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SUMMARY

MRE11 nuclease forms a trimeric complex (MRN)
with RAD50 and NBS1 and plays a central role in pre-
venting genomic instability. When DNA double-
strand breaks (DSBs) occur, MRN is quickly recruited
to the damage site and initiates DNA end resection;
accordingly, MRE11 must be tightly regulated to
avoid inefficient repair or nonspecific resection.
Here, we show that MRE11 and RAD50 form a com-
plex (MRC) with C1QBP, which stabilizes MRE11/
RAD50, while inhibiting MRE11 nuclease activity by
preventing its binding to DNA or chromatin. Upon
DNA damage, ATM phosphorylates MRE11-S676/
S678 to quickly dissociate the MRC complex. Either
excess or insufficient C1QBP impedes the recruit-
ment of MRE11 to DSBs and impairs the DNA
damage response. C1QBP is highly expressed in
breast cancer and positively correlates with MRE11
expression, and the inhibition of C1QBP enhances
tumor regression with chemotherapy. By influencing
MRE11 at multiple levels, C1QBP is, thus, an impor-
tant player in the DNA damage response.

INTRODUCTION

Maintaining genomic stability is essential for cellular survival and

accurate transmission of genetic materials to future generations.

Endogenous and exogenous DNA damage and imprecise DNA

replication are major sources of genomic instability in cells. By

processing multiple aspects of the DNA damage response
M

(DDR), such as initial DSB detection, DNA end resection, signal

transduction, and promotion of DSB repair, the MRE11/

RAD50/NBS1 (MRN) complex is the crucial factor maintaining

genomic stability (Assenmacher and Hopfner, 2004; Cejka,

2015; Paull, 2018; Paull and Deshpande, 2014; Williams

et al., 2010).

The MRN complex is among the earliest respondents to DSBs

and is required for the recruitment of other repair factors and effi-

cient activation of ATM and ATR upon DNA damage (Berkovich

et al., 2007; Deshpande et al., 2014; Duursma et al., 2013; Lee

andPaull, 2005;Mimitou and Symington, 2008). The involvement

of the MRN complex in HR repair largely occurs through end

resection of DSBs, which occurs in an MRE11 nuclease activ-

ity-dependent manner. Additionally, MRE11, which possesses

endonuclease activity and 30-50 exonuclease activity, is the cen-

tral factor of the MRN complex (Deshpande et al., 2016; Paull,

2018; Paull and Gellert, 1998; Trujillo et al., 1998). In S/G2 phase,

MRE11 endonucleolytically cleaves the 50 strand at DNA DSB

ends and subsequently generates a single-stranded DNA gap

via 30 to 50 exonucleolytic degradation (Paull, 2018; Wang

et al., 2017). Importantly, this process prevents NHEJ and cre-

ates entry sites for EXO1- and DNA2-mediated 50 to 30 long-
range resection, which is required for single-strand invasion

and recombination (Anand et al., 2016; Cannavo and Cejka,

2014; Levikova et al., 2017; Paull, 2018; Reginato et al., 2017;

Wang et al., 2017).

MRE11 deletion or mutation resulting in the loss of nuclease

activity causes early embryonic lethality in mice and nonviability

in cultured vertebrate cells (Buis et al., 2008; Hoa et al., 2016; Ya-

maguchi-Iwai et al., 1998). Furthermore, inherited hypomorphic

mutations in MRE11 cause ataxia telangiectasia-like disorder

(ATLD), a rare disease characterized by progressive cerebellar

ataxia, developmental defects, immunodeficiency, and cancer

predisposition (Stewart et al., 1999; Taylor et al., 2004). At the
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cellular level, depletion of MRE11 results in an increase in chro-

mosomal aberrations and hypersensitivity to ionizing radiation

(IR) or other DNA-damaging agents (Assenmacher and Hopfner,

2004). Additionally, mutations in the NBS1 cause Nijmegen

breakage syndrome (NBS), which is clinically characterized by

microcephaly, short stature, intellectual disability, immunodefi-

ciency, radiation sensitivity, and an increased risk of cancer

(Carney et al., 1998; Matsuura et al., 1998).

TheMRE11 protein contains N-terminal phosphoesterasemo-

tifs that are essential for its nuclease activity and two DNA-bind-

ing motifs that endow it with intrinsic DNA-binding activity.

MRE11 interacts with RAD50 at multiple interfaces and interacts

with NBS1 at its phosphoesterase motif. MRE11 and RAD50

form stable MRE11/RAD50 (MR) complexes both in vivo and

in vitro and constitute core catalytic components (Dolganov

et al., 1996; Haber, 1998). The nuclease activities of MRE11

are stimulated by the binding of RAD50, which contains a

coiled-coil domain forMRE11 binding and ATP hydrolytic activity

to induce conformational change of the MRE11/RAD50 complex

(Deshpande et al., 2017; Herdendorf et al., 2011; Lammens et al.,

2011; Trujillo et al., 1998). Additionally, RAD50 is required for

MRE11-mediated nuclease activity at double-stranded DNA.

NBS1 regulates the catalytic activities of MRE11/RAD50 by pro-

moting the endonuclease activity of MRE11 and stimulating

RAD50-mediated ATP hydrolysis at DNA ends (Deshpande

et al., 2016; Paull and Gellert, 1999; Schiller et al., 2012). NBS1

determines the outcomes of MRE11 nuclease activity by re-

straining its 30-50 exonuclease activity at open DNA ends while

promoting its endo-/exonuclease activity at blocked DNA ends

(Deshpande et al., 2016). Moreover, phosphorylated CtIP func-

tions as a co-factor of the MRN endonuclease (Anand et al.,

2016; Cannavo and Cejka, 2014).

MRE11 and RAD50 are highly evolutionarily conserved,

whereas NBS1 and its homologs are found only in eukaryotes

and are less conserved. Although knockdown of either MRE11

or RAD50 destabilizes all three MRN proteins, depletion of

NBS1 has no effect on the level of either MRE11 or RAD50 pro-

tein (Zhong et al., 2007). Hence, it is not surprising that in addition

to MRN complex formation, MRE11 and RAD50 can associate

independently of NBS1. However, it remains unknown which

co-factor can stabilize MRE11/RAD50.

Despite intensive investigation of the biology and biochemistry

of the MRN complex, it is unclear howMRN is dynamically regu-

lated. Surprisingly, in this study, we found that MRE11/RAD50

forms an MRC complex with C1QBP in vivo and in vitro. Our
Figure 1. C1QBP Interacts with MRE11 and RAD50

(A and B) TAP-MS identifies MRE11-, RAD50-, NBS1- (A), or C1QBP (B)-associa

(C and D) Interaction between C1QBP and MRE11 in 293T cells.

(E) Endogenous C1QBP associates with MRE11 in 293T cells.

(F) C1QBP interacts with MRE11/RAD50 in vitro. C1QBP-Flag (74–282 aa) and M

respectively; 140 ng C1QBP-Flag was mixed with 470 ng of MRE11/RAD50 (M

supernatant (S) containing unbound proteins and the eluate (E) fractions were an

(G and H) Increasing expression of C1QBP disrupted the MRE11/RAD50 and NB

RAD50 and C1QBP interaction (H) in 293T cells. The blots of immunoprecipit

immunoprecipitated RAD50.

(I and J) Fractions of wild type (I) or C1QBP-knockout (J) HeLa cells were separa

were quantified using ImageJ.

See also Figure S1 and Tables S1, S2, S3, and S4.
data indicate that C1QBP association with MRE11 is required

to maintain a certain amount of MRE11 to prepare to repair

damaged DNA and prevent MRE11 association with chromatin

while limiting its enzymatic activity under normal conditions. In

response to DNA damage, the ATM-mediated phosphorylation

of MRE11-S676/S678 causes the dissociation of the MRC com-

plex and the release of MRE11/RAD50 to initiate DNA end resec-

tion. The inhibition of C1QBP enhances the regression of tumors

by chemotherapy. Taken together, our findings revealed that

C1QBP is an important player in the DNA damage response

and suggests that C1QBP may serve as a therapeutic target

for cancer treatments.

RESULTS

C1QBP Is a Binding Partner of MRE11 and RAD50
To identify regulatory factors of the MRN complex, proteins

associated with MRE11, RAD50, and NBS1 were purified by

tandem affinity purification (TAP) and analyzed by mass spec-

trometry (MS) (Figures 1A and S1A; Tables S1, S2, and S3). As

expected, MRE11/RAD50/NBS1 formed a tightly trimeric com-

plex in vivo (Figures 1A and S1A). Surprisingly, complement

component 1q subcomponent binding protein (C1QBP) was

one of the strongest binding partners of MRE11 but in the

absence of NBS1 binding proteins (Figure 1A). Reciprocal

TAP-MS showed that MRE11 and RAD50, but not NBS1, copuri-

fied with C1QBP (Figure 1B; Table S4).

C1QBP is an evolutionarily conserved protein and has been re-

ported to be involved in immune response, apoptosis, oxidative

phosphorylation, transcription, mitochondrial translation, and

pre-mRNA splicing (Ghebrehiwet and Peerschke, 2004; Itahana

and Zhang, 2008; Jiang et al., 1999; Xu et al., 2009; Yagi et al.,

2012). C1QBP is a multicompartmental cellular protein that dis-

tributes in mitochondria, plasma membrane, cytosol, and nu-

cleus (Ghebrehiwet and Peerschke, 2004) (Figure S1B). To

confirm that C1QBP interacts with MRE11, coimmunoprecipita-

tion and GST pull-down assays were performed. The interaction

between in vitro purified GST-C1QBP and mammalian cells ex-

pressing MRE11 was assessed (Figure S1C). Overexpressed

or endogenous C1QBP copurified with MRE11 in both cyto-

plasm and nucleus (Figures 1C, 1D, and S1D), and endogenous

C1QBP also associated with endogenous MRE11 and RAD50,

but not with NBS1 (Figure 1E). To further explore whether

MRE11/RAD50 directly interacts with C1QBP, we purified

C1QBP-Flag from Escherichia coli and the MRE11/ RAD50-His
ted proteins.

RE11/RAD50-His complex were expressed and purified from E. coli and yeast,

R) and then complexes were pulled down using anti-Flag M2 affinity gel. The

alyzed by western blotting using the indicated antibodies.

S1 interaction (G) and increasing expression of NBS1 disrupted the MRE11/

ated NBS1 and C1QBP were quantified and normalized by comparing with

ted by sucrose gradient centrifugation. The amounts of the indicated proteins
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Figure 2. C1QBP Prevents MRE11 DNA Binding and Exonuclease Activity

(A) Expression and purification of C1QBP and MRE11/RAD50 (MR) proteins in vitro. Flag-tagged MRE11 and His-tagged RAD50 were coexpressed and purified

from yeast, and Flag-tagged C1QBP (74–282 aa) was purified from E. coli.

(B and C) C1QBP inhibits the exonuclease activity of MRE11. The data are presented as means ± SD.

(legend continued on next page)
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complex from yeast (Figures S1E and S1F), and an in vitro pull-

down assay showed that, in addition to the MRN complex,

MRE11/RAD50 efficiently formed a complex with C1QBP

(MRC complex) (Figure 1F).

Notably, increasing C1QBP expression disrupted the interac-

tion between MRE11/RAD50 and NBS1 in total fraction and nu-

cleus fraction (Figures 1G and S1G), and increasing that of NBS1

also disrupted the interaction between MRE11/RAD50 and

C1QBP (Figure 1H), suggesting that MRC andMRN are indepen-

dent and mutually exclusive complexes in vivo. Moreover, a su-

crose gradient fraction of HeLa cell extracts showed that most

MRE11/RAD50 cosedimented with NBS1 but that a substantial

portion of MRE11/RAD50 cosedimented with C1QBP (Figure 1I).

Interestingly, C1QBP and NBS1 were almost in a completely

different fraction (Figure 1I), also indicating that MRN and MRC

are mutually exclusive. Surprisingly, when cells were deleted of

C1QBP, the presence of MRE11/RAD50 in the small-molecu-

lar-weight fraction was dramatically reduced and predominantly

comigrated with NBS1 in the large-molecular-weight fraction

(Figure 1J). Accordingly, deletion of C1QBP promoted MRN

complex formation in the nucleus (Figure S1H). In contrast, we

found that CtIP, the best characterized licensing factor for

MRE11-mediated resection, did not interact with C1QBP and

had no effect on MRC complex formation (Figures S1I and

S1J). Together, these data strongly suggest that, in addition to

the MRE11/RAD50/NBS1 complex, an MRE11/RAD50/C1QBP

(MRC) complex exists both in vivo and in vitro.

C1QBP Inhibits MRE11 Exonuclease Activity by
Preventing Its DNA Binding
Because MRE11/RAD50 possesses 30-50 exonuclease activity in

vivo and in vitro, we next evaluatedwhether C1QBP regulates the

enzymatic activity of MRE11. MRE11/RAD50 complex was ex-

pressed and purified from yeast, and C1QBP proteins were puri-

fied from E. coli (Figure 2A). We confirmed that purified MRE11/

RAD50 efficiently catalyzed 30 to 50 exonucleolytic degradation

of different substrates in vitro, including blunt-end dsDNA and

dsDNA with 30 and 50 overhangs (Figures 2B, 2C, and S2A).

Importantly, C1QBP significantly repressedMRE11/RAD50 exo-

nucleolytic digestion of dsDNA substrates (Figures 2B and 2C).

We then investigated the molecular mechanism by which

C1QBP inhibits the nuclease activity of MRE11 and addressed

whether physical interaction between C1QBP and MRE11/

RAD50 affects the DNA-binding ability of MRE11/RAD50. Elec-

trophoretic mobility shift assays (EMSAs) showed that the

MRE11/RAD50 complex alone bound to blunt-end dsDNA or

dsDNA with overhangs with high affinity (Figures 2D and 2E).

However, C1QBP almost completely disrupted the ability of

MRE11/RAD50 to bind dsDNA (Figures 2D–2E).
(D and E) C1QBP prevents MRE11/RAD50 from associating with DNA. The data

(F andG) C1QBP overexpression repressesMRE11 (F) and p-RPA2 (S4/S8) (G) foc

synchronized at S phase, followed by treatment with CPT (1 mM) for 2 h. The cells w

data are presented as means ± SD (****p < 0.0001). Scale bar, 10 mm.

(H) C1QBP disrupts the association betweenMRE11/RAD50 (MR) and DNA.MRE1

the indicated amount of C1QBP. After 15 min of incubation at 37�C, the reactions

nylon membranes and subjected to phosphorimaging analysis. The data are pre

See also Figure S2.
Upon DSB occurrence, MRE11 recruitment to these sites is

the earliest event and is required for efficient DDR. We observed

that C1QBP overexpression reduced the formation of MRE11

foci and had no effect on the cell-cycle distribution (Figures 2F

and S2B). Accordingly, C1QBP overexpression also inhibited

RPA2 and RAD51 foci formation (Figures 2G and S2C) and

ATR/CHK1 activation upon DNA damage (Figure S2D), suggest-

ing that excessive C1QBP inhibits DNA end resection and DDR

in vivo.

Interestingly, C1QBP could also interact with MRE11/RAD50

when already present in the MRE11/RAD50/DNA complex, sug-

gesting that C1QBP can either form the MRE11/RAD50/DNA/

C1QBP complex or displace DNA from the MRE11/RAD50/

DNA complex (Figure S2E). We further revealed that C1QBP dis-

rupted the existing MRE11/RAD50/DNA complex (Figure 2H);

however, neither ssDNA nor dsDNA could disturb MRC complex

formation (Figure S2F), suggesting that C1QBP binds MRE11/

RAD50 with higher affinity and might help MRE11/RAD50 to

dissociate fromDNA upon completion of DNA resection. Consis-

tently, C1QBP translocated to nucleus and was recruited to

chromatin or laser-induced DNA damaged sites at late stage of

DNA damage repair (Figures S2G–S2I), indicating that C1QBP

could be recruited to DSBs to facilitate the dissociation of

MRE11 with DNA upon completion of DNA repair.

These data clearly show that C1QBP inhibits MRE11 exonu-

clease activity and DNA end resection by preventing its DNA

binding.

C1QBP Interacts with the GAR Motif of MRE11
To investigate the region responsible for MRE11 binding with

C1QBP, serial deletion mutants of MRE11 were generated

and transfected in cells stably expressing C1QBP-SFB (Fig-

ure 3A). Deletion of the GAR (glycine-arginine-rich) motif of

MRE11 completely disrupted the interaction between MRE11

and C1QBP (Figure 3A) but had no effect on MRE11/RAD50

binding and increased MRE11/NBS1 binding (Figure 3B), indi-

cating that the GAR domain is required for binding between

MRE11 and C1QBP. Additionally, deletion of the second

DNA-binding domain of MRE11 (MD5) increased the interaction

between MRE11 and C1QBP (Figures 3A and S3A). TAP purifi-

cation was performed using MRE11 with a deleted GAR motif;

as expected, C1QBP was absent among the binding partners

for the MRE11-DGAR mutant (Figure 3C; Tables S5 and S6).

Importantly, we further identified that MRE11-R572Q and

-R576Q, frequent GAR motif missense mutations among can-

cer patients with unknown reasons (Caminsky et al., 2016; Ya-

dav et al., 2017), displayed dramatically reduced interaction

with C1QBP, with no influence on the interaction with RAD50

(Figures 3D and S3B). However, the R570Q mutant of
are presented as means ± SD.

i formation. HeLa cells were transiently transfected with C1QBP-GFP andwere

ere pre-extracted and were immunostained with the indicated antibodies. The

1/RAD50 (128 nM) and dsDNA (4 nM) substrate were premixed and addedwith

were subjected to electrophoresis; the gels were dried onto positively charged

sented as means ± SD.
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Figure 3. C1QBP Directly Binds to the GAR Domain of MRE11

(A) Mapping the MRE11 domain that is important for interaction with C1QBP.

(B) The MRE11-DGAR mutant only disrupts the interaction between MRE11/C1QBP but has no effect on the interaction between MRE11/RAD50.

(C) The GAR motif of MRE11 is required for MRE11/C1QBP interaction. 293T cells that stably expressed SFB-MRE11 or SFB-MRE11-DGAR were purified by

tandem affinity purification and analyzed by mass spectrometry. The table provides summaries of the proteins identified by mass spectrometry.

(D) Mapping the residues of MRE11-GAR motif that are important for interaction with C1QBP. The MRE11 mutations in breast cancers and ATLD were obtained

from c-BioPortal and ClinVar.

(E) Microscale thermophoresis (MST) assays showed that MRE11 and C1QBP interacted in vitro but that the MRE11-DGAR and MRE11-R572/576Q mutant

showed disrupted interaction.

(F) Biotin-labeled MRE11-GAR or MRE11-GAR-R576Q peptides pulled down by E. coli-expressed GST-C1QBP using streptavidin agarose.

(G) MRE11-GAR peptides disrupt the MRE11/C1QBP interaction.

See also Figure S3 and Tables S5 and S6.
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MRE11, next to R572/R576 but with no identified mutation in

patients, had no effect on MRE11/C1QBP interaction. More-

over, the R572Q/R576Q double mutant of MRE11 completely

disrupted the interaction between MRE11 and C1QBP (Fig-
6 Molecular Cell 75, 1–16, September 19, 2019
ure S3B). We further confirmed these interactions using the

microscale thermophoresis (MST) assay. As shown in Figure 3E,

compared with wild type MRE11, the MRE11-DGAR or an

MRE11-R572/576Q mutant exhibited no interaction with



W
C

E

SFB-MRE11

Flag(MRE11)

Flag(MRE11)

Flag(MRE11)

C1QBP

 S
-b

ea
ds

 P
ul

l d
ow

n

Flag(MRE11)
C1QBP

P-ATM(S1981)

Me-MRE11

CPT
DMSO ADOX

W
C

E

Flag(MRE11)
C1QBP

Flag(MRE11)
C1QBP Myc(MRE11)

Flag(C1QBP)
Myc(MRE11)
Flag(C1QBP)

CPT

CPT

(time/h)

DMSO ATMi
_+ +_

 S
-b

ea
ds

 P
ul

l d
ow

n

ATRi
_ +

In
pu

t S
-b

ea
ds

 P
ul

l d
ow

n

In
pu

t S
-b

ea
ds

 P
ul

l d
ow

n SFB-M
RE11

+M
yc

-M
RE11

SFB-M
RE11

 

S67
6A

/S
67

8A
 

W
C

E
 S

-b
ea

ds
 P

ul
l d

ow
n

In
pu

t S
-b

ea
ds

 P
ul

l d
ow

n

Flag(MRE11)

Flag(MRE11)

C1QBP

C1QBP
Flag(MRE11)

Flag(MRE11)

C1QBP

C1QBP

DMSO
CPT

HU
IR Etop

os
ide

_+ +_

_+ +_

RAD50

SFB-MRE11
0 0.25 1 3

C1QBP

C1QBP

CPT_ +_ +

SFB-MRE11 

P-CHK1(S345)

P-ATM(S1981)

P-NBS1(S343)

+M
yc

-M
D5

C1Q
BP-S

FB

C1Q
BP-S

FB

CPT

A

D E F

B C
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(A) TheC1QBP/MRE11 interaction is disrupted byDNAdamage treatments. 293T cells stably expressing SFB-MRE11were treatedwithCPT (1 mM, 3 h), IR (10Gy,

5 h), etoposide (50 mM, 8 h), or HU (1 mM, 8 h), and cell lysates were pulled down by S protein-Sepharose and immunoblotted with the indicated antibodies.

(B) The CPT-induced dissociation between C1QBP/MRE11 is time-dependent.

(C) Adox treatment increased the interaction between C1QBP/MRE11 but had no effect on DNA damage-induced dissociation of C1QBP/MRE11. 293T cells

transfected with SFB-MRE11 were treated with DMSO ormethyltransferase inhibitor Adox (10 mM) for 15 h and were further treated with or without CPT (1 mM) for

2 h. Me-MRE11 is detected by anti-dimethyl-arginine asymmetric (ASYM25) antibody.

(D) ATM inhibitor abolishes DNA damage-induced dissociation of C1QBP/MRE11. SFB-MRE11 stable cells were pretreatedwith ATR inhibitor (VE-821, 10 mM) or
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(E) The second DNA-binding domain deletion mutant of MRE11 (MD5) represses the DNA damage-induced dissociation of C1QBP/MRE11.

(F) The S676A/S678A mutant of MRE11 represses DNA damage-induced dissociation of C1QBP/MRE11.

See also Figure S4.
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C1QBP. Importantly, the GAR peptide was sufficient to interact

with C1QBP in vitro, but clearly decreased interaction was

observed with GAR-R576Q (Figure 3F). Furthermore, the GAR

peptides of MRE11 significantly disrupted the MRE11/C1QBP

interaction by competing with MRE11 for binding C1QBP (Fig-

ure 3G). These data clearly show that the GAR domain, espe-

cially the R572 and R576 residues, of MRE11 is crucial to

mediate the interaction with C1QBP.

DNA Damage-Induced MRE11 Phosphorylation
Dissociates the MRC Complex
It has been reported that MRE11 and NBS1 interaction is

induced upon DNA damage (Chang et al., 2016; Wu et al.,

2012; Zhou et al., 2017) (Figure S4A). Next, we evaluated the in-

teractions between MRE11 and C1QBP upon DNA damage.

Interestingly, interaction between C1QBP and MRE11 was

significantly reduced upon DNA damage, including that induced

by camptothecin (CPT), ionizing radiation (IR), hydroxyurea (HU),

and etoposide (Figure 4A), and this DNA damage-induced disso-

ciation betweenMRE11 andC1QBPwas time- and dose-depen-

dent (Figures 4B, S4B, and S4C).
Next, we explored possible upstream signals of DNA damage-

induced dissociation of the MRC complex. C1QBP directly inter-

acts with the GAR motif of MRE11, which has been reported to

be a PRMT1-mediated methylated motif that is crucial for DNA

damage checkpoint control (Boisvert et al., 2005; Yu et al.,

2012). Additionally, methylation of the GAR motif is inhibited by

the broad-spectrum methyltransferase inhibitor adenosine dia-

ldehyde (Adox) (Boisvert et al., 2005; Yu et al., 2012). Interest-

ingly, Adox failed to block DNA damage-induced dissociation

of MRE11 and C1QBP (Figure 4C), although the interaction be-

tweenMRE11 and C1QBP increased dramatically, and the inter-

eaction between MRE11 and NBS1 decreased clearly following

treatment of cells with Adox (Figures 4C and S4D). This result

suggests that themethylation of MRE11might inhibit the interac-

tion between MRE11 and C1QBP, but this process is not regu-

lated by DNA damage. Next, we found that an ATM inhibitor,

but not an ATR inhibitor, completely disrupted DNA damage-

induced dissociation of MRE11/C1QBP (Figure 4D), suggesting

that ATM-mediated phosphorylation is required for disruption

of the MRC complex upon DNA damage. Interestingly, at late

stage of DNA damage repair, the ATM phosphorylation level
Molecular Cell 75, 1–16, September 19, 2019 7
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decreased while the interaction between C1QBP and MRE11

increased (Figure S4E), suggesting that MRE11 forms inactive

MRC complex again upon completion of DNA repair.

It was reported that S150 of C1QBP is a substrate of ATM (Ita-

hana and Zhang, 2008). However, we found that the C1QBP

S150A mutant has no effect on the dissociation between

MRE11 and C1QBP upon DNA damage (Figure S4F). Addition-

ally, by mass spectrometry, we failed to identify S150 of

C1QBP to be phosphorylated under normal conditions and

upon DNA damage treatment (Figure S4G). Our previous data

showed that deletion of the second DNA-binding domain of

MRE11 (MD5) increased the interaction between MRE11 and

C1QBP (Figures 3A and S3A). Therefore, we further evaluated

whether MD5 of MRE11 affected the dissociation between

MRE11 and C1QBP upon DNA damage. As a result, MRE11

loss of the second DNA-binding domain repressed the dissocia-

tion betweenMRE11 andC1QBP uponDNAdamage (Figure 4E).

Furthermore, it has been reported that MRE11 is also phosphor-

ylated by ATM at S676 and S678 in response to agents that

induce DNA DSBs (Kijas et al., 2015; Matsuoka et al., 2007).

Interestingly, S676 and S678 are among the secondDNAbinding

domain of MRE11 and phosphosite mutant MRE11-S676A/

S678A totally abolished the dissociation between MRE11 and

C1QBP upon DNA damage (Figure 4F). These data clearly

show that ATM-mediated MRE11 S676/S678 phosphorylation

causes dissociation of the MRC complex upon DNA damage.

C1QBP Stabilizes MRE11/RAD50 and Prevents MRE11/
RAD50 Chromatin Association
Notably, the protein level of endogenous MRE11 or stably ex-

pressed MRE11 was increased dramatically in cells overex-

pressing C1QBP, suggesting that C1QBP may stabilize

MRE11/RAD50 (Figures 5A and S5A). A decrease in both endog-

enous and exogenous MRE11 protein levels was observed in

293T cells when C1QBP was depleted with small interfering

RNA (siRNA) (Figure 5B). We further generated C1QBP-

knockout HeLa and A375 cell lines, as confirmed by genomic

sequencing (Figure S5B) and found that C1QBP knockout clearly

reducedMRE11 and RAD50 protein levels but had only amild ef-

fect on NBS1 protein levels (Figures 5C and S5C). Importantly,
Figure 5. C1QBP Stabilizes MRE11/RAD50 In Vivo

(A) C1QBP stabilizes MRE11 in a dose-dependent manner in 293T cells.

(B) Transient knockdown of C1QBP decreased both the endogenous and exoge

stably expressed SFB-MRE11.

(C) Knockout of C1QBP decreases MRE11 protein levels.

(D) Reconstitution of C1QBP expression restores MRE11 expression in C1QBP-

(E) MG132 rescues the C1QBP deletion-induced decrease in the MRE11 protein

(F) TheMRE11-DGARmutant is unstable in vivo. C1QBP stable cells transiently ex

cycloheximide (CHX) for the indicated time. Western blotting was carried out usi

(G) Overexpression of C1QBP reduces MRE11 chromatin loading.

(H) Deletion of C1QBP increases MRE11 chromatin loading.

(I) Proteins were sequentially extracted from wild type or C1QBP knockout HeLa

NaCl). The amount of MRE11 present in each fraction was measured by immuno

(J) Wild type HeLa cells and C1QBP-knockout cells were transfected with the em

the indicated time. The chromatin fraction was extracted and immunoblotted wi

(K) Deletion of C1QBP retards the recruitment of MRE11 to DSBs. The data are

(L) The MRE11-R572Q/R576Q mutant was recruited to DNA damage sites slowe

Scale bar, 10 mm.

See also Figure S5.
the MRE11 and RAD50 protein level was rescued in C1QBP-

knockout cells by reconstituting C1QBP expression (Figure 5D).

Moreover, neither the mRNA level of MRE11 nor the distribution

of cell cycle changed upon C1QBP deletion (Figures S5D and

S5E), indicating that C1QBP does not regulate MRE11 expres-

sion by affecting transcription or the cell cycle. The proteasome

inhibitor MG132 also rescued MRE11 and RAD50 protein

expression in C1QBP-knockout cells (Figure 5E), suggesting

that C1QBP stabilizes MRE11 by preventing proteasome-medi-

ated MRE11 degradation. It should be noted that the half-life of

the MRE11-DGAR mutant, which cannot bind to C1QBP, was

significantly shorter than that of wild type MRE11 (Figure 5F).

Our previous data showed that C1QBP inhibits MRE11 exonu-

clease activity by preventing its DNA binding in vitro (Figure 2).

We further found that the overexpression of C1QBP dramatically

decreased the protein retention of MRE11/RAD50 in the chro-

matin fraction (Figure 5G), indicating that C1QBP could also pre-

vent MRE11 chromatin association in vivo. Next, the relative

amounts of soluble and chromatin MRE11/RAD50 were quanti-

fied in C1QBP wild type and knockout cells, revealing that the

proportion of MRE11/RAD50 in the chromatin fraction of

C1QBP-depleted cells was significantly increased (Figure 5H).

Moreover, in C1QBP-knockout cells, MRE11 associated with

chromatin more tightly (400 mM NaCl fraction) even without

DNA damage treatment (Figure 5I), indicating that the loss of

C1QBP promotes the association of MRE11 with undamaged

chromatin.

We further compared the recruitment of MRE11 to chromatin

in wild type cells and C1QBP-deleted cells upon DNA damage.

In the former, the level of MRE11/RAD50 protein in the chromatin

fraction clearly increased upon CPT treatment; with the loss of

C1QBP, the level ofMRE11/RAD50 protein in the chromatin frac-

tion was not clearly altered upon DNA damage treatment (Fig-

ure 5J). Accordingly, deletion of C1QBP retarded laser-induced

damage recruitment of GFP-MRE11 (Figure 5K). Moreover, the

MRE11-R572Q/R576Q mutant, which cannot bind to C1QBP,

was recruited to DNA damage sites slower than wild type

MRE11 (Figure 5L). These data suggest that, although excess

levels of C1QBP impaired MRE11 foci formation by preventing

DNA binding by MRE11 (Figure 2G), insufficient C1QBP also
nous MRE11 protein levels. **, represents endogenous MRE11; *, represents

knockout cells.

.

pressingwild type or theDGARmutant ofMRE11were treatedwith 10 mg/mL of

ng the indicated antibodies.

cells by increasing the amount of salt (NETN buffer contains 100/200/400 mM

blotting.

pty C-SFB vector or C1QBP-SFB for 48 h and were treated with CPT (1 mM) for

th the indicated antibodies.

presented as means ± SEM (n R 10). Scale bar, 10 mm.

r than the wild type MRE11. The data are presented as means ± SEM (n = 10).
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impaired recruitment of MRE11 to DNA damage sites by

increasing nonspecific associations of MRE11 with undamaged

chromatin (Figure 5K).

Together, these data show that C1QBP maintains the MRE11

protein pool to prepare to repair damaged DNA but prevents the

association of MRE11 with undamaged chromatin.

C1QBP Is Essential to Maintain Genomic Stability by
Promoting Efficient DDR
MRE11 is the central nuclease component of the MRN complex

that processes resection of DNA ends, a function that is crucial

for the formation of single-stranded DNA (ssDNA) and initiating

HR. We found that C1QBP depletion significantly reduced

RPA2 and Rad51 foci formation and DNA fiber length (Figures

6A, 6B, and S6), indicating defects in DNA end resection and

the formation of ssDNA at DNA DSBs in C1QBP-deficient cells.

MRE11 is also the central player in activatingmultiple checkpoint

pathways, including ATM and ATR pathways. Therefore, we as-

sessed whether C1QBP is required for MRE11-mediated DDR.

Indeed, we observed severely impaired ATR and ATM activation

in C1QBP-deficient cells (Figures 6C and 6D), suggesting that

C1QBP is crucial for efficient DDR after DNA damage.

Furthermore, C1QBP-deficient cells failed to efficiently repair

CPT- or IR-induced DNA damage (Figures 6E and 6F), suggest-

ing that the loss of C1QBP impairs DNA repair capability. Impor-

tantly, C1QBP reconstitution rescued the DNA repair capacity in

C1QBP-knockout cells (Figure 6G). Moreover, wild type MRE11,

but not the MRE11 R572Q/R567Q mutant with loss of C1QBP-

binding ability, restored the DNA repair capacity of MRE11-

depleted cells (Figure 6H). These data indicate that the

interaction between MRE11 and C1QBP is crucial for efficient

DNA repair. MRE11 is the pivotal nuclease required to maintain

genomic stability and chromosome integrity. In our study,

C1QBP-depleted cells exhibited significantly increased sponta-

neous formation of micronuclei (Figure 6I) and spontaneous

chromosome breaks (Figure 6J), suggesting that C1QBP is

required to maintain genomic stability and that the loss of

C1QBP elevates cancer risk.

Taken together, these data clearly show that C1QBP is essen-

tial to maintain genomic stability by promoting efficient DDR and

DNA repair.
Figure 6. C1QBP Is Essential for MRE11 Recruitment to DSBs and Effi

(A and B) Loss of C1QBP represses p-RPA2 (S4/S8) (A) and RAD51 (B) foci forma

(C) C1QBP is required for efficient ATR-CHK1 activation upon DNA damage. C1Q

the indicated time, and cell lysates were immunoblotted with the indicated antib

(D) C1QBP is required for efficient ATM activation upon DNA damage.

(E) The DNA repair capability is repressed in C1QBP-knockout cells. C1QBP-w

treated with 1 mMCPT for 2 h. After incubation for 24 h, the cells were analyzed by

significance).

(F) Loss of C1QBP inhibits the removal of g-H2AX foci. The data are presented a

(G) The reconstitution of stably expressed C1QBP rescued DNA repair cap

(****p < 0.0001, ns: no significance).

(H) The R572Q/R567Q mutant of MRE11 fails to restore the DNA repair ca

(****p < 0.0001, ns: no significance).

(I) Loss of C1QBP increases genomic instability. DAPI staining of C1QBP-wild

counted in over 1,000 cells each. Data are presented as means ± SD (n = 3, ***p

(J) Loss of C1QBP increases chromosome abnormalities. Metaphase spread ass

chromosome abnormalities were counted in over 200 cells each. The data are p

See also Figure S6.
C1QBP Is a Potential Therapeutic Target for Cancer
Treatment
It was reported that MRE11 and many DNA repair factors are

overexpressed in breast cancer to maintain cancer cell genomic

stability andpromote radiotherapy and chemotherapy resistance

via enhancedDNA repair activity. The results of this studyprovide

evidence that C1QBP stabilizes theMRE11protein and regulates

MRE11 at multiple levels. To further determine the pathological

relevance of C1QBP and MRE11, we performed immunohisto-

chemical staining of C1QBP and MRE11 using a breast cancer

tissue microarray (Figure 7A). Notably, upregulation of C1QBP

and MRE11 was observed in 76.6% (92 of 120) and 80.8%

(97 of 120) of breast tumors, whereas only 25.6% (10 of 39) and

28.2% (11 of 39) of normal mammary tissues exhibited high

expression of C1QBP and MRE11, respectively (Figure 7A).

Importantly, we also observed a significant positive correlation

between C1QBP and MRE11 in the breast carcinomas tested,

whereby 85.9% (79 of 92) of breast tumors with high C1QBP

expression also showed high MRE11 levels (Figure 7A).

Moreover, according to the Kaplan-Meier plot database, high

expression of both C1QBP and MRE11 was associated with a

worse overall survival in breast cancer (Figure 7B). Furthermore,

high C1QBP expression was related to a poor prognosis in

ovarian cancer patients treated with conventional chemotherapy

by a DNA topoisomerase I inhibitor (Topotecan) (Figure 7C).

Thus, we propose that C1QBP is a potential therapeutic target

for cancer treatment.

Next, we found that C1QBP-knockout cells displayed hyper-

sensitivity to DNA damage by the topoisomerase I inhibitor

CPT, IR, and olaparib (Figure 7D), and the sensitivity could be

rescued by the reconstitutions of C1QBP. Camptothecin-11

(CPT-11) also dramatically suppressed C1QBP-deletion mela-

noma A375 cell xenograft tumor growth but had less of an effect

on wild type A375 cell xenograft tumor growth (Figure 7E). These

data suggest a potential role for C1QBP as a therapeutic target

for cancer treatment.

DISCUSSION

The MRE11 nuclease has been intensively investigated because

of its central role in maintaining genomic stability and controlling
cient DDR

tion. The data are presented as means ± SD (****p < 0.0001). Scale bar, 10 mm.

BP-wild type cells and C1QBP-knockout cells were treated with CPT (1 mM) for

odies.

ild type cells and C1QBP-knockout HeLa cells were arrested in S phase and

the comet assay. The data are presented asmeans ± SD (****p < 0.0001, ns: no

s means ± SD (***p < 0.001).

acity in C1QBP-knockout cell. The data are presented as means ± SD

pacity of MRE11-depleted cells. The data are presented as means ± SD

type and C1QBP-knockout A375 cells was performed, and micronuclei were

< 0.001). Scale bar, 10 mm.

ays were performed using C1QBP-wild type and C1QBP-knockout HeLa cells;

resented as means ± SD (n = 3, *p < 0.05, **p < 0.01).
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Figure 7. C1QBP Is a Potential Therapeutic Target for Cancer Treatment

(A) Immunohistochemical staining of C1QBP and MRE11 was performed using a breast tissue microarray. Correlation analyses between C1QBP and MRE11 in

normal breast and breast carcinoma samples are shown in tables.

(B) Kaplan-Meier survival curve for the overall survival of breast cancer patients with low and high expression of C1QBP or MRE11. The hazard ratio (HR) and log-

rank p value are indicated in each panel.

(legend continued on next page)
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DNA damage repair pathways. In this study, we found that

MRE11/RAD50 unexpectedly forms MRC complex with

C1QBP to regulate the MRE11-mediated DDR pathway.

C1QBP stabilizes andmaintains theMRE11 protein pool but pre-

ventsMRE11 association with chromatin and limits its enzymatic

activity under normal conditions. Upon DNA damage, ATM-

mediated MRE11 phosphorylation dismisses the MRC complex

and promotes the MRN complex assembly at DNA damage sites

to initiate DNA end resection. After completing DNA end resec-

tion, C1QBP might help MRE11 dissociate from chromatin, fol-

lowed by formation of the MRC complex again. Overall,

C1QBP functions as a molecular sponge, maintaining the

MRE11/RAD50 protein pool while limiting its enzyme activity.

MRE11 is the central nuclease component of the MRN com-

plex binds damaged DNA and nucleolytically processes the

resection of DNA ends, a function that is key to initiate HR and

inhibit the NHEJ repair pathway (Paull, 2018). Although inefficient

end resection would limit precise homologous recombination,

uncontrolled MRE11 might degrade nascent DNA strands and

impair genomic stability (Hashimoto et al., 2010; Ray Chaudhuri

et al., 2016; Schlacher et al., 2011). Recently, it has been re-

ported that DYNLL1 directly binds to MRE11 to limit DNA end

resection in BRCA1-deficient cells and UBQLN4 removes ubiq-

uitylated MRE11 from damaged chromatin (He et al., 2018; Ja-

chimowicz et al., 2019). We also provide evidence that C1QBP

binds directly to MRE11 to stabilize MRE11 and limit its DNA

end resection activity.

C1QBP is an evolutionarily conserved acidic protein first iden-

tified as the complement component C1q-binding protein (Storrs

et al., 1981). C1QBP is ubiquitously expressed in all somatic

cells, with the exception of red blood cells (Ghebrehiwet and

Peerschke, 2004). The precise role of C1QBP in vivo is poorly

understood because of embryonic lethality in systemic

C1QBP-deficient mice (Yagi et al., 2012). Moreover, C1QBP is

highly upregulated in many types of tumors and correlates with

resistance to chemotherapy (Ghebrehiwet and Peerschke,

2004; Peerschke and Ghebrehiwet, 2014; Shen et al., 2014).

Interatomic analysis has revealed that C1QBP is associated

with cancer cell chemotaxis and metastasis (Zhang et al.,

2013). Our data also showed that a high level of C1QBP expres-

sion was associated with a worse overall survival and resistance

to conventional chemotherapy. It was reported that C1QBP

binds to ARF and is required for ARF-induced apoptosis (Itahana

and Zhang, 2008). Although C1QBP predominantly localized in

mitochondria as well as in the cytosol, it also has been reported

that C1QBP distributed and played functions in nucleus (Ghe-

brehiwet and Peerschke, 2004). Drosophila C1QBP is a core

histone chaperone that participated in chromatin remodeling in

nucleus (Emelyanov et al., 2014), and C1QBP translocated to

nucleus upon cisplatin treatment in HeLa cells (Kamal and Datta,

2006). We also observed that C1QBP shows significantly
(C) Kaplan-Meier plots showing the overall survival in ovarian cancer patients trea

(HR) and log-rank p value are indicated in each panel.

(D) Control cells and C1QBP-knockout HeLa cells were treated with the control o

counted by calculating the colony numbers. The data are presented as means ±

(E) Deletion of C1QBP enhances tumor regression due to chemotherapy. C1QBP-

with camptothecin-11 (CPT-11) treatment, and tumor weights were quantified (n
increased nuclear translocation after CPT long time treatment,

suggesting that C1QBP might help MRE11 dissociate from

DNA upon completion of DNA repair, followed by formation of

the MRC complex again.

An interesting feature of C1QBP protein is its high negative-

charge density and asymmetric charge distribution, suggesting

its possible association with positively charged proteins (Jiang

et al., 1999). Our study revealed that C1QBP directly interacts

with MRE11 by recognizing its GAR motif and stabilizes

MRE11 in vivo and in vitro. The molecular mechanism of this

interaction may be due to binding facilitated by the acidic struc-

ture and high negative-charge density of C1QBP and positive

charge of the MRE11 arginine-rich motif (Jiang et al., 1999).

Nonetheless, we failed to identify which region of C1QBP is

required to interact with MRE11 because deletion of any small

region of C1QBP destabilizes it, suggesting that internal deletion

may destroy the structure of C1QBP.

The level of MRE11 protein is crucial for efficient DNA repair,

although uncontrolled MRE11 might mediate the degradation of

nascent DNA strands (Hashimoto et al., 2010; Paull and Gellert,

1998; Ray Chaudhuri et al., 2016; Vallerga et al., 2015). To avoid

nonspecific DNA association and cleavage by excess MRE11,

C1QBP interacts with it to prevent its DNA binding. We believe

that the high negative-charge density of C1QBP sequesters the

MRC complex away fromDNA, which is also negatively charged.

We speculate that C1QBP could affect both exo- and endonu-

clease activity by preventing the DNA binding of MRE11/

RAD50. It has been reported that MR exhibits a robust endonu-

clease activity on duplex DNA only by forming MRN-CtIP com-

plex (Anand et al., 2016; Cannavo and Cejka, 2014). Our future

work will keep trying to figure out the inhibitory effect of C1QBP

on the endonucleolytic processing of DSB ends.

In vitro C1QBP can displace DNA from the MRE11/RAD50/

DNA complex (Figure 2H), but DNA cannot disturb MRC com-

plex formation, suggesting that C1QBPbindsMRE11with higher

affinity and could help MRE11 dissociate with chromatin upon

completion of DNA resection. We also showed that the loss of

C1QBP in vivo promotes the nonspecific association of MRE11

with unbroken chromatin and retards MRE11 recruitment to

DSBs upon DNA damage (Figure 5). Recruitment of MRE11 to

the site of DNA damage is one of the earliest events of DDR

and is required for activating DNA repair and cell-cycle check-

point pathways. Therefore, expeditious and accurate MRE11

recruitment to damaged DNA should be tightly regulated

because either delayed recruitment or nonspecific association

with undamaged DNA would retard MRE11-mediated DNA end

resection. We revealed that C1QBP prevents MRE11 nonspe-

cific association with undamaged chromatin and facilitates

MRE11 recruitment to DSBs upon DNA damage.

Our data also indicate that C1QBP association with

MRE11 is required to maintain a certain amount of MRE11 in
ted with Topotecan with low and high expression of C1QBP. The hazard ratio

r indicated dose of CPT (2 h), IR, or olaparib (24 h), and cell survival rates were

SD (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001; ns, no significance).

wild type or C1QBP-knockout A375 cells were used in a xenograft tumor assay

R 5 mice, mean ± SEM, *p < 0.05, **p < 0.01).
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anticipation of damaged DNA repair and to prevent MRE11 as-

sociation with chromatin and limit its enzymatic activity under

normal conditions. In response to DNA damage, ATM-medi-

ated MRE11 S676/S678 phosphorylation dissociates the MRC

complex and releases MRE11/RAD50 to assemble the MRN

complex and initiate DNA end resection, indicating that the

change in charge affects the conformation and the assembly

of MRC complex. It was reported that the MRE11-S676A/

S678A mutated cell line showed decreased cell survival and

increased chromosomal aberrations after radiation exposure,

indicating a defect in DNA repair (Kijas et al., 2015). We also

found that the MRE11 R572Q/R576Q mutant with the loss of

C1QBP-binding ability failed to restore the DNA repair capacity

of MRE11-depleted cells. These data indicate that both the

interaction and the dissociation of MRE11 and C1QBP are

crucial for efficient DNA repair.

In this study, we identified an unexpected small protein,

C1QBP, which modulates DDR by regulating MRE11 at multi-

ple levels. C1QBP forms a complex (MRC) with MRE11/

RAD50 to maintain the MRE11 protein pool but limit MRE11

activity under normal conditions. Upon DNA damage, ATM-

mediated phosphorylation of MRE11 results in its dissociation

from the MRC complex and promotes MRE11-mediated DNA

end resection. C1QBP is highly expressed in breast cancer

and positively correlates with MRE11 expression, and inhibi-

tion of C1QBP enhances tumor regression with chemo-

therapy. Taken together, our findings reveal that C1QBP is a

novel important player in the DNA damage response and sug-

gest that C1QBP may serve as a therapeutic target for cancer

treatments.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-C1QBP(Immunofluorescence) Abcam Cat#: ab24733; RRID: AB_448269

Rabbit anti-C1QBP(Immunoblot) ABclonal Cat#: A1883; RRID: AB_2763916

Rabbit anti-MRE11(Immunoblot) Novus Cat#: NB100-142; RRID: AB_10077796

Rabbit anti-MRE11(Immunofluorescence) Abcam Cat#: ab33125; RRID: AB_776530

Rabbit anti-RAD50 ABclonal Cat#: A3078; RRID: AB_2764881

Rabbit anti-NBS1 Proteintech Cat#: 55025-1-AP; RRID: AB_10858928

Mouse anti-Flag Sigma-Aldrich Cat#: F3165; RRID: AB_259529

Mouse anti-Flag Sigma-Aldrich Cat#: A8592; RRID: AB_439702

Mouse anti-c-Myc Santa Cruz Cat#: sc-40(9E10); RRID: AB_627268

Mouse anti-GFP Sungene Biotech Cat#: KM8009

Rabbit anti-dimethyl-Arginine,asymmetric (ASYM25) Millipore Cat#:09-814; RRID: AB_10615495

Rabbit anti-RPA32 Proteintech Cat#:10412-1-AP; RRID: AB_2269665

Mouse anti-Chk1 Santa Cruz Cat#: sc-8408; RRID: AB_627257

Rabbit anti-phospho-RPA32(S4/S8) Abcam Cat#: ab87277; RRID: AB_1952482

Rabbit anti-phospho-RPA32(T21) HUABIO Cat#: ET1611-18

Rabbit anti-phospho-Chk1(S345) CST Cat#: 2348S; RRID: AB_331212

Rabbit anti-phospho- Chk1(S317) CST Cat#:12302S

Rabbit anti-phospho- NBS1(S343) CST Cat#: 3001S; RRID: AB_10829154

Rabbit anti-phospho-ATM(S1981) CST Cat#: 5883S; RRID: AB_10835213

Rabbit anti-RAD51(Immunoblot) Abcam Cat#: ab133534; RRID: AB_2722613

Mouse anti-RAD51(Immunofluorescence) Novus Cat#: NB100-148; RRID: AB_1002131

Mouse anti-CyclinA Santa Cruz Cat#: sc-271682; RRID: AB_10709300

Rabbit anti-CyclinA2 Abcam Cat#: ab181591

Mouse anti-phospho-Histone H2A.X (Ser139) Abcam Cat#: ab26350; RRID: AB_470861

Mouse anti-phospho-Histone H2A.X clone JBW301 Millipore Cat#: 05-636-I; RRID: AB_2755003

Rabbit anti-IgG Biodragon Cat#: BF01001

Mouse anti-His Sigma-Aldrich Cat#: A7058; RRID: AB_258326

Rabbit anti-CtIP Bethyl Cat#: A300-488A; RRID: AB_2175262

Mouse anti-MBP NEB Cat#: E8038; RRID: AB_1559738

Rabbit anti-BrdU Abcam Cat#: ab152095

Mouse anti-Histone H3 Biodragon Cat#: B1055

Mouse anti-GAPDH Sungene Cat#: KM9002; RRID: AB_2721026

Mouse anti-a-Tubulin Sungene Cat#: KM9007L

Bacterial and Virus Strains

DH5a GenStar Cat#: S101-02

BL21(DE3) GenStar Cat#: S106-02

Rosetta (DE3) pLysS Novagen Cat#: 71401

DH10Bac GIBCO Cat#: 10361012

Chemicals, Peptides, and Recombinant Proteins

ATR Inhibitor VE-821 TargetMol Cat#: T3032

ATM Inhibitor KU-55933 Selleck Chemicals Cat#: S1092

Camptothecin(CPT) HARVEYBIO Cat#: HZB0043

Etoposide HARVEYBIO Cat#: HZB0098-25

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Adox APExBIO Cat#: APEB6120

BrdU HARVEYBIO Cat#: HZB1589-100

Cycloheximide HARVEYBIO Cat#: HZB0899-100

Micrococcal Nuclease NEB Cat#: M0247S

Olaparib MedChem Express Cat#: HY-10162

MG132 LABLEAD Cat#: 474790LB

CPT-11 Meilunbio Cat#: MB1126

Hydroxyurea HARVEY Cat#: HZB1502

Thymidine HARVEYBIO Cat#: HZB1595-1

Nocodazole TargetMol Cat#: T2802

Isopropyl b-D-thiogalactopyranoside (IPTG) Merck Cat#: CB420322

Trypsin M&C Cat#: CC017

GenOpti(IPTG-MEM) M&C Cat#: CT007

GAR/GAR(R576Q) peptides DGpeptides Co.,Ltd N/A

Critical Commercial Assays

Cytoplasmic and nuclear separation kit BestBio Cat#: BB-36021

Deposited Data

Original data This study https://doi.org/10.17632/495fbz3p92.1

Experimental Models: Cell Lines

HEK293T ATCC CRL-11268c

HeLa ATCC CCL-2

Sf9 GIBCO Cat#: 11496015

High Five GIBCO Cat#: B85502

Oligonucleotides

siRNA targeting sequence: C1QBP: UCACGGUC

ACUUUCAACAT

Itahana and Zhang, 2008 N/A

Recombinant DNA

pEGFP-N1-C1QBP This study Available upon request

PDEST-N-SFB-MRE11/D1/D2/D3/D4/D5/D6/

DGAR/R570Q/R572Q/R576Q/R572/576Q/

S676/S678A mutants

This study Available upon request

PDEST-C-SFB-C1QBP/C1QBP(S150A) mutants This study Available upon request

GST-C1QBP(74-282aa) This study Available upon request

pESC-MR-6xHis This study Available upon request

pET-C1QBP-flag This study Available upon request

pFastBac-NBS1 This study Available upon request

Software and Algorithms

Adobe Illustrator CC 2018 Adobe https://www.adobe.com/

Adobe Photoshop CC 2018 Adobe https://www.adobe.com/

ImageJ NIH https://imagej.nih.gov/ij/

Prism 7.0 Graphpad https://www.graphpad.com/scientific-software/

prism/

NIS ELEMENTS Nikon https://www.microscope.healthcare.nikon.com/

Other

LR CLONASE II ENZYME MIX invitrogen Cat#: 11791020

BP CLONASE II ENZYME MIX invitrogen Cat#: 11789020

S-protein Agarose Merck-Millipore Cat#: 69704-4

STREPTAVIDIN SEPHAROSE HP GE Cat#: 17-5113-01

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Ni-NTA agarose QIAGEN Cat#: 30250

anti-Flag M2 affinity gel Sigma Cat#: A2220

Source 15Q GE Healthcare Cat#: 17094701

Source 15S GE Healthcare Cat#: 17094401

Q Sepharose GE Healthcare Cat#: 17051001

SP Sepharose GE Healthcare Cat#: 17072901
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LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to, and will be fulfilled by, the Lead Contact,

Dr. Jiadong Wang (wangjd@bjmu.edu.cn).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

HEK293T, HeLa and A375 cells were cultured in DMEM supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin.

All cells were incubated in a humidified ECSO incubator with 5% CO2.

Animal experiments in this study were performed in accordance with the Guidelines of Peking University Animal Care and Use

Committee. BALB/c female mice (5 weeks) were obtained from the Department of Laboratory Animal Science of Peking University

Health Science Center (Beijing, China).

Source of bacterial and insect strains in this study is reported in the Key Resources Table.

METHOD DETAILS

Construction of Plasmids
cDNAs of MRE11, C1QBP, NBS1 and RAD50 were subcloned into pDONR201 (Invitrogen) as entry clones and subsequently trans-

ferred to gateway-compatible destination vectors for expression of N-tagged or C-tagged fusion proteins. All deletion and point mu-

tants were generated by PCR and verified by sequencing.

Immunoprecipitation and Western Blotting
NETN buffer (20 mMTris-HCl [pH 8.0], 100mMNaCl, 1 mMEDTA, and 0.5%Nonidet P-40) was used to lyse cells with rotation at 4�C
for 20 minutes. After the removal of cell debris by centrifugation (14,000 rpm for 10 minutes at 4�C), the soluble fractions were

collected and incubated with S protein agarose (Merck-Millipore) for 4 hours at 4�C. The S protein beads were washed three times

with NETN buffer and boiled with 23 SDS loading buffer at 100�C for 8minutes. The samples were then subjected to SDS-PAGE and

immunoblotting with specific antibodies.

Soluble Fractions and Chromatin Fractions Extraction
The soluble fractions were acquired by using NETN buffer, after the centrifugation (14,000 rpm for 10 minutes at 4�C), the remaining

were washed with PBS at least 3 times and lysed in cold EBC2 buffer (50 mM Tris-HCl [pH 7.5], 300 mMNaCl, 5 mMCaCl2, and 10 U

microcal nuclease). After sonication for about 20 s and centrifugation at 14,000 rpm for 15 minutes at 4�C, the supernatants were

transferred to a fresh tube as chromatin fractions.

Tandem Affinity Purification (TAP)
293T cells stably expressing SFB-MRE11, NBS1-SFB, SFB-RAD50, C1QBP-SFB or SFB-MRE11-DGAR were lysed with NETN

buffer on ice for 20 minutes. Cell lysates were centrifuged at 20,000 3 g for 15 minutes, and the supernatants were incubated

with streptavidin Sepharose beads for 2 hours at 4�C. The resin was washed three times with NETN buffer and eluted twice with

elution buffer (2 mg/ml biotin, 20 mM Tris-HCl [pH 8.0], 100 mM NaCl, 1 mM EDTA, and 0.5% Nonidet P-40) for 6 hours at 4�C.
The eluates were combined and then incubated with S-protein agarose (Novagen) for 4 hours at 4�C. The S beads were washed three

times with NETN buffer. The proteins bound to the S-protein agarose beads were eluted with 40 mL of 13 SDS loading buffer, sepa-

rated by SDS-PAGE and then visualized by Coomassie Blue staining. The eluted proteins were identified by mass spectrometry

analysis.

Expression and Purification of the MRE11/RAD50 Complex
The coding sequences for MRE11 and RAD50 with a C-terminal 6xHis tag were amplified by PCR and inserted into the pESC-

URA vector, which generated pESC-MR-6xHis. The MR complex was overexpressed by introducing pESC-MR-6xHis into the
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protease-deficient yeast strain YRP654 (MATa ura3-52 trp1D leu2D1 his3D200 pep4::HIS3 prb1D1.6R GAL). An overnight yeast cul-

ture was diluted 1:4 into 8 L of omission medium containing 2% galactose, 3% glycerol, and 3% lactic acid. After 24 hours of culture

at 30�C, the cells were harvested and stored at�80�C. After being agitated with dry ice in a coffee grinder, the cell pellet (�30 g) was

resuspended in 100mL of T buffer (25 mM Tris-HCl, pH 7.5, 10% glycerol, 0.5 mMEDTA, 1 mMDTT, 0.01% Igepal) with 300mMKCl

and protease inhibitors (aprotinin, chymostatin, leupeptin and pepstatin A at 5 mg/ml each, 1 mM phenylmethylsulfonyl fluoride). The

cell lysate was clarified by ultracentrifugation at 40,000 rpm for 1 hour, and the supernatant was constantlymixedwith 4mL of Ni-NTA

agarose (QIAGEN) in the presence of 20 mM imidazole. After 1 h incubation, the resin was washed with 250 mL of T buffer containing

300 mM KCl and 20 mM imidazole. Bound MRE11/RAD50 protein was eluted with 6 mL of the same buffer containing 200 mM imid-

azole. The protein pool was diluted with T buffer and fractionated on a 2 mL Q Sepharose column (GE Healthcare) with a 40 mL

gradient of 100-600mMKCl in T buffer. TheMRE11/RAD50 peak fractions were pooled, diluted with T buffer and further fractionated

on a 1 mL Source 15S column (GE Healthcare) using the same buffer as above. Fractions containing purified MRE11/RAD50 were

pooled, concentrated with a centrifugal filter (Millipore), and stored at �80�C in small aliquots. The yield of MRE11/RAD50

was �200 mg from 8 L of cell culture. Flag tag was introduced into the C-terminal of MRE11 to improve MR complex purity. The pro-

cedurewe used to purify Flag- and 6xHis-taggedMRcomplex was similar to that described above, with themodification that proteins

eluted from Ni-NTA agarose were subsequently subjected to anti-Flag affinity purification.

Expression and Purification of C1QBP
The coding sequence for C1QBP with a C-terminal Flag tag was introduced into the pET-28b vector to generate pET-C1QBP-Flag.

C1QBPwas overexpressed by introducing pET-C1QBP-Flag into E. coli strain Rosetta (DE3) pLysS.When the cell culture reached an

OD600 of 0.6-0.8, 0.1 mM IPTG was added to induce protein expression. After 14 h incubation at 16�C, cells were harvested and

stored at �80�C. The cell pellet (�20 g from 3 L of cell culture) was resuspended in 50 mL of T buffer with 300 mM KCl and protease

inhibitors as above. The clarified cell lysate was prepared by sonication followed by ultracentrifugation as above. The supernatant

was incubated with 2 mL of anti-Flag M2 affinity gel (Sigma) with constant mixing for 2 h. After washing the resin with 250 mL of

T buffer containing 300mMKCl, bound proteins were eluted into 3mL of T buffer containing 300mMKCl and 250 ng/ml Flag peptide.

The eluate was diluted with T buffer and further fractionated on a 1 mL Source 15Q column (GE Healthcare) with a 50 mL gradient of

100-600 mM KCl in T buffer. The fractions containing purified C1QBP were pooled, concentrated and stored at �80�C in small

aliquots. The yield of C1QBP was �500 mg from 3 L of cell culture.

Expression and Purification of NBS1
The coding sequence for NBS1 with an N-terminal Flag tag was amplified by PCR and inserted into pFastBac vector to generate

pFastBac-NBS1. Bacmid and baculovirus were prepared in E. coli DH10Bac and Spodoptera frugiperda Sf9 cells, respectively,

by following themanufacturer’s protocol (Bac-to-Bac baculovirus expression system, Invitrogen). For NBS1 expression, Trichoplusia

ni High Five cells were infected with high-titer P3 baculovirus. Cells were harvested after 46 h and stored at �80�C. The cell pellet

(�5 g from 800 mL of culture) was suspended in 50 mL of T buffer with 300 mM KCl and protease inhibitors. The clarified cell lysate

was prepared by sonication followed by ultracentrifugation as above. The supernatant was incubated with 2 mL of anti-Flag M2 af-

finity gel (Sigma) with constant mixing for 2 h. After washing the resin with 150 mL of T buffer containing 500 mM KCl, bound proteins

were eluted into 3 mL of T buffer containing 300 mM KCl and 250 ng/ml Flag peptide. The eluate was diluted with T buffer and further

fractionated in a 2 mL SP Sepharose column (GE Healthcare) with a 50 mL gradient of 100-400 mM KCl in T buffer. The fractions

containing purified NBS1 were pooled, concentrated and stored at �80�C in small aliquots. The yield of NBS1 was �80 mg from

800 mL of cell culture.

Affinity in Vitro Pull-down Assay
To examine interaction between C1QBP and MRE11/RAD50, 140 ng Flag-tagged C1QBP was mixed with 470 ng MRE11/RAD50 in

30 mL of T buffer containing 100 mM KCl (final concentration) and incubated on ice for 1 h; 15 mL of anti-Flag M2 affinity gel (Sigma)

was added to capture the protein complex. After constant shaking during 2 h, the supernatant was removed, and the resin was

washed three times with 200 mL of the same buffer. Bound proteins were eluted from the resin in 40 mL of 1 3 SDS loading buffer

(30 mM Tris-HCl, pH 6.8, 10% glycerol, 1% SDS and 0.01% bromophenol blue). The supernatant and eluate fractions were analyzed

bywestern blotting with the indicated antibodies. To confirm interaction between NBS1 andMRE11/RAD50, Flag pull-downwas per-

formed as above except that 510 ng Flag-tagged NBS1was used. To examine the interaction between C1QBP andMRE11, GST and

GST-C1QBP (74-282 aa) purified from E. coli and bound onGlutathione Sepharose beads were incubated in NETN buffer 4 h with cell

lysate that stably expressed SFB-MRE11. After incubation, the GST beads were washed four times with 400 mM NETN buffer and

boiled in 2 3 SDS loading buffer, and the proteins were analyzed by western blotting using the indicated antibodies.

Nuclease Reactions
To evaluate the effect of C1QBP on MRE11/RAD50 exonuclease activity, reactions were set up by premixing the indicated concen-

trations of MRE11/RAD50 and C1QBP in 12 mL of reaction buffer (25 mM Tris-HCl, pH 7.5, 2 mMMnCl2, 1 mM DTT, 100 mg/ml BSA)

containing 100 mM KCl (final concentration), followed by the addition of 4 nM dsDNA or overhang DNA substrate. After a 30 minutes

incubation at 37�C, the nuclease reaction mixtures were analyzed according to a procedure described elsewhere (Wang et al., 2017).
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Colony Formation Assay
HeLa control cells or C1QBP knockout cells were treated with the indicated dose of IR, CPT (2 hours) and Olaparib (24 hours). The

same number of cells exposed to the different processes were plated in 60 mm dishes. After 14 days, the cells were washed with

phosphate-buffered saline (PBS) and stained with 0.1%Coomassie brilliant blue in 10% ethanol for 30 minutes at room temperature.

The stained dishes were washed with water, and the colonies were counted.

DNA Fibers Assay
DNA fiber analysis of DNA end resection was performed as described previously with slight modifications (Cruz-Garcı́a et al., 2014).

Briefly, cells either expressing or depleted of C1QBP were grown in the presence of 10 mM BrdU (GE Healthcare) for 24 hours. After

treated with 10 mM CPT for 2 hours, cells were harvested and resuspended in lysis buffer (200 mM Tris-HCl, pH 7.5, 50 mM EDTA

and 0.5% SDS) to extract DNA. Cell lysates were then dripped onto a glass slide and DNA fibers were stretched along the slide after

5minutes incubation. Glass slideswere air-dried and fixed in 3:1methanol/acetic acid solution at 4�C for 1 hour, followed by blocking

in PBST buffer contacting 3% BSA for 20 minutes. DNA fibers without denaturation were incubated with an anti-BrdU antibody

(Abcam) at 37�C for 1 hour. After washing with PBST three times, the slides were incubated with an Alexa Fluor 488-conjugated sec-

ondary antibody (ZSGB-Bio) for 45 minutes. Finally, the slides were mounted in a pre-cooled mounting reagent (Solarbio), and DNA

fibers were observed with Nikon NI-E microscope. For each sample, at least 100 DNA fibers were analyzed.

Preparation and Analysis of Chromosome Spreads
The chromosome spreads assay was described previously (Di Marco et al., 2017). Briefly, the wild-type HeLa cells and C1QBP

knockout HeLa cells were treated with nocodazole (200 ng/ml) for 5 hours. Cells were collected by mitotic shake-off and centrifuged

for 5 minutes at 4�C (2000 g), and the pellet resuspended in 1 mL of DMEM. The suspensions were added 6 mL of 75 mM KCl (pre-

warmed to 37�C) and incubated for 15 minutes at 37�C. Each incubation was added 5 mL of Carnoy’s buffer (75% methanol, 25%

glacial acetic acid). And cells were then spread on slides and let slides air dry in dark. The dried slides were stained with Giemsa for

30 minutes. Chromosome spreads were counted in over 200 cells each. The data are presented as means ± SD (n = 3, *p < 0.05,

**p < 0.01).

Single-Cell Gel Electrophoresis (SCGE)/Comet Assay
The SCGE comet assay was described previously (Rojas et al., 1999). Briefly, themedia was removed, and then 0.005% Trypsin was

added to the cells. Next, the cells were suspended in 500 mL of PBS for later use. Thereafter, 100 mL of 0.6% normal melting agarose

(NMA) was added to the frosted glass slides. Coverslips (22mm3 22mm) were then quickly applied to the slides, which were placed

flat at 4�C for 10 minutes. The coverslips were removed carefully, the cell suspensions were mixed with an equal volume of 1% low-

melting agarose, followed by quickly adding 100 mL of themixtures to the solidified NMA, covering the coverslips, placing them flat at

4�C for 10 minutes, and carefully removing them. The slides were placed overnight in cell lysis buffer prepared fresh at 4�C. Next, the
glass slides were rinsed with ddH2O and then were placed in precooled alkaline electrophoresis buffer for 20 minutes, followed

by electrophoresis at 4�C for 30 minutes at 20 V and 200 mA. The slides were then neutralized twice with neutralization buffer for

15 minutes each time. Thereafter, the glass slides were removed and stained with 5 mg/ml of propidium iodide for 10 minutes

in the dark. The slides were washed with ddH2O, and comet formation was observed under a fluorescence microscope (Zeiss

AxioCam 503 color). The pictures were analyzed using CASP software (http://casplab.com/).

Electrophoretic Mobility Shift Assay
The indicated concentrations of MRE11/RAD50 in combination with or without C1QBP were mixed with dsDNA or overhang DNA

substrate in 12 mL of reaction buffer (25 mM Tris-HCl, pH 7.5, 5 mM MgCl2, 1 mM DTT, 100 mg/ml BSA, 2 mM ATP) containing

100 mM KCl (final concentration). After a 15 minutes incubation at 37�C, the reactions were mixed with 4 mL of 4 3 loading buffer

(20 mM Tris-HCl, pH 7.5, 40% glycerol, 2 mMEDTA, 0.2% orange G) before electrophoresis through a 0.3% agarose gel in SB buffer

(10 mM NaOH, 40 mM boric acid, pH 8.0). The gels were dried onto positively charged nylon membranes (GE Healthcare) and sub-

jected to phosphorimaging analysis.

Generation of CRISPR-Cas9 knockout cell lines
The C1QBP knockout was generated in HeLa and A375 cells using the following gRNA: C1QBP gRNA-1 (exon-1):

GTGCTGGGCTCCTCCGTCGCCGG; C1QBP gRNA-2 (exon-6): AGTGTTGTCCACCCCTCGGTCGG. MRE11-reconstituted HeLa

cells were generated by cotransfection with SFB-MRE11 or SFB-MRE11-R572Q/R576Q and MRE11 gRNA: CAATCATGACGATCC

CACAGGGG, which target the MRE11 sequence at the intron-exon-5 boundary. All C1QBP-knockout cells were confirmed by

genomic sequence and immunoblotting.

Biotin-peptide Pull-Down Assay
A total of 2 mg or 8 mg of biotin-GAR or biotin-GAR (R576Q) and 30 mL of streptavidin Sepharose beads were preincubated in PBS at

4�C overnight, and then 293T cell lysis buffer was incubated in GST-binding buffer with streptavidin Sepharose beads at 4�C for 4
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hours. The beads were collected and washed using washing buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.5% NP-40) five times,

and the immunoprecipitates were analyzed by western blotting using the indicated antibody.

Animal experiments
53 106 A375 tumor cells were subcutaneously injected into the left oxter of female BALB/c nude mice. Tumor growth wasmeasured

using a caliper every three or four days, and the tumor volume was calculated using the formula: tumor volume = length 3 width2/2.

Quantitative data were presented as means ± SEM p < 0.05 was considered statistically significant.

Microscale thermophoresis (MST) assay
MST assay was performed as described previously with slight modifications (Xie et al., 2018). Briefly, HeLa cells expressing GFP-

tagged MRE11, DGAR or R572Q/R576Q were lysed into RIPA buffer (Solarbio). Cell extracts containing MRE11 or its mutants at

a constant concentration were mixed with two-fold serial dilutions of purified GST-C1QBP (74-282 aa) in optimized MST buffer

(50 mM Tris-HCl, pH 7.4, 150 mMNaCl, 10 mMMgCl2, 0.05% Tween-20). After 15 minutes incubation at room temperature, reaction

mixtures were enclosed in premium-coated glass capillaries and loaded into the instrument (Monolith NT.115, NanoTemper, Ger-

many). The following measurement procedures and Kd value analysis were performed as detailed before (Xie et al., 2018).

Immunohistochemistry (IHC)
IHC was performed as described previously (Song et al., 2018), except that the following antibodies were used. The anti-C1QBP

mouse monoclonal antibody was purchased from Abcam and the anti-MRE11 rabbit antibody was from Novus. After incubation

with primary antibodies, the HRP-conjugated anti-mouse or rabbit secondary antibody (ZSGB-Bio) was applied and IHC slides

were observed with Olympus BX51 microscope and Olympus DP73 CCD photographic system.

QUANTIFICATION AND STATISTICAL ANALYSIS

Each experiment was repeated three times or more. For Figures 5K and 5L, n represents the number of cells. All statistical calcula-

tions were performed usingGraphPad Prism v.7.0 or Excel, and all statistics were evaluated by unpaired Student’s t test. Quantitative

data were presented asmeans ± SD or means ± SEMp< 0.05was considered statistically significant. Statistical details can be found

in the figure legends.

DATA AND CODE AVAILABILITY

The raw data have been deposited to Mendeley and are available at https://doi.org/10.17632/495fbz3p92.1.
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