic DNA), the kinetics of incorporation of 
a radiolabeled deoxynucleotide, α-[32P]dCTP, into chromo-
somal DNA was identical in control and CtIP-depleted extracts. 
Neither replication initiation nor replication elongation was 
reduced in the absence of CtIP, as indicated by the size and dis-
tribution of replication products after denaturation (Fig. 1 D). 
Thus, CtIP is dispensable for replication of undamaged DNA. 
We previously showed that Mre11 is also not required for DNA 
replication, although DSBs accumulate in Mre11-depleted ex-
tracts at a low frequency (Costanzo et al., 2001). To ascertain 
the requirements for CtIP and MRN in replication of DNA bear-
ing Top2–DNA adducts, we examined DNA replication in the 
presence of a low concentration of the Top2 poison etoposide. 
Under these conditions, etoposide did not affect DNA replica-
tion in control extracts, but it strongly inhibited replication in 
CtIP-depleted extracts (Fig. 1, E and F, native genomic DNA). 
A similar result was observed in Mre11-depleted extracts, as 
well as in extracts depleted of both CtIP and Mre11 (Fig. S1, 
A and B). Significantly, DNA replication of etoposide-treated 
CtIP-depleted extracts was largely restored by addition of re-
combinant Xenopus CtIP protein purified from baculovirus-in-
fected insect cells (see Fig. 6 B, bottom), thus establishing that 
the phenotype was specific to CtIP depletion. Interestingly, 
replication in CtIP-depleted extracts was partially rescued by 
the addition of caffeine at a concentration that completely in-
hibits the DNA damage response (10 mM; unpublished data). 
Because 10 mM caffeine inhibits both ATM and ATR, we then 
inhibited each kinase specifically. Although the ATR inhibitor 
VE-821 (Reaper et al., 2011) had limited effect, the ATM inhib-
itor KU55933 (Hickson et al., 2004) rescued DNA replication 
to nearly 50% of the level observed in the absence of etoposide 
(Fig. 1 F), indicating that Top2-adducted DSB ends trigger the 
ATM checkpoint. These inhibitors did not affect genomic rep-
lication in nondepleted or mock-depleted extracts (Fig. S1 C). 
Together, these results indicate that etoposide-induced inhibi-
tion of DNA replication is relieved through the action of CtIP 
and the MRN complex, and it is also mediated in part through 
checkpoint-dependent processes.

MRN and CtIP are involved in Top2 adduct 
removal during S phase
We then asked whether CtIP and MRN participate in the re-
moval of etoposide-induced Top2 adducts during DNA repli-
cation. First, we confirmed that etoposide treatment increases 
Top2–DNA adduct concentrations. Chromatin-bound Top2 lev-
els were monitored in replication-competent cytosol incubated 
with sperm nuclei as a template for chromatin assembly. As 
expected, addition of etoposide increased the amount of chro-
matin-associated Top2 (Fig. S2 A) in a dose-dependent manner. 
Note the accumulation of higher molecular weight Top2 interme-
diates corresponding to polyubiquitylated forms of Top2 in sam-
ples exposed to high etoposide concentrations (Fig. S2, A–C).  
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Treatment with the proteasome inhibitor MG132 further en-
hanced the levels of polyubiquitylated Top2 (Fig. S2 D). DNA 
fragmented by exposure to PflM1 restriction enzyme or topote-
can did not accumulate Top2 adducts (Fig. S2 C).

To quantify Top2–DNA adducts in Xenopus genomic DNA 
in the presence and absence of DNA repair factors, we adapted 
a protocol previously applied to fission yeast genomic DNA 
(Hartsuiker et al., 2009; Hartsuiker, 2011) and mammalian cells 
(Kiianitsa and Maizels, 2013; Figs. 2 A and S2, E–G). To this 
end, genomic DNA was isolated under denaturing conditions to 
remove all chromatin proteins except those covalently bound to 
DNA. By inhibiting DNA ligation and the release of topoisom-
erase, protein denaturation effectively captures all trapped Top2 
molecules. Noncovalently bound proteins are separated from 
DNA (containing covalently bound proteins) on cesium chlo-
ride gradients. After centrifugation, fractions containing DNA–
protein adducts are probed for Top2 by slot blot assay with 
anti-Top2 antibodies. As shown in Fig. 2 B, covalently bound 
Top2 concentrations increased by 50% in genomic DNA purified 
from CtIP-depleted extracts, suggesting that CtIP is required for 
processing Top2–DNA adducts. A previous study using a fluo-
rescence-based method also implicated the MRN complex in 
removal of Top2 adducts from DNA (Lee et al., 2012). Similarly, 
we observed significant increases in levels of DNA-associated 
Top2 upon depletion of MRN or co-depletion of MRN and CtIP 
(Fig. 2, C and D; and Fig. S2 G), suggesting that MRN and CtIP 
operate in the same pathway to remove Top2 covalent complexes 
from DNA. Importantly, the accumulation of Top2 adducts in 
depleted extracts was reduced by addition of recombinant Xen-
opus CtIP (Figs. 2 E and S2 H) or recombinant human MRN 
complex (Figs. 2 F and S2 I), establishing the specificity of the 
antibody-mediated depletions and demonstrating a direct role 
for both factors in repair of Top2–DNA adducts.

CtIP regulates DNA resection from 
topoisomerase adducts
To ascertain whether CtIP is required for nucleolytic process-
ing and subsequent resection of Top2-adducted DSB ends, we  

compared the effects of CtIP depletion on resection of DNA 
breaks induced by endonuclease or etoposide in replica-
tion-competent S-phase extracts. Using replication protein A 
(RPA) binding to chromatin as a marker of single-strand DNA 
formation, we observed a modest reduction of DNA resec-
tion in CtIP-depleted extracts at early time points after treat-
ment with PflMI endonuclease (Fig. 3, A [compare lanes 1–3 
and 7–9] and B), consistent with previous results (Peterson et 
al., 2011). In contrast, a far more substantial reduction in RPA 
binding was obtained in CtIP-depleted extracts upon etoposide 
treatment (Fig. 3, A [lanes 4–6 and 10–12] and B; and Fig. S3 
A), indicating a more stringent requirement for CtIP in remov-
ing Top2–DNA adducts and processing the damaged DNA. 
Similarly, MRN-depleted extracts (ΔMre11; Fig. S3 B) show 
a significant decrease in resection from Top2–DNA adducts. 
Importantly, the presence or absence of CtIP had no impact on 
RPA chromatin loading in extracts treated with ICRF-193, a 
Top2 inhibitor that does not produce Top2–DNA trapped inter-
mediates (Fig. 3 C). Consistent with reduced RPA accumulation 
on chromatin, Chk1 kinase activation was impaired (Fig. S3 C). 
Thus, CtIP is required to remove Top2–DNA adducts induced 
by exposure to etoposide.

Exo1 cannot process Top2–DNA adducts
Resection in eukaryotes is initiated by MRN–CtIP and subse-
quently extended by the nucleolytic activities of Exo1 or Dna2 
(Symington and Gautier, 2011). Using Xenopus egg extracts, 
we and others have shown that Exo1 can, after a lag, also ini-
tiate resection at endonuclease-generated DSBs in the absence 
of CtIP (Liao et al., 2011; Peterson et al., 2011). The ability of 
Exo1 to initiate resection in lieu of CtIP has also been observed 
for human proteins both in vitro and in vivo (Eid et al., 2010; 
Nimonkar et al., 2011; Tomimatsu et al., 2014). However, in 
contrast to resection of endonuclease-induced DSBs, the data 
presented in Fig. 3 suggest that Xenopus extracts lack a nucle-
ase that can initiate resection of etoposide-induced DSBs in the 
absence of CtIP or MRN. Therefore, to assess directly the role 
of Exo1, we monitored the removal of Top2–DNA adducts in 

Figure 1. Replication of etoposide-treated 
chromosomal DNA requires CtIP. (A) CtIP 
immunodepletion from LSS extracts. Control 
(ΔMock) and CtIP-depleted extracts (ΔCtIP) 
were probed with the indicated antibodies. 
(B) Mock and CtIP-depleted extracts were incu-
bated with sperm nuclei. DNA replication was 
monitored by agarose gel electrophoresis after 
incorporation of α-[32P]dCTP into genomic 
DNA at the indicated time points. (C) Quan-
tification of three independent experiments as 
shown in B.  The mean is plotted, and error 
bars indicate the standard deviation. (D) Con-
trol (mock) and CtIP-depleted extracts were 
supplemented with sperm nuclei, and DNA 
replication of Xenopus sperm nuclei was mon-
itored by alkaline gel electrophoresis after in-
corporation of α-[32P]dCTP into genomic DNA 
at the indicated time points. (E) DNA replica-
tion was monitored as in B in the presence of a 
low dose (2 µM) of etoposide in mock- or CtIP- 
depleted extracts, below quantification of three 
independent experiments (**, P = 0.003, two-
tailed unpaired t test; n = 3). (F) Effect of ATM 
and ATR inhibitors in the sensitivity to low-dose 
etoposide (2 µM). Bar graph shows quantifica-
tion of three independent experiments (*, P = 
0.014, two-tailed unpaired t test; n = 3).

http://www.jcb.org/cgi/content/full/jcb.201504005/DC1
http://www.jcb.org/cgi/content/full/jcb.201504005/DC1


JCB • Volume 212 • NumBer 4 • 2016402

Exo1-depleted and CtIP-depleted extracts (Fig.  4  A). In con-
trast to CtIP depletion, depletion of Exo1 did not affect Top2 
adduct removal (Fig. 4 B).

However, Exo1-CtIP co-depletion abolished DNA resec-
tion in etoposide-treated extracts to a greater degree than CtIP 
depletion alone (Fig. S4). This observation suggests that Exo1 
can extend resection from DNA intermediates that have been pro-
cessed by a CtIP-independent pathway. This might be the prote-
asomaldegradation and Tdp2-catalyzed release of Top2 (Cortes 
Ledesma et al., 2009). Furthermore, resection from etoposide- 
induced breaks was completely inhibited in CtIP-depleted  
membrane-free extracts (high-speed supernatants [HSSs]; Fig. 4, 
C and D, compare with Fig. 3 C), which are deficient in Exo1- 
mediated DNA end resection (Peterson et al., 2013).

BRCA1 is required to process Top2–
DNA adducts
BRCA1 is thought to facilitate resection of endonuclease- 
generated breaks (Bunting et al., 2012) by a mechanism that is 
poorly understood. We sought to assess the role of BRCA1 in the 
processing of Top2 adducts. First, we examined chromosomal 
DNA replication in extracts BRCA1-depleted extracts using 
antibodies specific for Xenopus BRCA1 (Joukov et al., 2001; 
Long et al., 2014). Quantitative depletion of BRCA1 (Fig. 5 A) 
did not affect replication in untreated extracts (Fig. 5 B, com-
pare lanes 1 and 3). In contrast, when we examined DNA rep-
lication in the presence of a low concentration of etoposide, we 
observed a profound effect of BRCA1 depletion. Etoposide did 
not affect DNA replication in control extracts (Fig. 5 B, lane 
2) but strongly inhibited replication in BRCA1-depleted ex-
tracts (Fig. 5 B, lane 4).

Next, we quantified Top2 DNA adducts in Xenopus ge-
nomic DNA in the presence and absence of BRCA1 (Fig. 5 C) 
using the protocol described for Fig. 2. We observed a repro-
ducible and statistically significant increase in covalently bound 
Top2 in genomic DNA purified from BRCA1-depleted extracts, 
suggesting that BRCA1 is required for processing Top2–DNA 
adducts (Lee et al., 2012).

Finally, we determined whether BRCA1 was recruited 
to and subsequently required for nucleolytic processing and 
resection of Top2-adducted DSB ends. We first monitored 
BRCA1 association with chromatin in untreated (control) ex-
tracts or extracts treated with PflMI endonuclease or etopo-
side. BRCA1 associated with chromatin harboring clean 
DSBs, but the association was dramatically increased in pres-
ence of Top2–DNA adducts (Fig. 5 D, lanes 2, 4, and 6). Next, 
we compared the effects of BRCA1 depletion on resection of 
DNA breaks induced by endonuclease or etoposide in repli-
cation-competent S-phase extracts. Using RPA binding to 
chromatin as a marker of single-strand DNA formation, we 
observed a modest reduction of DNA resection in BRCA1-de-
pleted extracts after treatment with PflMI endonuclease 
(Fig. 5 D, lanes 4 and 5). In contrast, etoposide induced a far 
more substantial reduction in RPA binding than was obtained 
in BRCA1-depleted extracts (Fig. 5 D, lanes 6 and 7), indicat-
ing a critical role for BRCA1 in removing Top2–DNA adducts 
and processing the damaged DNA.

CtIP–BRCA1 interaction is required for 
CtIP-dependent processing of etoposide-
induced DSBs
To define the role of CtIP–BRCA1 interaction in DNA repair, 
we first assessed the impact of CDK phosphorylation. CDKs 
phosphorylate CtIP at two residues: S327 and T806 (S328 and 
T847 in human cells). Phosphorylation of S327 is required for 
the interaction between CtIP and the tandem BRCT domains 
of BRCA1 (Yu and Chen, 2004), whereas phosphorylation at 
residue T806 is required for CtIP-mediated resection (Huertas 
et al., 2008; Huertas and Jackson, 2009). Therefore, we com-
pared the impact of the CDK inhibitor roscovitine on resection 
of DSBs generated by either endonuclease or etoposide treat-
ment (Fig.  6  A). Roscovitine had little effect on resection of 
DSBs generated by PflMI, indicating that CDK phosphoryla-
tion of CtIP is dispensable for processing endonuclease-gener-
ated breaks, presumably because Exo1 can resect these DSBs 
in the absence of CtIP (Fig. 6 A, lanes 7 and 8). In contrast, 
roscovitine blocked resection from etoposide-induced DSBs,  

Figure 2. MRN and CtIP remove Top2 adducts during S phase. (A) Mock 
or CtIP-depleted extracts were supplemented with sperm nuclei (5,000/µl)  
and incubated in the presence of 100 µM etoposide for 40 min. Reac-
tions were stopped and diluted in denaturing buffer, and genomic DNA 
was fractionated via CsCl gradients. The fractions were transferred and 
probed with anti-Xenopus Top2 antibodies. (B) Relative quantification 
of three independent experiments as shown in A.  Error bars indicate 
standard deviations (*, P = 0.021, two-tailed unpaired t test). (C) CtIP, 
Mre11, or CtIP/Mre11 immunodepletion from LSS extracts. Control 
(ΔMock) and depleted extracts were blotted with the indicated antibodies.  
(D) Quantification of Top2–DNA adducts in Mre11-depleted, CtIP-de-
pleted, or MRE11- and CtIP-depleted extracts as described in A. (*, P < 
0.05; **, P < 0.01, two-tailed unpaired t test; n = 3). (E) Quantification 
of Top2–DNA adducts in CtIP-depleted extracts and CtIP-depleted extracts 
supplemented with recombinant CtIP protein (100 nM in extract; *, P = 
0.048, two-tailed unpaired t test; n = 3). (F) Quantification of Top2–DNA 
adducts in Mre11-depleted extracts and Mre11-depleted extracts sup-
plemented with recombinant MRN protein complex (500 nM in extract;  
*, P = 0.018, two-tailed unpaired t test; n = 3).

http://www.jcb.org/cgi/content/full/jcb.201504005/DC1
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indicating that CDK activity, possibly through phosphorylation 
of CtIP, is essential for processing Top2-DNA ends (lanes 5 and 6).

To test directly whether the CtIP–BRCA1 interaction is 
important for processing etoposide-induced DSBs, we purified 
recombinant Xenopus CtIP polypeptides that do (xCtIP S328A) 
or do not (xCtIP WT) harbor S328A, a missense mutation that 
disrupts its interaction with BRCA1 in Xenopus extracts (Pe-
terson et al., 2011). Because BRCA1 is required for genomic 
DNA replication in the presence of etoposide (Fig.  5  B), we 
assessed the impact of S328A substitution on DNA replication. 
As shown in Fig. 6 B, DNA replication in CtIP-depleted extracts 
exposed to etoposide was partly restored by addition of wild-
type CtIP (xCtIP WT), but not xCtIP S328A (lanes 5 and 6).

We then analyzed the contribution of CtIP-BRCA1 in-
teraction in Top2 adduct removal. Consistent with the defect 

in TOP2 removal in BRCA1-depleted extracts (Fig. 5 C), we 
observed that whereas xCtIP WT significantly restored TOP2 
removal in CtIP-depleted extracts, xCtIP S328A did not reverse 
the defect in TOP2-removal (Fig. 6 C).

Finally, we compared the ability of CtIP polypep-
tides to restore resection of endonuclease- or etoposide- 
generated DSBs in CtIP-depleted extracts (Fig.  6  D). In  
accord with our previous observation (Peterson et al., 2011), 
resection of DSBs induced by PflMI nuclease was readily 
restored upon supplementation with either polypeptide (WT 
or S328A). In contrast, xCtIP WT, but not xCtIP S328A, 
supported resection of etoposide-induced DSBs (Fig.  6 D, 
compare lanes 6 and 12).

Together, these results establish that CtIP-BRCA1 interac-
tion is specifically required for processing Top2–DNA adducts.

Figure 3. CtIP regulates resection from 
Top2 adducts. (A) Control (ΔMock) and CtIP- 
depleted extracts were supplemented with 
sperm nuclei (5,000/µl) and incubated with 
0.05 U/µl PflMI or 100 µM etoposide (Etop.). 
Chromatin was purified at the indicated times 
and processed for Western blot with Top2, 
CtIP, RPA70, Ku70, and H3 (loading control) 
antibodies. NS, no sperm control. (B) Plot of 
RPA binding as shown in A for control and CtIP- 
depleted extracts treated with PflMI or etopo-
side. Shown are mean RPA intensities. Error 
bars represent SD; n = 3. (C) Chromatin-bound 
RPA70 was monitored in control (ΔMock) and 
CtIP-depleted extracts treated with etoposide 
or ICRF-193. a.u., arbitrary units.

Figure 4. Exo1 cannot process Top2–DNA adducts. 
(A) Mock, Exo1, or CtIP immunodepletions from LSS 
extracts. Control (ΔMock) and depleted extracts were 
blotted with the indicated antibodies. (B) Quanti-
fication of Top2–DNA adducts in CtIP-depleted or 
Exo1-depleted extracts treated with etoposide as de-
scribed (*, P = 0.02, two-tailed unpaired t test; NS, 
not statistically significant). (C) Control (ΔMock) or 
CtIP-depleted replication-incompetent, membrane-free 
extracts (HSS) were supplemented with sperm nuclei 
(5,000/µl) and treated with etoposide. (D) Chro-
matin fractions from extracts in C were blotted with 
the indicated antibodies.
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Discussion

Aberrant repair of DSBs is associated with multiple patholo-
gies, including cancer, neurodegeneration, immunodeficiency, 
birth defects, and sterility (Huertas et al., 2008; Rulten and 
Caldecott, 2013). For example, mutations in the DSB-processing  
factors Nbs1, Mre11, and CtIP underlie the chromosome 
instability disorders Nijmegen breakage syndrome, ataxia  
telangiectasia–like disorder, and Seckel syndrome, respectively. 
This highlights the prominent role of the MRN–CtIP pathway in 
preserving genome stability in human cells. DNA–topoisomerase  
adducts are toxic lesions that result from normal cell physi-
ology and chemotherapeutic treatments with topoisomerase 
inhibitors. These lesions block RNA transcription and DNA 
replication and must be removed to preserve genomic integrity 
and cell homeostasis. Genetic studies in yeast have identified 
proteins responsible for processing protein–DNA adducts, in 
particular DNA–topoisomerase adducts. Studies in mammalian 
cells have furthered our understanding of the cellular strategies 
used to deal with these adducts. Here, we have used cell-free 
extracts from Xenopus eggs to demonstrate the coordinated 
action of the MRN complex, CtIP, and BRCA1 (which is not 
found in yeast) in the processing of Top2–DNA adducts. Cell-
free extracts uniquely allow assessment of the consequences of 

depleting these otherwise essential proteins in the presence of 
topoisomerase poisons on genomic DNA replication, DNA end 
processing, and adduct removal.

A previous study showed that human cells depleted of 
CtIP are hypersensitive to etoposide, a Top2 inhibitor that is 
widely used as a chemotherapeutic drug (Sartori et al., 2007). 
Nevertheless, the biochemical basis for this sensitivity was 
unclear. Here, we use Xenopus egg extracts to implicate CtIP, 
the MRN complex, and BRCA1 in removal of the 5′ DNA– 
protein adducts generated by etoposide. First, we show that 
CtIP, MRN, and BRCA1 are required for chromosomal repli-
cation in extracts treated with a low dose of etoposide. Interest-
ingly, we also observed a similar replication sensitivity to low 
dose of topotecan, a derivative the Top1 inhibitor camptothecin 
(unpublished data). MRN and CtIP act in the same pathway of 
Top2 adduct tolerance, because co-depletion of MRN and CtIP 
did not further inhibit DNA replication in the presence of etopo-
side relative to depletion of either protein alone. We also show 
that CtIP is required to remove unprocessed Top2–DNA ad-
ducts and that resection of etoposide-induced DSBs is strongly 
inhibited in CtIP-depleted extracts. These biochemical obser-
vations in vertebrates are consistent with genetic studies of the 
MRN–CtIP orthologues in yeast (Neale et al., 2005; Hartsuiker 
et al., 2009; Cannavo and Cejka, 2014). In contrast to endo-
nuclease-generated DSBs, which can be processed by Exo1 in 
the absence of CtIP, there is a strict requirement for CtIP and 
BRCA1 in processing protein–DNA adducts induced by etopo-
side. This lack of redundancy might be exploited clinically by 
enhancing the efficacy of etoposide chemotherapy with inhibi-
tors of the MRN–CtIP pathway, such as mirin and its derivatives 
(Dupré et al., 2008; Shibata et al., 2014). Top2–DNA adducts 
are thought to be excised throughout the cell cycle. Indeed, we 
observe resection defects from Top2–DNA adduct sites in ex-
tracts that support DNA replication (Fig. 3) as well as in HSS, 
a cytosolic extract that cannot replicate DNA (Fig. 4, C and D). 
Therefore, processing of Top2–DNA adducts by CtIP is critical 
both during and outside of DNA replication.

Eukaryotic cells possess two redundant mechanisms to 
remove covalently trapped topoisomerases. On the one hand, 
topoisomerase adducts can be eliminated by proteasomal deg-
radation of the topoisomerase along with excision of the resid-
ual adducted peptide by a tyrosyl-DNA phosphodiesterase such 
as TDP2. Additionally, direct removal can by achieved by the 
nucleolytic activities of MRN–CtIP. The latter pathway was ini-
tially described to remove adducts of Spo11, a Top2-related pro-
tein that generates the DSBs required for meiotic recombination 
(Neale et al., 2005). Nucleolytic processing by MRN–CtIP may 
represent a relatively rapid means of eliminating DSB adducts 
that might otherwise cause a catastrophic collapse of replica-
tion forks. Furthermore, this nucleolytic pathway generates a 
suitable substrate for resection initiation by either the Mre11 
or Exo1 nucleases, thereby promoting subsequent DSB repair 
through HDR. Of note, repair of other classes of DNA–protein 
adducts, such as these generated after formaldehyde exposure, 
rely on HDR for repair (Ide et al., 2011; Duxin et al., 2014).

We have also elucidated a specific biochemical role for 
BRCA1 and for CtIP interaction with BRCA1 in processing 
protein–DNA adducts at DSB ends before resection (Figs. 5 
and 6). Although CtIP and MRN are clearly implicated in re-
section of clean endonuclease-generated DSBs, it remained 
uncertain whether the resection activity of CtIP depends on its 
interaction with BRCA1. Indeed, our previous study in Xenopus  

Figure 5. BRCA1 is required to process Top2–DNA adducts. (A) Mock and 
BRCA1 immunodepletions from LSS extracts; extracts were blotted with the 
indicated antibodies. (B) DNA replication in BRCA1-depleted extracts is 
sensitive to low-dose etoposide. Top: control (ΔMock) and BRCA1-depleted 
extracts were incubated with sperm nuclei. DNA replication was moni-
tored by agarose gel electrophoresis after incorporation of α-[32P]dCTP 
into genomic DNA; bottom: quantification of three independent experi-
ments. The mean is plotted, and error bars indicate the standard deviation  
(*, P < 0.026, unpaired two-tailed t test; n = 3). (C) Relative quantification 
of Top2–DNA adducts in BRCA1-depleted extracts (*, P = 0.02, two-tailed 
unpaired t test; n = 3). (D) Mock or BRCA1-depleted extracts were supple-
mented with sperm nuclei (5,000/µl), treated with PflMI or etoposide as 
indicated, and incubated for 40 min. Chromatin was isolated and immu-
noblotted with the indicated antibodies.
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extracts (Peterson et al., 2011) as well as work described in 
Fig. 6 D show that substituting CtIP 328A for CtIP WT does not 
affect resection of DSBs generated by endonucleases. BRCA1- 
deficient human cell lines and tumors are sensitive to etoposide, 
and this sensitivity is dependent on Top2 (Treszezamsky et al., 
2007), suggesting that most etoposide-mediated DNA damage 
is repaired in S phase using homologous recombination. We es-
tablish that etoposide sensitivity in BRCA1-depleted extracts is 
associated with strong inhibition of DNA replication (Fig. 5 B) 
with reduction in Top2–DNA adduct removal (Fig.  5  C) and 
a marked defect in resection (Fig.  5  D). Strikingly, these de-
fects are not observed with ligatable, endonuclease-generated 
DSBs (Fig. 5 D). The interaction with BRCA1 is dependent on 
CDK-mediated phosphorylation of human CtIP at amino acid 
S327 (Yu and Chen, 2004). Several studies have addressed the 
impact of replacing this residue (or its equivalent) with a non-
phosphorylatable alanine in mouse cells, human cells, chicken 
DT40 cells, and Xenopus extracts (Yu and Chen, 2004; Hart-
suiker et al., 2009; Yun and Hiom, 2009; Nakamura et al., 2010; 
Peterson et al., 2011; Reczek et al., 2013; Cruz-García et al., 
2014; Polato et al., 2014). An early study in chicken DT40 cells 
found that a CtIP-S332A mutation enhanced cellular sensitivity 
to ionizing radiation (IR) and profoundly reduced HDR repair 
of endonuclease-generated DSBs (Yun and Hiom, 2009). In 
contrast, a subsequent study in DT40 cells observed no effects 
on HDR or IR sensitivity but instead reported that ablation of 
the CtIP–BRCA1 interaction increased sensitivity to DNA Top1 
and Top2 inhibitors (Nakamura et al., 2010). Consistent with 
the latter, mouse cells expressing CtIP-S326A have no defects 
in IR sensitivity or HDR repair of endonuclease-generated 
DSB, but they display a modestly increased cellular sensitivity 
to camptothecin and etoposide (Reczek et al., 2013).

By examining the effects of CtIP on processing etopo-
side-treated extract, we now demonstrate that the CtIP–BRCA1 

interaction is required for MRN-CtIP–mediated removal of 
Top2–DNA adducts, a prerequisite for subsequent resection 
of the processed DSB ends. These biochemical observations 
explain the specific sensitivity of DT40 cells and mouse cells 
carrying CtIP-S332/326A alleles to topoisomerase inhibitors 
(Nakamura et al., 2010; Reczek et al., 2013), as well as the re-
cent observation that CtIP–BRCA1 binding affects the speed 
of DNA resection, most prominently when DNA is blocked by 
a Top2–DNA adduct (Cruz-García et al., 2014). Interestingly, 
recent studies suggest that Top2 adduct removal can also be 
achieved by an intrinsic endonuclease activity of CtIP (Makha-
rashvili et al., 2014; Wang et al., 2014). However, because this 
mechanism is independent of both MRN and the CtIP–BRCA1 
interaction, it is clearly distinct from the MRN-CtIP-BRCA1–
dependent processing of Top2–DNA adducts described here. 
In any event, the MRN–CtIP–BRCA1 pathway for resolving 
Top2–DNA adducts may be relevant to the tumor suppression 
activity of BRCA1, and its ablation could contribute to the can-
cer susceptibility of BRCA1-mutation carriers.

Whereas BRCA1 is required in vivo for HDR of endonu-
clease-generated DSBs (Moynahan et al., 1999), recent studies 
have uncovered additional requirements for BRCA1 in main-
taining the function of DNA replication forks. For example, 
BRCA1 is proposed to alleviate replication fork stalling during 
replication-coupled repair of DNA interstrand cross-links (Bun-
ting et al., 2012; Long et al., 2014), protect stalled replication 
forks from degradation (Schlacher et al., 2012), and dictate the 
outcome of homologous recombination at stalled replication 
forks (Willis et al., 2014). These findings raise the question 
of whether the CtIP–BRCA1 interaction also facilitates DNA 
transactions at blocked replication forks. A replication-specific 
role would be consistent with the observation that NHEJ repair 
of etoposide-induced damage in nonreplicating cells is indepen-
dent of the CtIP–BRCA1 interaction (Quennet et al., 2011).

Figure 6. CtIP–BRCA1 interactions are required for 
CtIP-dependent processing of etoposide-induced DSBs. 
(A) Control extract (no damage), extracts treated with 
etoposide (Etop.), or extracts treated with PflM1 were 
incubated with the CDK inhibitor roscovitine. Chro-
matin was isolated at 0 or 40 min and processed 
for Western blot with the indicated antibodies. Ros-
covitine inhibits genomic DNA replication (bottom).  
(B) Control (ΔMock) and CtIP-depleted extracts 
(ΔCtIP) with or without etoposide were supplemented 
with sperm nuclei, and replication was monitored by 
agarose gel electrophoresis after incorporation of 
α-[32P]dCTP into genomic DNA. CtIP-depleted extracts 
were supplemented with recombinant xCtIP WT or 
CtIP-S328A mutant (xCtIP S328A). Bar graph shows 
quantification of three independent experiments (*, 
P = 0.026, two-tailed unpaired t test). (C) Relative 
quantification of Top2–DNA adducts in CtIP-depleted 
extracts supplemented with buffer, xCtIP WT, or xCtIP 
S328A (*, P = 0.035, two-tailed unpaired t test; NS, 
not statistically significant [P = 0.08]; n = 3). (D) Con-
trol (ΔMock) and CtIP-depleted extracts were supple-
mented with sperm nuclei (5,000/µl) and treated with 
either PflM1 endonuclease or etoposide. CtIP-depleted 
extracts were supplemented with recombinant xCtIP 
WT or xCtIP S328A. Chromatin was isolated and pro-
cessed for Western blotting with the indicated antibod-
ies. NS, no sperm control; Ext., extract.
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Finally, by demonstrating the requirement of CtIP in its 
interaction with BRCA1 in the repair of Top2 DNA adducts, our 
results explain why BRCA1-deficient tumor cells are sensitive 
to Top2 poisons such as etoposide.

Materials and methods

Extract preparation
Xenopus frogs were handled in accordance with guidelines provided 
by the Institutional Animal Care and Use Committee at Columbia 
University. Preparation of replication-competent cytosol (low-speed 
supernatant [LSS]), replication-competent membrane-free cytosol 
(HSS), and demembranated sperm nuclei (chromatin) were performed 
as described previously (Peterson et al., 2011, 2013). In brief, female 
Xenopus (Nasco) were injected subcutaneously with 50 U of pregnant 
mare serum gonadotropin (EMD Millipore) 3–7 d before extract prepa-
ration. Frogs were induced to lay eggs by subcutaneous injection of 
800 U of human chorionic gonadotropin (Sigma-Aldrich). Eggs were 
collected overnight and rinsed in 0.25× MMR (20 mM Hepes-KOH, 
pH 7.8, 400  mM NaCl, 1  mM MgSO4, 2  mM CaCl2, and 0.1  mM 
EDTA). The jelly coat was dissolved in 10  mM cysteine in 0.25× 
MMR, and the eggs were washed with 0.25× MMR, activated with 1 
µg/ml calcium ionophore A23187 (Sigma-Aldrich), and then washed 
with S buffer (50  mM Hepes-KOH, pH 7.8, 50  mM KCl, 2.5  mM 
MgCl2, 250 mM sucrose, and 2 mM β-mercaptoethanol). Eggs were 
crushed in polypropylene tubes at 16,500  g for 30 min at 4°C.  The 
crude cytosol was collected with a needle, supplemented with 20 µg/ml  
cytochalasin B (Sigma-Aldrich), and homogenized by rotation for 5 min  
at 4°C. The extract was then subjected to a high-speed spin in an ul-
tracentrifuge (Optima X-100; Beckman-Coulter) in a swing-bucket 
rotor (TLS-55) for 30 min at 200,000 g at 4°C. The cytosolic and lipid 
membrane fractions were collected (excluding mitochondria directly 
below the membrane layer) and supplemented with 30  mM creatine 
phosphate, 150 µg/ml phosphocreatine kinase, and 20 µg/ml cyclo-
heximide. Similarly, HSS extract was prepared by spinning the crude 
extract prepared as described at 200,000 g for 2.5 h. The clear, mem-
brane-free HSS extract (top layer) was recovered, carefully excluding 
the dense membrane layer below.

For chromatin isolation, 30-µl sperm-containing aliquots were 
diluted in 800 µl ice-cold chromatin isolation buffer (50 mM Hepes-
KOH, pH 7.8, 100 mM KCl, and 2.5 mM MgCl2) supplemented with 
0.125% Triton X-100 and overlaid onto 30% sucrose (wt/vol) chroma-
tin isolation buffer. Samples were spun at 8,500 g for 30 min at 4°C in 
a swing-bucket rotor (HB-6; Sorval). Chromatin pellets were processed 
for Western blotting according to standard procedures (Peterson et al., 
2011, 2013). Etoposide and ICRF-193 were purchased from Sigma- 
Aldrich. ATM inhibitor KU-55933 and ATR inhibitor VE-821 were 
purchased from Selleck Chemicals.

Antibodies, immunodepletions, and recombinant proteins
The following antibodies were used in these studies: mouse anti-CtIP 
(clone 11-1; Yu and Baer, 2000; Peterson et al., 2011), rabbit anti-Xen-
opus Mre11 (Di Virgilio and Gautier, 2005), mouse anti–H2AX-pS139 
(05-636; Millipore), rabbit anti–histone H3 (9715; Cell Signaling 
Technology), mouse anti-Ku70 (SC-56129; Santa Cruz Biotechnology, 
Inc.), rabbit anti-Xenopus Exo1 (gift from J. Jirincy, University of Zu-
rich, Zurich, Switzerland), rabbit anti-Xenopus topoisomerase IIα (gift 
from T. Hirano, Institute of Physical and Chemical Research Institute, 
Wako, Japan; Hirano and Mitchison, 1993), rabbit anti–CHK1-pS345 
(#2341; Cell Signaling), and rabbit anti-Xenopus BRCA1 (gift from 
V. Joukov, Harvard Medical School, Boston, MA; Joukov et al., 2001).

Immunodepletions were performed by binding washed pro-
tein A–Sepharose CL-4B beads (GE Healthcare) with rabbit serum 
(Mre11, Exo1, and BRCA1) or 11–1 hybridoma (CtIP) supernatant 
overnight with constant rotation at 4°C in compact reaction columns 
(USB-Affimetrix). The antibody beads were then washed extensively 
in extract buffer, resuspended in extract, rotated at 4°C for 30 min, and 
collected for a second round of depletion. A 3:1 ratio of extract/beads 
(bed volume) was used for all immunodepletions. The amount of anti-
body used for each depletion (extract/antibody volume used to preload 
protein A beads) was as follows: mouse IgG (015-000-002; Jackson 
ImmunoResearch Laboratories) for mock depletions (1:0.044), anti- 
Xenopus Mre11 rabbit serum (1:0.5), rabbit serum anti-Exo1 (1:0.5), 
CtIP 11–1 monoclonal hybridoma supernatant (1:1.5), and anti- 
Xenopus BRCA1 (1:0.25).

Cloning of Xenopus CtIP into pFastBac1 vector and its muta-
genesis was described previously (Peterson et al., 2011, 2013). Pro-
tein expression in Sf9 insect cells was performed using the Bac-to-Bac 
System (Invitrogen) following the manufacturer’s instructions. For 
purification of recombinant xCtIP-WT and xCtIP-S328A, cells were 
collected 96 h after infection Sf9 and homogenized in buffer A (50 mM 
Tris-HCl, pH 7.5, 200 mM NaCl, 0.5% Triton X-100, and 10% glyc-
erol) supplemented with phosphatase inhibitors (250 mM NaF, 50 mM 
sodium vanadate, 50 mM β-glycerophosphate, and 50 mM tetrasodium 
pyrophosphate). Lysate was cleared by centrifugation and incubated 
with equilibrated anti-FLAG M2 monoclonal antibody–conjugated 
beads (Sigma-Aldrich) for 3 h at 4°C. Beads were washed extensively 
in buffer A. Proteins ware eluted in 25 mM Tris-HCl, pH 7.5, 50 mM 
NaCl, and 20% glycerol plus 300 µg/ml 3× FLAG peptide (Sigma- 
Aldrich). Small aliquots were flash-frozen in liquid nitrogen and stored 
at −80°C. T. Paull (University of Texas, Austin, TX) provided recombi-
nant human Mre11-Rad50 complex and Nbs1 proteins. MRN complex 
was reconstituted by mixing equimolar amounts at the time of use.

DNA replication assays
Reactions containing 10  µl LSS extracts and sperm nuclei (2,000 
nuclei/µl) were supplemented with α-[32P]dCTP and incubated at 
21°C.  Extract was then diluted in 0.1% SDS, 50  mM Tris-HCl, pH 
8.0, and 5 mM EDTA. Genomic DNA was isolated by proteinase K 
digestion at 37°C for 2 h before phenol/chloroform extraction and eth-
anol precipitation. The DNA pellet was then resuspended in 20 µl TE 
buffer and run on a 0.8% agarose gel, fixed in 30% trichloroacetic acid, 
dried by pressing between Whatman 3MM Chromatography Paper and 
paper towels overnight, and exposed for autoradiography (Srinivasan 
and Gautier, 2011). Signal quantification was performed using the “An-
alyze Gel” tool in ImageJ v.1.48. Statistical analyses were performed 
using GraphPad Prism v5.0c (GraphPad Software).

Top2 covalent complex detection assay
For detection of covalently bound Top2–DNA complexes, we adapted 
a method previously described (Hartsuiker et al., 2009; Hartsuiker, 
2011) with several modifications. In brief, 10-µl extract reactions con-
taining 5,000 sperm/µl were diluted in 300 µl DNAzol reagent (Life 
Technologies) and incubated at 65°C for 1 h. After cooling to room 
temperature and clarification at 14,000  g for 15 min, supernatants 
containing equal amounts of genomic DNA were loaded onto 2.4-ml 
CsCl gradients (1.50–1.82 g/ml) and centrifuged at 36,000 g for 18 h 
(Optima X-100, rotor TLS-55; Beckman-Coulter). Ten 250-µl fractions 
were collected from the bottom of the tube with the aid of a peristal-
tic pump discarding top and bottom fractions. DNA was sheared in a 
water bath sonicator for 15 min and slot-blotted onto activated PDVF 
membrane (Thermo Fisher Scientific). Membranes were washed ex-
tensively in PBS–Tween 20 and immunoblotted against topoisomerase 
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IIα. Signal quantification was performed using the Analyze Gel tool 
in ImageJ v.1.48 for fractions 4–8; means were calculated and plotted 
using GraphPad Prism v5.0c.

Online supplemental material
Fig. S1 shows the sensitivity of CtIP- and MRN-depleted extracts to 
low doses of etoposide. Fig. S2 describes the assay to detect etoposide-
induced Top2–DNA adducts in egg extracts and purified recombinant 
CtIP proteins used in this study. Fig. S3 shows impaired DNA-end 
resection and checkpoint activation after MRN and CtIP depletion.  
Fig. S4 shows that Exo1 and CtIP initiate resection at etoposide-
induced DNA breaks. Online supplemental material is available at  
http ://www .jcb .org /cgi /content /full /jcb .201504005 /DC1.
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