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Protection of the stalled replication fork is crucial for responding to replication stress and minimizing its impact on
chromosome instability, thus preventing diseases, including cancer. We found a new component, Abro1, in the
protection of stalled replication fork integrity. Abro1 deficiency results in increased chromosome instability, and
Abro1-null mice are tumor-prone.We show that Abro1 protects stalled replication fork stability by inhibiting DNA2
nuclease/WRN helicase-mediated degradation of stalled forks. Depletion of RAD51 prevents the DNA2/WRN-de-
pendent degradation of stalled forks in Abro1-deficient cells. This mechanism is distinct from the BRCA2-depen-
dent fork protection pathway, in which stable RAD51 filament formation prevents MRE11-dependent degradation
of the newly synthesized DNA at stalled forks. Thus, our data reveal a new aspect of regulated protection of stalled
replication forks that involves Abro1.
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Replication stress occurs when a subset of DNA replica-
tion forks stalls due to endogenous or exogenous sources,
such as depletion of nucleotides or collision of the repli-
some with DNA lesions, or at difficult to replicate geno-
mic regions. Defects in cellular responses to replication
stress often lead to genomic instability and human diseas-
es, including cancer (Zeman and Cimprich 2014; Gaillard
et al. 2015). One of the first consequences of replication
stress is decreased stability of stalled replication forks.
Stalled replication forks are susceptible to degradation
by nucleases that are capable of processing stalled replica-
tion intermediates upon replication stress (Zeman and
Cimprich 2014; Berti and Vindigni 2016). Cellular mecha-
nisms have evolved to protect against degradation and
maintain fork stability. Protection of stalled replication
forks is crucial for responding to replication stress, there-
by minimizing the impact of this stress on chromosome
instability, which can lead to tumorigenesis. The breast
and ovarian tumor suppressor proteins BRCA1 and
BRCA2 and Fanconi anemia protein FANCD2were impli-

cated in the stabilization of replication forks (Schlacher
et al. 2011, 2012; Ying et al. 2012). In the absence of
BRCA1 or BRCA2, nascent DNA strands at stalled forks
undergo MRE11 nuclease-dependent degradation, which
contributes to the genetic instability observed in BRCA
mutated cells (Schlacher et al. 2011, 2012). BRCA2 stabi-
lizes RAD51 filaments at stalled replication forks, thereby
protecting nascent strands from extensive MRE11-depen-
dent degradation (Hashimoto et al. 2010; Schlacher et al.
2011, 2012). Recently, several additional new factors
were also identified as playing a role in stalled replication
fork protection (Pefani et al. 2014; Higgs et al. 2015). Thus,
multiple factors and mechanisms exist to ensure fork
protection.
Abro1 is a paralog of a BRCA1-interacting protein,

Abraxas (Wang et al. 2007). It does not interact with
Abraxas or BRCA1 (Wang and Elledge 2007; Wang et al.
2007; Hu et al. 2011) but forms a BRISC (BRCC36 iso-
peptidase complex) in a manner similar to Abraxas
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forming the BRCA1-A complex. In the Abro1/BRISC com-
plex, Abro1 interacts with NBA1/MERIT40, BRE, and
BRCC36,which are common components of the two com-
plexes (Wang et al. 2009; Cooper et al. 2010; Feng et al.
2010; Patterson-Fortin et al. 2010; Hu et al. 2011). Abro1
contains an MPN domain at the N terminus and a
coiled-coil domain at the central region of the protein.
The MPN domain mediates the interaction of Abro1
with NBA1/MERIT40 and BRE, and the coiled-coiled
domain is required for the interaction with BRCC36.
While Abraxas plays a critical role in double-strand break
(DSB) repair by recruiting BRCA1 toDSBs and is important
for tumor suppression (Hu et al. 2012;Wang 2012; Castillo
et al. 2014), the role of Abro1 in genomemaintenance and
tumor suppression is not clear.

In this study, by analyzing Abro1-null mice and cells,
we revealed a role of Abro1 in protecting stalled replica-
tion forks for the maintenance of genomic stability. We
demonstrated that Abro1 protects stalled replication forks
from uncontrolled DNA2/WRN-dependent resection
such that Abro1-null cells exhibited increased ssDNA ac-
cumulation and shortened newly synthesized DNA at
stalled replication forks. We also show that RAD51 facil-
itates DNA2/WRN-dependent degradation in Abro1-defi-
cient cells and that Abro1 protects stalled replication
forks distinctively from the BRCA2-dependent pathway
that stabilizes RAD51 filaments for protection against
MRE11-dependent degradation. Thus, our data estab-
lished that Abro1 is a critical factor in the intricate mech-
anisms for protection of stalled replication forks.

Results

Abro1 knockout mice displayed decreased survival
and increased tumor development

To explore the function of Abro1 in vivo, we generated a
conditional Abro1 knockout mouse model. We made a
gene targeting construct containing exon 5 of the Abro1
genomic sequence flanked by two loxP sites and a selec-
tion marker, NEO (neomycin resistance) gene, flanked
by two FRT sites inserted into the intron region between
exons 4 and 5 of the Abro1 gene (Fig. 1A). The construct
was introduced into murine embryonic stem (ES) cells.
Properly targeted ES cells were identified by Southern
blot and used for the generation of chimeric mice (Supple-
mental Fig. S1A). The chimeras were then crossed with
C56BL/6 mice to identify germline transmission and gen-
eration of Abro1Neo/+ mice. Abro1+/Δ animals were gener-
ated after Cre recombinase-mediated deletion of exon
5. Upon deletion of exon 5, a frameshift occurs, resulting
in a null allele of the Abro1 gene. The loss of Abro1 full-
length protein was confirmed by immunoblotting with
Abro1 antibodies (Supplemental Fig. S1B). Abro1−/−

(Abro1Δ/Δ) mice did not exhibit any gross developmental
defects, were born at expected Mendelian ratios, and
were indistinguishable from their wild-type littermates
after birth.

Compared with wild-type mice,Abro1+/− andAbro1−/−

mice had a significantly reduced life span and exhibited

decreased disease-free survival (Fig. 1B). We also analyzed
tumor-free survival in the mouse cohort and observed an
increase in tumor incidence in Abro1−/− mice, although
the tumor frequency is low (20%) and latency is long
(Fig. 1C). Abro1 nullizygous mice developed cancer, in-
cluding lymphoma and lung adenocarcinoma (Fig. 1D).
A possible explanation of the high incidence of death
and relative low incidence of tumor formation in Abro1-
null mice is that theAbro1−/−mice die from other defects
before they develop tumors. Indeed, many of theAbro1−/−

(36%) andAbro1+/− (31%)mice in our analyses showed an
enlarged spleen (splenomegaly) and inflammatory lym-
phoid infiltration in major organs suggestive of infection
or lymphoid proliferative diseases (Supplemental Fig.
S1C,D).

Since Abro1’s paralog protein, Abraxas, is required for
cellular resistance to ionizing radiation (IR) (Castillo
et al. 2014), we examined whether Abro1-deficient mice
are sensitive to IR. We found that, unlike Abraxas-null
mice, Abro1-null mice did not appear to be sensitive to
acute treatment with 7.5 Gy of IR (Fig. 1E). Thus, Abro1
is less likely to play a direct role in DSB repair in response
to IR. Consistent with this result, Abro1-null mouse em-
bryonic fibroblasts (MEFs) did not show increased cellular
sensitivity to IR. Interestingly, Abro1-null MEFs exhibit-
ed hypersensitivity to the DNA cross-linking agent mito-
mycin C (MMC) and ultraviolet radiation (UV) (Fig. 1F).

Abro1 maintains genome stability and plays a role in the
response to replication stress

We found that Abro1−/− cells exhibited nuclear bridges
between segregating chromosomes during anaphase (Fig.
2A). Using immunofluorescence staining with BLM anti-
body, we observed that >20% of the Abro1−/− cells con-
tained ultrafine bridges formed in mitosis (Fig. 2B).
Ultrafine bridges, to which BLM, FancD2, and PICH pro-
teins localize, are thought to be due to the failure to re-
solve incomplete replication and are associated with
chromosome instability (Chan et al. 2007; Chan and
Hickson 2011; Biebricher et al. 2013). Micronuclei are
the outcome of mitotic defects of cells under replication
stress that fail to complete timely DNA replication, re-
sulting in entry into mitosis of an underreplicated DNA
region (Hoffelder et al. 2004; Chan et al. 2009). We ob-
served that Abro1-null MEFs showed significantly more
nuclear abnormalities, such as micronuclei and nuclear
budding, than wild-type MEFs, consistent with a role of
Abro1 in resolving replication stress (Fig. 2C). We also in-
vestigated the formation of 53BP1 bodies in G1 cells,
which has been associated with fragile sites and difficult
to replicate regions of the genome (Lukas et al. 2011).
Abro1 deficiency led to an increase in both the frequency
of cells containing 53BP1 nuclear bodies and the number
of 53BP1 bodies per cell (Fig. 2D). Together, these data
suggest that Abro1 is likely to play a role in resolving
DNA replication stress in order to maintain genome
stability.

To test for a role of Abro1 in DNA replication stress re-
sponse, we used the DNA fiber assay, a technique that
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allows analysis of DNA replication at the single-molecule
level (Jackson and Pombo 1998; Zeman and Cimprich
2014). To monitor fork progression, we pulse-labeled
Abro1 wild-type and Abro1-null MEFs in unperturbed S
phase with nucleotide analog CldU (5-chloro-2′-deoxyuri-
dien) (Fig. 3A, red) for 30 min followed by labeling with a
second nucleotide analog, IdU (5-iodo-2′-deoxyuridine)
(Fig. 3A, green), for 30 min (Fig. 3A). The speed of DNA
replication in the Abro1-null cells was similar to that of
the wild-type MEFs (Fig. 3B), indicating that the overall
fork progression and rate are not affected in Abro1-null
cells. However, when we treated the Abro1-null cells
with a low dose of a DNA polymerase inhibitor, aphidico-
lin (APH), to mimic the physiological barriers that the
DNA replication machinery approaches during DNA
synthesis, the Abro1-null cells exhibited a marked
decrease in fork progressionwhen comparedwith the con-
trol (Fig. 3B), indicating a role of Abro1 in response to rep-

lication stress. Consistentwith such a role, the percentage
of cells containing 53BP1 nuclear bodies and the number
of 53BP1 bodies per cell greatly increased when Abro1−/−

cells were treated with APH (Fig. 2D). Furthermore, pri-
mary Abro1-null MEFs showed increased chromosome
aberrations when compared with wild-type MEFs, and
treatment with APH greatly increased chromosome aber-
rations in Abro1−/− cells (Fig. 3C). Thus, Abro1 is crucial
for maintaining genome stability in response to replica-
tion stress.

Abro1 suppresses uncontrolled resection

To determine the role of Abro1 in the replication stress re-
sponse, we examined howAbro1-null cells respond to rep-
lication stress. Upon treatment of Abro1-null cells with
hydroxyurea (HU), which depletes nucleotide pools and
stalls replication forks, we observed a marked increase in

Figure 1. Abro1-deficient mice exhibit decreased survival and increased susceptibility to tumor formation. (A) Generation of Abro1-de-
ficientmice. A diagram ofmouse Abro1 alleles generated for deletion of exon 5. (NEO) Neomycin resistance gene. (B) Overall disease-free
survival analyzed by the Kaplan-Meier method. P < 0.001. Amatched cohort of 19Abro1+/+, 19Abro1+/−, and 34Abro1−/−micewasmon-
itored over 26 mo. (C ) Tumor-free survival analyzed by the Kaplan-Meier method. P < 0.02. Spontaneous tumor incidence in Abro1+/+,
Abro1+/−, and Abro1−/− mice was monitored. From the mice that we analyzed, zero out of 15 Abro1+/+ mice (0%); two out of 13
Abro1+/−mice (15%), including lymphoma (one) and lung adenocarcinoma (one); and six out of 28mice (21%) developed tumors, including
lymphoma (four), lung adenocarcinoma (one), and sebaceous adnexa tumor (one). (D) Representative histological images (H&E staining) of
detected tumors are shown. (E) Abro1-deficientmice are not sensitive to ionizing radiation (IR). A cohort ofAbro1+/+ (n = 12) andAbro1−/−

(n = 15) mice was treated with 7.5 Gy of IR. Overall survival was monitored for up to 1 mo and analyzed by the Kaplan-Meier method. (F )
Abro1−/− mouse embryonic fibroblast cells are sensitive to mitomycin C (MMC) and ultraviolet radiation (UV) but not IR as measured by
clonogenic survival assay. Colonies were counted and normalized to untreated samples to calculate the percentage of survival. Error bars
represent standard deviation across triplicates. Three independent experiments were performed.
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RPA32 phosphorylation on S4/S8 (a well-established
marker of DNA resection) that continued for a period of
time after release from the treatment (Fig. 4A; Supplemen-
tal Fig. S2A). This suggests that there is increased resec-
tion at stalled replication forks and accumulation of
ssDNA. Consistent with this, immunofluorescence stain-
ing with an RPA32pS4/8 antibody showed an increased
percentage of Abro1-null cells containing RPA32pS4/8
foci when compared with the control (Fig. 4B). In addition,
the percentage of cells containing pan-nuclear staining of
γ-H2AXinAbro1−/− cells increased immensely, indicating
increased replication stalling (Fig. 4C). Increased γ-H2AX
phosphorylation was also detected by Western blot of the
chromatin fraction and the total lysates ofAbro1-null cells
(Fig. 4A). A neutral comet assay showed no significant in-
crease ofDSB formation inAbro1−/− cells treatedwithHU
(Fig. 4D), indicating that the increased RPA32 phosphory-
lation was not due to DSB formation. In addition, Chk1
was phosphorylated in Abro1-null cells in a manner simi-
lar to that in wild-type controls (Fig. 4A), indicating that
the ATR signaling pathway to activate Chk1 in response
to replication stress was largely unaffected by Abro1
deficiency.

We then examined ssDNA generation at stalled forks
in Abro1-null cells by detecting ssDNA through native

BrdU immunofluorescence. Treatment with HU resulted
in very little BrdU staining in wild-type cells but in-
duced robust BrdU staining in Abro1-null cells, indica-
tive of extensive ssDNA formation at stalled forks (Fig.
4E). We also pulse-labeled cells with BrdU immediately
before stalling forks with HU and examined ssDNA gen-
eration from nascent strand DNA at stalled replication
forks. Similarly, the BrdU staining in the pulse-labeled
Abro1-null cells increased when compared with the con-
trol, indicating that nascent strand DNA at stalled
forks also was resected to generate ssDNA (Supplemen-
tal Fig. S2B).

With an evident role for Abro1 in the response to fork
stalling, we next examined whether Abro1 is present at
stalled replication forks. The isolation of proteins on na-
scent DNA (iPOND) uses click chemistry to conjugate
biotin to a nucleoside analog (EdU) incorporated in newly
synthesized DNA, allowing analysis of proteins bound to
DNA replication forks (Sirbu et al. 2011, 2013). As a con-
trol, we detected PCNA dissociation from and FANCD2
accumulation at stalled forks in HU-treated cells, consis-
tent with previous reports (Sirbu et al. 2011; Lossaint et al.
2013). In addition, we detected a reproducible Abro1 asso-
ciation with replication forks at both unperturbed forks
stalled and those stalled by HU treatment (Fig. 4F;

Figure 2. Abro1 deficiency leads to genomic instability. (A) Formation of anaphase bridges in Abro1−/− cells. MEFs were stained with
DAPI, and the percentage of mitotic cells with anaphase bridges was quantitated. “#” represents 0. (B) An ultrafine bridge (UFB) formed
in Abro1−/− cells. Representative images of immunostaining of wild-type and Abro1−/− MEFs with BLM antibody and DAPI are shown.
The percentage of mitotic cells containing an ultrafine bridge was calculated. (C ) Increased micronuclei in Abro1−/− cells. MEFs were
stained with DAPI, and the percentage of cells with abnormal nuclear morphology was calculated. (D) Increased 53BP1 nuclear body for-
mation in Abro1−/− cells. MEFs were analyzed by immunofluorescence with 53BP1 antibody. The percentage of cells containing 53BP1
nuclear bodies (NB) was calculated. P-value was determined by Student’s t-test.
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Supplemental Fig. S2C) as well as a decreased association
of Abro1 with replication forks after thymidine chase in a
fashion similar to MCM2, suggesting a role of Abro1 in
DNA replication near replication forks. These data indi-
cate that Abro1 plays a role at replication forks to suppress
extensive resection at stalled forks.

Abro1 maintains fork stability and promotes fork
recovery in response to replication stress

We used the DNA fiber assay to analyze fork stability in
cells exposed to sequential 30-min pulses with CIdU
(Fig. 5A, red) and IdU (Fig. 5A, green) followed by 4 h of in-
cubationwithHU to induceDNA replication stalling (Fig.
5A). We found that Abro1 is necessary for the stability of
nascent DNA at stalled replication forks, as measured
by the ratio of the lengths of adjacent IdU (Fig. 5A, green)
and CIdU (Fig. 5A, red) tracts. UponHU treatment, stalled
replication forks in wild-type cells are stable, showing an
IdU/CIdU tract ratio close to 1. Degradation of newly syn-
thesized DNA was observed in Abro1-null cells treated

with HU, indicated by a reduced IdU/CIdU ratio due to
shortening of the IdU tract (Fig. 5B). The shortening of
newly synthesized DNA tracts at stalled replication forks
was rescued by introduction of wild-type mouse Abro1
(mAbro1) gene expression in Abro1−/− cells but not by
empty vector (Fig. 5C; Supplementary Fig. 3A). A similar
defect in protection of nascent DNA at stalled replication
forks was also observed in human U2OS cells after dele-
tion of Abro1 by CRISPR–Cas9, and the defect could be
rescued by reintroduction of GFP-tagged full-length hu-
man Abro1 (Supplemental Fig. S3B). We then examined
whetherAbro1 is involved in the recovery ofDNA synthe-
sis after fork stalling induced by a transient replication
block. We prelabeled cells with CldU before HU treat-
ment followed by IdU (Supplemental Fig. S3C). The fre-
quency of forks that could not restart and collapsed
(Supplemental Fig. S3D, red tracks only) during the HU
treatment increased dramatically in Abro1-null cells
when comparedwith thewild-type control (Supplemental
Fig. S3D). This defect also could be rescued by comple-
mentation of expression of mAbro1 (Supplemental Fig.
S3D). For the forks that resumed DNA synthesis, the
IdU-labeled tracts were significantly shorter after HU
treatment, indicating that fork progression was signifi-
cantly reduced (Supplemental Fig. S3E). The decreased
fork progression after stalling could be rescued by expres-
sion ofmAbro1 inAbro1−/− cells (Supplemental Fig. S3F).
Thus, Abro1 plays an important role in protecting stalled
replication fork integrity and restarting replication forks
after replication stress.
As Abro1 is known to interact with BRCC36, NBA1/

MERIT40, and BRE, forming the BRISC deubiquitinating
complex (Cooper et al. 2010; Feng et al. 2010; Patterson-
Fortin et al. 2010; Hu et al. 2011), we asked whether the
function of Abro1 in fork protection requires the Abro1
domains that are needed to form an intact BRISC. We
found that deletion of the MPN domain but not the
coiled-coil domain led to failure of Abro1 in the protec-
tion of stalled replication forks (Fig. 5D,E; Supplemental
Fig. S3G). The coiled-coil domain is required for Abro1 in-
teraction with BRCC36 (Hu et al. 2011). The fact that the
coiled-coil deletion mutant was able to rescue the defi-
ciency of Abro1 indicates that Abro1–BRCC36 interac-
tion is dispensable for the role of Abro1 in fork
protection. TheMPN domainmediates Abro1 interaction
with NBA1/MERIT40 and BRE in the BRISC. Since the
MPN domain deletionmutant as well as a pointmutation
(W103E) in theMPN domain that abolishes the binding of
Abro1 to NBA1/MERIT40 and BRE failed to rescue the
deficiency of Abro1-null cells in protecting stalled replica-
tion fork stability, it indicates that the interaction of
Abro1 with NBA1/MERIT40 and BRE is important for
Abro1’s function in the replication stress response.
Whenwe examined the effect of depletion of NBA1/MER-
IT40, BRE, and BRCC36, we found that knockdown of
NBA1 and BRE, but not BRCC36, in wild-type MEFs re-
sulted in deficiency in fork protection (Fig. 5F). Thus,
Abro1, together with NBA1/MERIT40 and BRE but not
BRCC36, is important for maintaining fork stability in re-
sponse to replication stress.

Figure 3. Abro1 plays a role in the response to replication stress.
(A) Schematic for labeling cells with CIdU and IdU and represen-
tative images of DNA fibers. (B) Fork progression in cells untreat-
ed or treated with APH. Primary MEFs are labeled as indicated.
More than 300 fibers were measured for each sample. Experi-
mentswere repeated twice. P-valuewas determined by two-tailed
Student’s t-test. (C ) Abro1−/− cells displayed increased chromo-
some aberrations.Metaphase spreadswere prepared fromprimary
wild-type and Abro1−/− MEFs. Cells were treated with 0.3 µM
APH for 16 h. The number of aberrations per metaphase was cal-
culated. At least 50 metaphases were analyzed per experimental
group. Significance was determined by Mann-Whitney test.
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DNA2, but not MRE11, is responsible for nascent strand
shortening at stalled forks in Abro1-null cells

Next, we asked how Abro1 protects stalled fork stability.
It has been demonstrated that loss of BRCA1, BRCA2, or
FANCD2 protein leads to MRE11-dependent nucleolytic
degradation of stalled replication forks (Schlacher et al.
2011, 2012). Therefore, we examined whether MRE11 is
responsible for the observed nascent strand shortening
at stalled forks inAbro1-null cells. As a control, we treated
FANCD2-deficient cells with Mirin, a chemical inhibitor
of MRE11 (Dupre et al. 2008). This reversed the degrada-
tion of stalled replication forks seen in FANCD2-deficient
cells, as was reported previously (Supplemental Fig. S4A).
However, treatment of Abro1−/− cells with Mirin was un-
able to rescue fork degradation (Fig. 6A). Knockdown of
MRE11 using siRNAs also did not rescue the fork degrada-
tion in Abro1-null cells (Supplemental Fig. S4B). Instead,
knockdown of DNA2 inAbro1−/− cells rescued the degra-
dation of stalled forks (Fig. 6B; Supplemental Fig. S4C), in-
dicating that DNA2 is responsible for the degradation of

stalled forks in the absence of Abro1. In addition, the in-
creased RPA32 phosphorylation observed in Abro1−/−

cells was greatly reduced by knockdown of DNA2 (Fig.
6C). The increased ssDNA detected by native BrdU stain-
ing in Abro1-null cells also was reduced when cells were
treated with shRNAs or siRNAs against DNA2 (Fig. 6D;
Supplemental Fig. S4D).

As DNA2 is a nuclease/helicase, we tested whether its
nuclease or helicase activities or both are responsible for
the shortening of the nascentDNA tract inAbro1−/− cells.
We expressed human DNA2 (hDNA2) wild type, nucle-
ase-deficient mutant D294A, or the helicase-deficient
mutant K671E (Lin et al. 2013) in Abro1−/− cells with en-
dogenous DNA2 knocked down by siRNAs. Whereas ex-
pression of hDNA2 wild type and K671E was able to
complement the effect of DNA2 knockdown on
Abro1−/− cell and restored ssDNA and RPA32 phosphory-
lation to the increased levels seen in Abro1−/− cells, ex-
pression of D294A mutant did not have an obvious
effect (Fig. 6D,E; Supplemental Fig. S4E). The D294Amu-
tant, unlike wild type or the K671E mutant, was also

Figure 4. Abro1 suppresses uncontrolled
resection. (A) Wild-type or Abro1−/− MEFs
were either untreated (Un) or treated with
4 mM HU for 4 h (Tr) followed by release
into fresh medium for 30 min (R30′) or 60
min (R60′). Western blot was carried out
with the indicated antibodies on chromatin
fraction or total lysate samples. (B) In-
creased RPA32pS4/8 in Abro1−/− cells.
Overlaid images of immunofluorescence
with RPA32pS4/8 antibody and DAPI stain-
ing are shown. (C ) Increased γH2AX in
Abro1−/− cells. Overlaid images of immuno-
fluorescence with γH2AX antibody and
DAPI staining are shown. (D) Neutral comet
assay for cells untreated or treated with 4
mM HU for 4 h. Wild-type cells treated
with 1 µM camptothecin (CPT) for 1 h
were used as a control. Tail moment was
measured, and P-value was determined by
Student’s t-test. (E) Increased ssDNA in
Abro1−/− cells. Wild-type or Abro1−/− cells
were labeled with BrdU overnight before
treatment with 4 mM HU for 4
h. Immunofluorescence using BrdU anti-
body was carried out under native condi-
tions. Relative BrdU labeling intensity (a.
u.) was analyzed, and a cutoff value was
used for scoring BrdU-positive cells. The
percentage of cells with BrdU-positive
(BrdU+) staining was determined. P-value
was determined by Student’s t-test. (F )
Abro1 is present at unperturbed and stalled
replication forks using isolation of proteins
on nascent DNA (iPOND) analysis. Cells
were pulse-labeled with EdU for 10 min
(EdU), labeled with EdU followed by treat-
ment with 2 mM HU for 2 h (HU), or la-
beled with EdU followed by thymidine

chase for 2 h (Thd). Control (Ctrl) is the “no Click” sample. EdU-labeled newly synthesized DNA was captured, and bound proteins
were analyzed by Western blot.
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unable to reinstate the shortening of nascent DNA at
stalled forks in Abro1−/− cells depleted of endogenous
DNA2 (Fig. 6F). Together, these results indicate that the
nuclease activity, but not the helicase activity, of DNA2
is responsible for the fork degradation in HU-treated
Abro1-null cells.
DNA2 has been shown to function in conjunction with

BLM (Imamura andCampbell 2003;Nimonkar et al. 2011)
and WRN (Thangavel et al. 2015) helicases in end pro-
cessing. We found that WRN depletion, but not BLM
depletion, mimicked the effect of DNA2 knockdown in
rescuing the nascent strand degradation in Abro1-null
cells, indicating that WRN helicase cooperates with
DNA2 in shortening the nascent strand DNA at stalled
forks in Abro1-null cells (Fig. 6G; Supplemental Fig.
S4F). We also examined exonuclease I (EXO1), with which
DNA2 plays a partially redundant role in DNA end re-
section during DSB repair (Zhu et al. 2008). Unlike knock-
down of DNA2, knockdown of EXO1 did not rescue the
degradation of nascent DNA in Abro1-null cells (Fig.
6G). Depletion of WRN, but not BLM or EXO1, also led
to decreased RPA32 phosphorylation and reduced ssDNA
accumulation in Abro1-null cells (Fig. 6H,I). Thus, Abro1

protects stalled replication forks from DNA2/WRN-de-
pendent degradation of newly synthesized DNA.

Resistance to degradation of newly synthesized DNA
in Abro1-null cells in the absence of RAD51

RAD51 filament stabilization plays an important role in
maintaining nascent DNA strand integrity in BRCA1- or
BRCA2-deficient cells (Schlacher et al. 2011, 2012). To
determine whether this is the case for Abro1-null cells,
we expressed a RAD51 K133Rmutant in Abro1-null cells
(Supplemental Fig. S5A). This mutant is devoid of ATPase
activity and forms stable filaments (Morrison et al. 1999).
We found that although stabilized RAD51 filaments res-
cued the degradation of stalled forks in FANCD2-deficient
cells as indicated previously (Supplemental Fig. S5B), it did
not rescue thedegradationof stalled forks inAbro1−/− cells
exposed to HU (Fig. 7A). Interestingly, expression of a
BRCA2 BRC4 peptide fragment (Saeki et al. 2006), which
suppresses DNA binding of RAD51, thus perturbing
RAD51 filaments (Hashimoto et al. 2010), rendered IdU
tracts resistant to degradation. This indicates that disrup-
tion of RAD51 filament formation suppresses the

Figure 5. Abro1maintains fork stability and promotes fork recovery in response to replication stress. (A) Schematic for labeling cellswith
CIdU and IdU and representative images of DNA fibers. (B) NascentDNAdegradation at stalled replication forks in Abro1-null cells treat-
edwithHU. (C ) Shortened nascentDNA tracts were rescued by re-expression of themouseAbro1 gene in Abro1-nullMEFs. Expression of
mAbro1 inAbro1−/− cells is shown in Supplemental Figure S3. (D) A schematic view of mouse Abro1 andmutants. (E) TheMPN domain,
but not the coiled-coil domain, is required for protection of newly synthesized DNA at stalled forks. Expression of mAbro1 wild type and
mutants in Abro1−/− cells is shown in Supplemental Figure S3. (F ) NBA1 and BRE, but not BRCC36, are required for protection of newly
synthesized DNA at stalled forks. The experiments were repeated multiple times. In each experiment, 170–200 fibers were measured for
each sample. Line and bars represent the median IdU/CldU ratio and interquartile range. Significance was determined byMann-Whitney
test. (n.s.) Not significant; (∗∗∗∗) P < 0.0001.
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degradation of nascent strand DNA in Abro1-null cells
(Fig. 7B; Supplemental Fig. S5C). As a control, expression
of the BRC4peptide inwild-typeMEFs led to substantially
shorter IdU tracts upon HU treatment, as reported previ-

ously (Schlacher et al. 2011). In addition, overexpression
of BRC4 decreased the phosphorylation of RPA32 (Fig.
7C) and the overall amount of ssDNA in Abro1−/− cells
(Supplemental Fig. S5D). Knockdown of RAD51 also

Figure 6. Degradation of nascent DNA strands at stalled forks in Abro1−/− cells is dependent on DNA2. (A) Mirin does not inhibit na-
scent strand DNA degradation in Abro1-null cells. Cells were labeled sequentially with CIdU and IdU as shown in Figure 5A, and left
untreated (UT) or treated with 4mMHU, 4mMHU in the presence of 100 µMmirin, or DMSO/4mMHU for 4 h. Line and bars represent
themedian IdU/CldU ratio and interquartile range. (n.s.) Not significant; (∗∗∗∗) P < 0.0001,Mann-Whitney test. n > 170 fibers for each con-
dition. Experiments were completed in duplicate. (B) DNA2 knockdown rescues end protection deficiency in Abro1-null MEFs in re-
sponse to HU-induced replication fork stalling. Cells were infected with virus containing control or shRNAs to DNA2 and treated as
described in Figure 5A. Western blot showing knockdown efficiency is in Supplemental Figure S4. Significance was determined as above.
(C ) DNA2 knockdown decreased RPA32pS4/8 phosphorylation inAbro1−/− cells after HU treatment. Wild-type (+/+) or Abro1-null (−/−)
cells were transfectedwith siRNAs toDNA2 and treated as described in Figure 5A. Chromatin fraction or total cell lysatewas analyzed by
Western blot. (D) Expression of human DNA2 (hDNA2) wild type and mutants in Abro1−/− cells with knockdown of DNA2. Cells were
labeled with BrdU overnight before treatment with 4 mM HU for 4 h. Immunofluorescence using BrdU antibody was carried out under
native conditions. The percentage of cells with BrdU-positive (BrdU+) staining was determined. P-value was determined by Student’s t-
test. (n.s.) Not significant; (∗∗∗∗) P < 0.0001. (E) Expression of hDNA2D294A in Abro1-null cells with knockdown of DNA2 did not restore
increased RPA32pS4/8 phosphorylation in Abro1−/− cells after HU treatment. Chromatin fractions from cells were analyzed by Western
blot. Expression level of hDNA2 is shown in Supplemental Figure S4. (F ) Expression of hDNA2 D294A in Abro1-null cells with knock-
down of DNA2 failed to restore the end protection deficiency in Abro1-null cells after HU treatment. Abro1−/− MEFs were transfected
with siRNAs targeting mouse DNA2 followed by transient transfection with hDNA2 wild type or mutants and then treated as described
in Figure 5A for DNA fiber analysis. (G) Knockdown of WRN, but not BLM or EXO1, rescued end protection deficiency in Abro1-null
MEFs in response to HU-induced replication fork stalling. (H) Knockdown of WRN reduced RPA2 hyperphosphorylation in Abro1−/−

cells. (I ) Knockdown of WRN reduced ssDNA accumulation in Abro1−/− cells.
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rescued the degradation of nascent strand DNA in
Abro1−/− cells, indicating that the fork instability caused
by Abro1 deficiency can be compensated for by RAD51
deficiency. This is consistent with the previous finding
that RAD51 knockdown largely prevents DNA2 nucleo-
lytic processing of nascent DNA at stalled forks (Thanga-
vel et al. 2015).

Abro1 protects stalled replication forks independently
of BRCA2

Since it appears that Abro1 protects stalled replication
fork stability in a manner different from the BRCA1/
BRCA2-dependent fork protection pathway, in which sta-
ble RAD51 filament formation prevents MRE11-depen-
dent degradation of the newly synthesized DNA at
stalled forks, we examined whether Abro1 deficiency fur-
ther decreases the defect of BRCA2-deficient cells in the
protection of stalled fork integrity. We knocked down

mAbro1 by siRNAs in Brca2flox/flox MEFs (Jonkers et al.
2001), with Brca2 deleted upon Cre recombinase infec-
tion. As expected, deletion of Brca2 uponCre infection re-
sulted in degradation of nascent DNA tracts (Fig. 7E).
Depletion of Abro1 by siRNA in Brca2fl/fl cells infected
with Cre further increased degradation of newly synthe-
sized DNA (Fig. 7E; Supplemental Fig. S5F), indicating
that Abro1 protects stalled replication fork integrity in
the absence of BRCA2. This was confirmed in human
CAPAN-1 cells, which express a truncated BRCA2 and
are defective inmaintaining nascentDNA tracts at stalled
forks (Schlacher et al. 2011). Knockdown of Abro1 by
shRNAs (Supplemental Fig. S5G) further shortened the
nascent DNA tract length at forks stalled by HU (Fig.
7F, lane 7) when compared with HU-treated CAPAN-1
cells (Fig. 7F, lane 2). Use of Mirin (Fig. 7F, lanes 3,5),
but not treatment with siRNAs to DNA2 (Fig. 7F, lane
4), rescued the stalled fork degradation in CAPAN-1 cells.
Importantly, the degree of degradation of nascent strand

Figure 7. Abro1 protects stalled replication fork integrity distinctively from BRCA2-dependent RAD51 filament stabilization. (A) Ex-
pression of the RAD51K133Rmutant does not rescue the defect ofAbro1−/− cells in protecting newly synthesizedDNA.MEFswere trans-
fected with either empty vector or the RAD51K133R expression construct and then treated as described in Figure 5A. Expression of
RAD51K133R is shown in Supplemental Figure S5. (B) Expression of the BRC4 peptide rescues degradation of nascent strand DNA in
Abro1−/− cells. MEFs were transfected with either empty vector or the BRC4 expression construct and then treated as described in Figure
5A. Expression of Flag-BRC4 is shown in Supplemental Figure S5. (C ) Expression of BRC4 peptide decreasedRPA32pS4/8 phosphorylation
in Abro1−/− cells upon HU treatment. Chromatin fraction and total cell lysates were analyzed by Western blot with the indicated anti-
bodies. (D) Knockdown of Rad51 rescued degradation of nascent strand DNA in Abro1−/− cells. (E) Knockdown of Abro1 in BRCA2-defi-
cientMEFs further increased degradation of nascent strandDNA.Brca2fl/fl primaryMEFswere transfectedwith control or siRNAs against
Abro1 and infectedwith adenovirus or adenovirus expressing Cre. (F ) Knockdown of Abro1 in CAPAN-1 cells led to increased degradation
of nascent strand DNA that can be rescued by mirin and depletion of DNA2. CAPAN-1 cells or CAPAN-1 cells infected with control
shRNA (empty space) or shRNA to Abro1 (labeled with a filled circle) were either untreated or treated with HU as described in Figure
5A. Cells were treated with mirin or siRNAs to DNA2 as indicated (samples not treated with siDNA2 were treated with control siRNA).
(G) A proposed model showing that Abro1 protects stalled replication fork integrity in a mechanism distinct from the BRCA2-dependent
pathway. For DNA fiber assay, >170 fibers were counted for each sample. Line and bars represent the median IdU/CldU ratio and inter-
quartile range. Significance was determined by Mann-Whitney test. (n.s.) Not significant; (∗∗∗) P < 0.001; (∗∗∗∗) P < 0.0001.
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DNA inAbro1- and BRCA2-double-deficient cells (Fig. 7F,
lane 7) was partially rescued by Mirin (Fig. 7F, lane 8) or
depletion of DNA2 (Fig. 7F, lane 9) but fully rescued by
a combination of treatment of Mirin and depletion of
DNA2 (Fig. 7F, lane 10). Together, these results indicate
that Abro1 maintains fork stability by limiting DNA2-de-
pendent degradation of stalled forks, a mechanism that is
distinct from the BRCA1/BRCA2-dependent pathway
that inhibits MRE11-mediated fork degradation.

Discussion

The protection of stalled fork integrity is critical in the
cellular mechanisms that resolve replication stress and
maintain genome stability. It has been shown that in the
BRCA1/BRCA2/FANCD2-dependent pathway, BRCA2
stabilizes RAD51 filaments at stalled forks, thereby pre-
venting nucleolytic degradation of nascent strands by
MRE11 nuclease (Schlacher et al. 2011, 2012). In this
study, we identified Abro1 as a new component that pro-
tects stalled replication forks by limiting DNA2/WRN-
mediated fork degradation in a manner distinct from the
BRCA1/BRCA2/FANCD2-dependent pathway that pro-
tects stalled forks from MRE11-mediated degradation
(Fig. 7G).

In the absence of Abro1, the DNA in the vicinity of
stalled forks becomes susceptible to nuclease resection,
generating an increased amount of ssDNAand hyperphos-
phorylation of RPA (Fig. 4). Nascent strandDNAat stalled
forks is also shortened in Abro1-null cells (Fig. 5). Knock-
ing down DNA2 nuclease reverses the degradation of
stalled forks and generation of ssDNA in Abro1-null cells
(Fig. 6). The effect of DNA2knockdownwas complement-
ed for by both wild-type DNA2 and a helicase-deficient
mutant but not by a nuclease-deficient mutant of DNA2.
Therefore, we propose that Abro1 protects stalled rep-
lication forks by limiting uncontrolledDNA2nuclease ac-
tivity at stalled forks. Although the unwinding activity of
DNA2 is dispensable, a DNA2-associated helicase, WRN,
appears to be important for this process. Thus, DNA2 and
WRN cooperate to degrade stalled forks in Abro1-null
cells.

TheAbro1-dependent fork protectionmechanism is dis-
tinct from the BRCA2-dependent pathway of protecting
stalled fork stability. In BRCA2-deficienct cells, nascent
DNA strands are shortened by MRE11 endonuclease-de-
pendent degradation, and inhibition of MRE11 restored
fork integrity (Schlacher et al. 2011, 2012; Ying et al.
2012). However, nascent strandDNAat stalled replication
forks in Abro1-null cells is susceptible to the degradation
of DNA2/WRN but not MRE11 nuclease (Fig. 6). Further-
more, whereas the nascent strand instability in cells defi-
cient for BRCA2 is rescued by stabilized RAD51 filament
formation (Schlacher et al. 2011), the degradation of na-
scent DNA strands in Abro1−/− cells is not rescued by
RAD51 filament stabilization (Fig. 7). Consistent with a
role of Abro1 in a distinct mechanism that acts to protect
stalled replication fork stability, concomitant depletion of
Abro1 and BRCA2 in MEF cells and knockdown of Abro1

in BRCA2-deficient CAPAN-1 cells results in increased
levels of fork degradation (Fig. 7). Importantly, the fork
degradation due to BRCA2/Abro1 double deficiency is
only partially rescued by inhibition of MRE 11 or inhibi-
tion ofDNA2but is completely reversedwhen both nucle-
ases are inhibited. Thus, we propose that the Abro1-
regulated pathway represents a new aspect in the intricate
mechanisms that ensure fork stability independently of
BRCA2.

RAD51 appears to play a facilitating role in the DNA2/
WRN-mediated degradation of stalled forks in Abro1−/−

cells, since RAD51 deficiency alleviates the degradation
of nascent strand DNA in Abro1-null cells (Fig. 7). Why?
It has been indicated that the DNA2 nuclease and WRN
helicase act downstream from RAD51-mediated fork re-
versal to degrade reversed replication forks following
HU treatment, promoting proper restart of the reversed
fork (Thangavel et al. 2015; Zellweger et al. 2015). A re-
cent study investigating a Fanconi anemia-associated
RAD51 T131P mutant also indicates a role for RAD51
in DNA2/WRN-mediated degradation of interstrand
cross-link repair intermediates (Wang et al. 2015). Thus,
RAD51-mediated fork reversal is also likely to play a
role in the extensive DNA2/WRN-dependent degradation
of newly synthesized DNA in Abro1-null cells. In
Abro1−/− cells, uncontrolled DNA2 activity acts on the
reversed forks, leading to increased resection and shorten-
ing of nascent strand DNA. Depletion of RAD51 dimin-
ishes fork reversal and thus alleviates the degradation of
nascent strand DNA in Abro1−/− cells. It is also possible
that Abro1 deficiency leads to a change of DNA configura-
tion at stalled forks that increases RAD51-mediated fork
reversal and hence DNA2-dependent degradation. It re-
mains to be seen whether reversed fork structures form
in Abro1-null cells and whether they accumulate in
Abro1-null cells in response to replication stress. The dif-
ferent roles of RAD51 in maintaining replication fork
stability and promoting fork reversal during replication
fork stalling may also explain why RAD51 deficiency
eliminates fork degradation in Abro1−/− cells, while
BRCA2 deficiency, which perturbs stable RAD51 fila-
ment formation for fork protection, instead increases
fork degradation in Abro1-deficient cells (Fig. 7E,F). It is
likely that, while BRCA2-dependent RAD51 filament sta-
bilization protects fork integrity, BRCA2 does not have a
direct effect on the role of RAD51 in promoting fork
reversal.

It is important to note that RAD51-mediated fork rever-
sal and controlledDNA2 activity-dependent processing of
reversed forks appear to be important for the restart of the
reversed fork (Thangavel et al. 2015; Zellweger et al.
2015). However, extended degradation of stalled forks by
DNA2 in Abro1-null cells largely decreased the ability
of the stalled fork to resume progression or fork restart
(Supplemental Fig. S3). This suggests that regulated
DNA2 activity is critical both for the protection of stalled
forks and for a stalled fork to resume progression or re-
start. Interestingly, in addition to BRCA1/BRCA2/
FANCD2/RAD51-dependent inhibition ofMRE11, recent
studies indicate that multiple components, including
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PTIP, MLL3/4, CHD4, and PARP1, are involved in pro-
moting MRE11 activity at stalled forks (Ray Chaudhuri
et al. 2016). Thus, nuclease activities at stalled forks are
tightly controlled to ensure fork integrity.
The role of Abro1 in responding to replication stress is

critical for its ability to maintain genome stability.
Abro1-null cells exhibited chromosomal instability that
is associated with the failure to resolve replication stress,
such as increased ultrafine bridges during anaphase and
increased 53BP1 G1 nuclear bodies, which are associated
with underreplicated regions (Fig. 2). Due to its critical
role in maintaining chromosome stability, it is not sur-
prising that Abro1 knockout mice are prone to tumor de-
velopment (Fig. 1). Abro1 forms the BRISC by interacting
with BRCC36, NBA1/MERIT40, and BRE and is impli-
cated in facilitating the deubiquitylating enzyme (DUB)
activity of BRCC36 (Cooper et al. 2010; Feng et al.
2010; Patterson-Fortin et al. 2010; Hu et al. 2011). Previ-
ously, it has been shown that Abro1/BRISC complex
DUB activity is involved in deubiquitinating substrates
that regulate inflammsome activity, interferon response,
and mitotic spindle assembly (Py et al. 2013; Zheng et al.
2013; Yan et al. 2015). Our study indicates that the func-
tion of Abro1 in the protection of stalled fork stability is
independent of BRCC36, since the coiled-coil deletion
mutant of Abro1 that does not interact with BRCC36 re-
tains the ability to protect stalled replication forks, and
knockdown of BRCC36 does not lead to a defect in
fork protection (Fig. 5). Although the majority of Abro1
protein appears to localize in the cytoplasm of the cells
(Feng et al. 2010; Hu et al. 2011), we show that Abro1
is present at both undisturbed and stalled replication
forks in the nucleus (Fig. 4). In addition, we did not ob-
serve translocation of Abro1 in response to DNA-damag-
ing agents IR, UV, or HU (data not shown). It is likely
that Abro1 forms different subcomplexes to carry out
distinct functions in the nucleus or cytoplasm. We spec-
ulate that Abro1, NBA1/MERIT40, and BRE may form a
subcomplex independent of the BRISC in nucleus at the
replication fork and that the DUB activity of BRCC36 is
not required.
In summary, our study reveals a newaspect to themech-

anisms of protection of stalled replication forks that in-
volves Abro1, which has critical implications for the
maintenance of genomic integrity and tumor suppression.

Materials and methods

Generation and analysis of Abro1-deficient mice

Detailed methods are described in the Supplemental Material.
Age-matched wild type mice (+/+), heterogeneous mice (+/−),
and null mice (−/−) were monitored daily for survival and tumor
formation. All mouse experiments were approved by the M.D.
Anderson Cancer Center Institutional Animal Care and Use
Committee, protocol RN01-00001247, and followed the guide-
lines of the United States Animal Welfare Act and the National
Institutes of Health.
For the whole-animal radiosensitivity assay, age-matched 4- to

6-wk-oldwild-type andAbro1-nullmicewere treatedwith 7.5 Gy
of IR andmonitored daily for survival. The survival curvewas an-

alyzed by the Kaplan-Meier method. The log-rank test was used
for statistical analysis.

Cell lines, cell culture, antibodies, and chemicals

MEF cells were isolated from embryonic day 13.5 (E13.5) embryos
as described previously (Castillo et al. 2014). Primary MEFs were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) with
10%fetal bovine serum (FBS) and 1%penicillin–streptomycin an-
tibiotics andmaintained in 3%O2/5%CO2 in an incubator at 37°
C. ImmortalizedMEFswere generated by spontaneous immortal-
ization following the 3T3 protocol as described previously (Castil-
lo et al. 2014). PD20 and PD20/FANCD2 cellsweremaintained in
RPMI1640mediumwith 15%FBS.U2OS cellswere grown inMc-
Coy’s 5Amediumwith10%FBS.CAPAN-1 cellswere cultured in
Iscove’smodifiedDulbecco’smedium (IMDM) (Hyclone,Thermo
Scientific) with 20% FBS. Antibodies used in this study included
Abro1 (Hu et al. 2011), BRCC36 (Abcam), BRE (Hu et al. 2011),
NBA1 (Hu et al. 2011), 53BP1 (Novus Biologicals), BLM (Bethyl
Laboratories), BrdU (BD Bioscience), RAD51 (Calbiochem),
RPA32pS4/8 (Bethyl Laboratories), p-CHK1 (Cell Signaling),
CHK1 (Santa Cruz Biotechnolgoy), γH2AX (Ser139; Upstate Bio-
technology), Flag (Sigma), BRCA2 (Abcam, ab27976), γ-tubulin
(Sigma), DNA2 (Proteintech, 18727-1-AP), FANCD2 (Santa Cruz
Biotechnology, sc-20022), and H3 (Abcam). Chemicals used in
this study included BrdU (Sigma), APH (Sigma), HU (Sigma),
MMC (Sigma), and camptothecin (CPT) (Sigma).

Plasmids, siRNAs, and shRNAs

Retroviral constructs expressing mouse Abro1 and mutants were
generated using theMSCV vector. Flag-BRC4 and RAD51 K133R
expression constructs were described previously (Schlacher et al.
2011). hDNA2 wild-type, D294A, and K671E mutant expression
plasmids were described previously (Lin et al. 2013). The shRNAs
used in this study were mouse DNA2 shRNA (5′-TTGGACAG
CATGGCTTCTG-3′ and 5′-ACTGTGTTAACCTCAACCA-3′),
human Abro1 shRNA (5′-CGTAGTTTCTGTTCTTTAA-3′ and
5′-CTGATTAGAACAAATCAGA-3′), mouse shNBA1(5′-ATTT
ACAGTGGACAGAGTG-3′), and mouse BRE (5′-TTCATTTCC
ATCCCATCTG-3′ and5′-AGCCTTGAATCACATACTG-3′).The
siGENOME SMARTpool siRNAs targeting mouse Dna2
(M-062864-01-0005), mouse Mre11 (M-051344-00-0005), mouse
Blm (M-061987-01-0005), mouseWrn (M-058494-01-0005), mouse
Exo1 (M-060591-01-0005), mouse Rad51 (M-062730-01-0005), and
mouse Abro1 (M-041233-01-0005) were purchased fromDharma-
con. siRNAs targeting mouse BRCC36 (ID:167166 and 167177)
and negative control siRNA (#12935110) were purchased from
Invitrogen.

Generation of Abro1/BRCA2-deficient MEFs

BRCA2flox/flox MEFs were transfected with SMARTpool siRNA
against mouse Abro1 by Lipofectamine RNAiMAX reagent.
Twenty-four hours later, cells were infected with either Cre ex-
pression adenovirus or control adenovirus. Cre-mediated recom-
bination efficiency was detected by PCR genotype of cells 48 h
after virus infection using primers specific for the BRCA2 flox al-
lele (5′-GGCTGTCTTAGAACTTAGGCTG-3′ and 5′-CTCCA
CACATACATCATGTGTC-3′).
CAPAN-1 cells were infected with virus containing either con-

trol shRNA or shRNA targeting Abro1, and stable cell lines were
selected. Cells were then transfected with control siRNA or
siRNA targeting DNA2 for 48 h or treated with 4 mM HU or
100 µM mirin as indicated.
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DNA fiber assay

DNA fiber assay was carried out as described previously (Castillo
et al. 2014). Briefly, cells were pulse-labeled with 100 µM CldU
and 250 µM IdU for 30 min. After labeling and treatment, cells
were harvested, lysed, and spread onmicroscope slides. Immuno-
fluorescencewas carried out using α-IdU/α-BrdU (BDBiosciences)
and α-CldU/α-BrdU (Abcam) and secondary antibodies, including
Alexa fluor 488 (green) and Alexa fluor 555 (Invitrogen). Images
were taken using a Nikon 80 microscope with a 60× lens and an-
alyzed using ImageJ software. Statistics were calculated using
Prism software.

Clonogenic survival assay

For colony survival studies, cells were seeded at low density and
treated with the indicated doses of UV or IR and then left for 10–
14 d of incubation at 37°C as described previously (Wu et al.
2016). For MMC treatment, cells were treated with the indicated
doses of MMC for 1 h followed by two PBS washes and then left
for incubation. Colonies were fixed and stained with 2% methy-
lene blue and 50% ethanol. Colonies with≥50 cells were counted
as positive. Colonies were counted and normalized to untreated
samples to calculate the percentage of survival. Error bars repre-
sent standard deviation across triplicates.

iPOND

iPOND was performed according to the protocol described by
Sirbu et al. (2012) with slight modification. HEK293T cells were
pulse-labeled with 10 µM EdU (Invitrogen) for 10 min followed
by treatment with 2 mM HU for 2 h or thymidine chase for 2
h. Cells were fixed in 1% formaldehyde for 20 min at room tem-
perature, quenched by adding glycine to a final concentration of
0.125M, andwashed three times in PBS. Cell pelletswere collect-
ed and frozen at −80°C. Cell permeablization was carried out by
resuspending cells in ice-cold 0.25%Triton-X/PBS at a concentra-
tion of 1 × 107 cells per milliliter followed by incubation for 30
min at room temperature. Samples were then washed once in
0.5% BSA/PBS and once in PBS. Click reaction was performed
by incubating the sample for 1 h at room temperature in Click re-
action buffer containing 10 µM biotin-azide (Invitrogen), 10 mM
sodium ascorbate, and 2 mM CuSO4 in PBS. The control was a
“no Click” reaction using DMSO instead of biotin-azide. Follow-
ing the Click reaction, cells were washed once in 0.5% BSA/PBS
and once in PBS, resuspended in lysis buffer (50 mM Tris–HCl at
pH 8.0, 1%SDS) containing protease inhibitors, and then sonicat-
ed using a microtip sonicator with a power setting of 13–16W for
20-sec pulses and 40-sec pauses, repeated five times. After centri-
fugation, the supernatant was diluted 1:3 with NTN buffer (100
mMNaCl, 20 mMTris at pH 7.4, 0.05%NP40) containing prote-
ase inhibitors. Streptavidin-agarose beads (Novagen)werewashed
with NTN buffer before being added to the sample. One-hundred
microliters of bead slurry was used per 1 × 108 cells. The sample
mixture was then incubated overnight at 4°C. The beads were
then washed four times with NTN buffer. Cross-links were re-
versed by incubated samples in 2× SDS sample loading buffer
for 12 min at 95°C.

Immunofluorescence

Immunofluorescencewas carried out as described previously (Hu
et al. 2011). Briefly, cells were fixed with fresh 3% paraformalde-
hyde/2% sucrose solution for 10 min at room temperature fol-
lowed by permeablization with 0.5% Triton X-100 solution for
5min on ice. ForRPA32pS4/8 immunostaining, cellswere pre-ex-

tracted using pre-extraction buffer (10 mM PIPES at pH 6.8, 100
mM sodium chloride, 300 mM sucrose, 3 mM magnesium chlo-
ride, 1 mM EGTA, 0.2% Triton-X100) for 5 min on ice before fix-
ation and permeabilization. Cells were then incubated with the
indicated primary antibody for 1 h at 37°C followed by secondary
antibody, including Alexa 488 or Alexa 555, for 1 h at 37°C. Cov-
erslips were thenwashedwith PBS andmounted usingDAPI con-
taining anti-fade solution (Invitrogen). Images were captured by a
Nikon 80i upright microscope. For native BrdU staining, cells
were grown on glass coverslips and labeled with 10 µM BrdU
for 36 h or pulse-labeled with 10 µMBrdU for 10min before treat-
mentwith 4mMHU for 4 h. Cells were pre-extracted on ice using
pre-extraction buffer for 5 min, washed with PBS, and fixed with
freshly prepared 3% paraformaldehyde/2% sucrose solution for
10 min at room temperature. After washes with PBS, cells were
then fixed with cold methanol (−20°C) for 20 min, washed with
PBS, and treated with cold acetone (4°C) for 30 sec. Cells were
then washed three times with PBS and blocked in PBST contain-
ing 2% BSA for 1 h at room temperature. Immunofluorescence
was then carried out with anti-BrdU primary antibody and Alexa
488-conjugated secondary antibody. Images were captured using
a Nikon 80i upright microscope. Native BrdU intensities were
measured using NIS Elements AR software (Nikon).

Cell lysis and chromatin fractionation

Cells were lysed using NETN buffer (50 mM Tris-HCl at pH 8.0,
150mMsodiumchloride, 1mMEDTA, 0.5%nonidet P-40, 1mM
dithiothreitol [DTT], 1 mMPMSF, 5mMNaF, 1mMNa3VO4, 50
mM β-glyceral, protease inhibitor cocktails [Roche]) and centri-
fuged at 15,000 rpm for 10 min at 4°C. The supernatants were
used as total cell lysate. For cell fractionation, 1 × 106 cells were
incubated with 100 µL of cold solution A (10 mM HEPES at pH
7.9, 10 mM KCL, 1.5 mMMgCL2, 0.34 M sucrose, 10% glycerol,
5 mMNaF, 1 mMNa3VO4, 1 mMDTT, protease cocktails, 0.1%
Triton X-100) for 5 min on ice. After centrifugation at 4000 rpm
for 5 min at 4°C, cell pellets were collected and washed with
cold solution A. Cell pellets were then incubated with cold solu-
tion B (3 mM EDTA, 0.2 mM EGTA, 1 mMDTT, protease inhib-
itor cocktails) for 15 min on ice. After centrifugation, chromatin
pellets were collected, suspended in NETN buffer, and sonicated
before use.

Neutral comet assay

Comet assay was performed as described previously (Castillo
et al. 2014). Briefly, cells were trypsinized, pelleted, and gently re-
suspended in 1 mL of PBS. Ten microliters of cell suspension
(10,000 cells) was mixed with low-melting agarose gel and used
for cell lysis and electrophoresis in neutral electrophoresis buffer
(Trevigen). Nuclear DNA was visualized by staining with SYBR
Gold solution, and images were captured using a Nikon 80i mi-
croscope. The tail moment of each cell was analyzed by OpenCo-
met software.

Metaphase analysis

MEFs were grown to reach 60%–70% confluence and incubated
inmedium containing 0.1 µg/mL colcemid for 4 h. For cells treat-
ed with APH, cells were incubated in 0.3 µMAPH for 16 h before
treatment with colcemid. Cells were harvested by trypsinization,
incubated in 0.075 M KCl hypotonic solution, and fixed in 3:1
methanol:acetic acid. Metaphase spreads were dropped and dried
on glass slides. Slides were stained with DAPI and examined for
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chromosomal breaks and structural aberrations. At least 50meta-
phases per condition were analyzed.
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