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ATR inhibition disrupts rewired
homologous recombination and fork
protection pathways in PARP inhibitor-
resistant BRCA-deficient cancer cells
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Hai Dang Nguyen,! Chu Kwen Ho,' Tanya Todorova Kwan,'* Robert Morris,' Sam Lauffer,'
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!Massachusetts General Hospital Cancer Center, Harvard Medical School, Charlestown, Massachusetts 02129, USA; 2Howard
Hughes Medical Institute, Massachusetts General Hospital, Charlestown, Massachusetts 02129, USA; *Massachusetts General
Hospital Gillette Center, Massachusetts General Hospital, Boston, Massachusetts 02115, USA; “Laboratory of Genome Integrity,
National Cancer Institute, National Institutes of Health, Bethesda, Maryland 20892, USA; °Department of Pathology,
Massachusetts General Hospital, Harvard Medical School, Boston, Massachusetts 02115, USA

Poly-(ADP-ribose) polymerase (PARP) inhibitors (PARPis) selectively kill BRCA1/2-deficient cells, but their efficacy
in BRCA-deficient patients is limited by drug resistance. Here, we used derived cell lines and cells from patients to
investigate how to overcome PARP; resistance. We found that the functions of BRCA1 in homologous recombi-
nation (HR) and replication fork protection are sequentially bypassed during the acquisition of PARPi resistance.
Despite the lack of BRCA1, PARPi-resistant cells regain RAD51 loading to DNA double-stranded breaks (DSBs) and
stalled replication forks, enabling two distinct mechanisms of PARPi resistance. Compared with BRCA1-proficient
cells, PARPi-resistant BRCA1-deficient cells are increasingly dependent on ATR for survival. ATR inhibitors
(ATRis) disrupt BRCA1-independent RAD51 loading to DSBs and stalled forks in PARPi-resistant BRCA1-deficient
cells, overcoming both resistance mechanisms. In tumor cells derived from patients, ATRis also overcome the by-
pass of BRCA1/2 in fork protection. Thus, ATR inhibition is a unique strategy to overcome the PARPi resistance of
BRCA-deficient cancers.
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Mutations in BRCA1 and BRCA2 genes are found in
breast, ovarian, prostate, and pancreatic cancers, provid-
ing opportunities for targeted therapy (Fong et al. 2009;
Audeh et al. 2010; Tutt et al. 2010; Kaufman et al. 2015;
Lord et al. 2015; O’Connor 2015). Among their many func-
tions, BRCA1 and BRCA2 proteins are important for ho-
mologous recombination (HR) and protection of stalled
DNA replication forks (Prakash et al. 2015). BRCA1- and
BRCA2-deficient cells are highly sensitive to inhibitors
of poly-(ADP-ribose) polymerase (PARP) (Bryant et al.
2005; Farmer et al. 2005). It is believed that PARP inhibi-
tors (PARPis) induce replication stress by trapping inac-
tive PARP on DNA and/or inhibiting base excision
repair, which creates a dependency on BRCAI1 and
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BRCA2 for cell survival (Bryant et al. 2005; Farmer et al.
2005; Murai et al. 2012; Lord et al. 2015; Lord and Ash-
worth 2016). Several PARPis have shown efficacy in the
treatment of BRCA-deficient cancers (O’Connor 2015).
The PARPi olaparib has been approved by the FDA for
the treatment of advanced ovarian cancers with BRCA1/
2 mutations (Kim et al. 2015). However, as with other tar-
geted drugs, the efficacy of PARPis is limited by drug resis-
tance (Fojo and Bates 2013; Lord and Ashworth 2013;
Sonnenblick et al. 2015). Only a fraction of BRCA1/2 mu-
tation carriers responded to PARPis, and even those who
responded subsequently developed resistance and re-
lapsed. Thus, a strategy to overcome the PARPi resistance
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of BRCA-deficient cancers is much needed to improve this
promising targeted therapy.

Both BRCA1 and BRCA2 are key players in HR. In the
absence of BRCAI, 53BP1 inhibits HR by limiting DNA
end resection, a process generating ssDNA at DNA dou-
ble-stranded breaks (DSBs) (Bunting et al. 2010). BRCA1
interacts with the PALB2-BRCA2 complex and promotes
its localization to DSBs, enabling PALB2-BRCAZ2 to load
RADS51 onto ssDNA (Sy et al. 2009; Zhang et al. 2009;
Orthwein et al. 2015). Independently of their HR func-
tions, BRCA1 and BRCA2 are required for the protection
of stalled replication forks (Schlacher et al. 2011, 2012;
Ying et al. 2012). In BRCA1/2-deficient cells, stalled repli-
cation forks are extensively degraded by MRE11 and other
nucleases (Schlacher et al. 2011; Ying et al. 2012; Chaud-
huri et al. 2016). Like BRCA1 and BRCA2, RAD51 is re-
quired for the protection of stalled forks (Schlacher et al.
2011). How RAD5I is recruited to stalled forks is still un-
clear, but BRCAZ2 is needed to stabilize RAD51 on ssDNA
for fork protection (Schlacher et al. 2011; Chaudhuri et al.
2016). The important functions of BRCA1/2 in HR and
fork protection likely underlie the sensitivity of BRCA1/
2-deficient cells to PARPis (Schlacher et al. 2011; Chaud-
huri et al. 2016).

Recent genetic studies have revealed that the functions
of BRCA1/2 in HR and fork protection can be bypassed
by rewiring of these pathways. For example, deletion
of 53BP1 suppressed the HR defects and lethality of
BRCA17/~ cells (Bunting et al. 2010). Loss of the 53BP1-
binding protein RIF1 and its associated protein, REV7,
also suppressed the HR defects of BRCAl-deficient cells
(Chapman et al. 2013; Escribano-Diaz et al. 2013; Zim-
mermann et al. 2013; Xu et al. 2015). In cells lacking
53BP1, RIF1, or REV7, DNA end resection is enhanced,
suggesting that generation of long ssDNA at DSBs may al-
leviate the HR defects of BRCA1-deficient cells. Interest-
ingly, while loss of 53BP1 suppresses the HR defects of
BRCA1-deficient cells, it does not suppress the defect in
fork protection (Chaudhuri et al. 2016). In contrast, loss
of PTIP suppresses the fork protection defects of
BRCAL1- and BRCA2-deficient cells but not their HR de-
fects (Chaudhuri et al. 2016). In the absence of PTIP, lo-
calization of the MREI1 nuclease to stalled replication
forks is compromised, explaining the reduction in fork
degradation in the absence of BRCAI1/2 (Chaudhuri
et al. 2016). Notably, loss of 53BP1 in BRCA1-deficient
cells or loss of PTIP1 in BRCA1/2-deficient cells is suffi-
cient to confer PARPi resistance, suggesting that bypass-
es of HR and fork protection functions of BRCA1/2
enable two distinct PARPI resistance mechanisms (Bun-
ting et al. 2010; Chaudhuri et al. 2016). These genetic
studies have provided a framework to understand how
HR and fork protection pathways are rewired in the ab-
sence of BRCA1/2 and how PARPi resistance arises in
BRCA1/2-deficient cells. In addition to the rewiring of
HR and fork protection pathways, several other mecha-
nisms have also been implicated in the PARPi resistance
of BRCA1/2-deficient cells. These mechanisms include
up-regulation of efflux pump (Rottenberg et al. 2008),
loss of PARP1 (Pettitt et al. 2013), restoration of the
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BRCA1/2 reading frame (Edwards et al. 2008; Sakai
et al. 2008), loss of KU (Patel et al. 2011; Bunting et al.
2012; Choi et al. 2016), altered DNA end processing
(Wang et al. 2014), alternative splicing of BRCAI
mRNA (Wang et al. 2016), and stabilization of the
BRCAI1 mutant protein (Johnson et al. 2013). To what ex-
tent each of these mechanisms contributes to the PARPi
resistance of BRCA-deficient tumors in patients still
awaits further investigations.

In this study, we used a panel of derived cancer cell lines
and tumor cells from patients to investigate how to over-
come the PARPi resistance of BRCA-deficient cancers.
We found that both the HR and fork protection functions
of BRCA1 are commonly bypassed in PARPi-resistant
cells. Interestingly, the two functions of BRCAI1 are
sequentially bypassed during the acquisition of PARPi re-
sistance, suggesting that the PARPI resistance of BRCA1-
deficient cancer cells arises from two distinct mecha-
nisms through stepwise rewiring of HR and fork protec-
tion pathways. Through gene profiling and inhibitor
screening, we found that the ATR kinase has a unique
role in the survival of PARPi-resistant cells. In PARPi-re-
sistant BRCA1-deficient cells, ATR controls both BRCA1-
independent HR and fork protection by promoting
RAD5I1 loading to DSBs and stalled forks. Inhibition of
ATR leads to blockage of BRCAl-independent HR and
fork protection, resensitizing resistant cells to PARPis.
In tumor cells derived from BRCA1/2-deficient patients,
PARPiI resistance correlates with the bypass of BRCA1/2
in fork protection, which is also overcome by ATR inhib-
itors (ATRis). These results suggest that ATR inhibition is
a unique strategy to overcome the PARPI resistance of
BRCA-deficient cancers.

Results

A panel of PARPi-resistant BRCA1-deficient cell lines
harboring distinct resistance mechanisms

To investigate how to overcome the PARPI resistance of
BRCAI-deficient cancers, we used UWBI, a BRCA1-defi-
cient ovarian cancer cell line (DelloRusso et al. 2007), to
derive a panel of cell lines resistant to olaparib (Fig. 1A,
B; Supplemental Fig. S1A). These cell lines were also resis-
tant to another PARPi, ABT-888, showing that their
PARPi resistance is not specific to olaparib (Supplemental
Fig. S1B). Full-length BRCA1 protein was undetectable in
all of the resistant lines using antibodies recognizing the
N or C terminus of BRCA1 (Supplemental Fig. S1C).
The BRCA1 frameshift mutation in UWBI1 was retained
in the resistant lines, and the secondary mutation report-
ed to restore wild-type BRCA1 reading frame was not de-
tected (Swisher et al. 2008; data not shown). The
BRCA1A11q isoform and the truncated BRCAI protein
that it encodes were detected in UWBI as well as the resis-
tant lines (Supplemental Fig. SID,E; Wang et al. 2016).
Olaparib suppressed DNA damage-induced PARylation
in the resistant lines, ruling out loss of PARP1, up-regula-
tion of efflux pump, or compensation by other PARP
family members as the cause of resistance (Supplemental
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Figure 1. ATRis have a unique ability to overcome the PARPi resistance of BRCA1-deficient cancer cells. (A) Schematic of derivation
of PARPi-resistant cells from the parental BRCA1-deficient UWB1.289 ovarian cancer cell line. (B) Viability assay of UWBI (parental),
UWB +B1 (complemented with wild-type BRCA1), and derived PARPi-resistant cell lines after 6 d of increasing doses of PARPi (ola-
parib) treatment. n=3 replicates. Error bars represent SD. (C) Gene set enrichment analysis of RNA sequencing data from UWBI,
SYr12, and SYr13 cell lines. (D) Mini drug screen performed on UWBI +Bl, UWBI, and resistant lines (SYr12 and SYr13). Cells
were treated with increasing doses of ATRi (VE-821, 0-0.625 nM), ATMi (KU55933, 0-0.625 uM), DNA-PKi (NU7441, 0-0.625 pM),
Chkli (MK-8776, 0-0.5 nM), or Weeli (MK-1775, 0-0.25 pM) in the absence or presence of 2.0 pM PARPi (olaparib). Color-coding de-
notes the level of viability (green [100% viability] to red [0% cell viability]) relative to DMSO treatment. (E) IC50s of the indicated cell
lines to PARPi (olaparib) were measured after 6 d of olaparib treatment in the presence of increasing concentrations of ATRi (VE-821).
(F) The indicated cell lines were treated with ATRi (VE-821), PARPi (olaparib), or ATRi and PARPi for 7 d. Fractions of cells undergoing
cell death (propidium iodide and/or annexin V-positive) were measured. n = 3 replicates. Error bars represent SD. (G) The indicated cell
lines were treated with increasing doses of PARPi (0-25 uM) in combination with increasing doses of either ATRi (0-2.5 uM) or cis-
platin (0-1.25 uM) in triplicate, and an overall Bliss score and P-value were calculated. Bliss score >0, synergistic; Bliss score = 0, addi-
tive; Bliss score <0, antagonistic.
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Fig. S1F; Rottenberg et al. 2008; Pettitt et al. 2013). Con-
sistently, the efflux pump protein MDR1 was not up-reg-
ulated in most of the resistant lines (Supplemental Fig.
S1G). Loss of 53BP1, RIF1, REV7, PTIP, CHD4, KU70,
JMJD1C, and SLEN11 has been implicated in PARPi resis-
tance in various cellular contexts (Bunting et al. 2010;
Patel et al. 2011; Callen et al. 2013; Chapman et al.
2013; Di Virgilio et al. 2013; Escribano-Diaz et al. 2013;
Feng et al. 2013; Jaspers et al. 2013; Zimmermann et al.
2013; Chen et al. 2014; Boersma et al. 2015; Guillemette
et al. 2015; Xu et al. 2015; Kurfurstova et al. 2016; Murai
et al. 2016). Some of these proteins were expressed at re-
duced levels in a subset of the resistant lines compared
with UWBI1 (Supplemental Fig. S1C,G). Interestingly,
some resistant lines displayed reductions in several pro-
teins in this group, suggesting the presence of multiple re-
sistance mechanisms in the same cell. However, some
resistant lines did not show a reduction in any protein in
this group, indicating the existence of currently unknown
resistance mechanisms. Thus, this panel of PARPi-resis-
tant BRCA1-deficient cell lines harbors a variety of genet-
ic or epigenetic alterations leading to resistance, which
likely reflects the heterogeneity of resistance mechanisms
in tumors.

ATRIi has a unique ability to preferentially sensitize
PARPi-resistant cells to PARPis

To understand how UWBI acquired PARPi resistance, we
performed RNA sequencing on UWBI and two of the
PARPi-resistant lines: SYr12 and SYr13. Gene set enrich-
ment analysis (GSEA) revealed only two gene sets signifi-
cantly enriched in SYr12 compared with UWBI, both of
which primarily consist of checkpoint, cell cycle, and
DNA repair genes (Fig. 1C; Supplemental Fig. STH). One
of these gene sets was also enriched in SYr13. Additional-
ly, a second gene set consisting of components of the ATR
checkpoint was significantly enriched in SYr13. These
results suggest that the DNA damage response network
is transcriptionally rewired in the PARPi-resistant cells,
raising the possibility that certain checkpoint or DNA
repair proteins contribute to PARPi resistance.
Prompted by the GSEA results, we used SYrl2 and
SYr13 to perform a “miniscreen” for checkpoint and/or
DNA repair inhibitors that sensitize resistant cells to
PARPis (Fig. 1D). In cell-free assays, inhibitors of ATM
(ATMi: KU55933), ATR (ATRi: VE-821}, and DNA-PK
(DNA-PKi: NU7026) all have IC50s in the 10-100 nM
range (Hollick et al. 2003; Hickson et al. 2004; Reaper
et al. 2011). When used in cell cultures at submicromolar
concentrations, ATMi and DNA-PKi showed little cyto-
toxicity in the resistant lines and did not significantly af-
fect olaparib sensitivity (Fig. 1D). In contrast, ATRi was
clearly cytotoxic to both resistant lines, and its effects
were enhanced by olaparib (Fig. 1D). Inhibitors of
Chkl (Chkli: MK-8776) and Weel (Weeli: MK-1775)
were also cytotoxic to the resistant lines (Fig. 1D). Com-
pared with Chkli and Weeli, ATRi exhibited a greater
selectivity toward the resistant lines as opposed to the
BRCA1-proficient UWBI1 + B1 line (UWBI1 complemented

ATR inhibition overcomes PARP inhibitor resistance

with wild-type BRCA1) (Fig. 1D; Supplemental Fig. S11,]).
Furthermore, at the concentrations tested, ATRi did not
sensitize untransformed RPEI-hTERT cells to PARPis
(Supplemental Fig. S1J). Thus, ATRi has a unique ability
to preferentially sensitize PARPi-resistant BRCA1-defi-
cient cells, as opposed to BRCAl-proficient cells, to
PARPis.

To confirm the ability of ATRi to preferentially sensi-
tize PARPi-resistant BRCA1-deficient cells, we measured
the IC50 of olaparib in UWB1, UWBI1 +B1, SYr12, and
SYr13 in the presence or absence of VE-821 (Fig. 1E; Sup-
plemental Fig. S11). Even low concentrations of VE-821 re-
duced the IC50 of olaparib in the resistant lines but not in
UWRBI + B1. The combination of VE-821 and olaparib dras-
tically increased the cell death of SYr12 and SYr13 but not
UWBI +B1, showing that the resistant cells were prefer-
entially killed, and not simply arrested, by ATRi and PAR-
Pis (Fig. 1F). AZ20, a second ATRI, also preferentially
sensitized SYr12 and SYr13 to olaparib compared with
UWRBI +B1 (Supplemental Fig. S1K; Foote et al. 2013).
To determine whether the effects of ATRi were attributed
to its general cytotoxicity in S-phase cells, we compared
the combinations of olaparib with VE-821 and olaparib
with cisplatin in UWB1, UWBI + B1, and SYr12 (Fig. 1G;
Supplemental Fig. SIL). Olaparib and VE-821 displayed a
greater synergy in SYr12 than olaparib and cisplatin ac-
cording to the Bliss model (Yadav et al. 2015). Further-
more, olaparib and VE-821 were synergistic only in
SYrl12 but not UWBI + B1. These results lend further sup-
port to the notion that ATRi has a unique ability to pref-
erentially sensitize PARPi-resistant BRCAI1-deficient
cells and that its effects are not simply due to its cytotox-
icity in S phase.

ATRi broadly overcomes pre-existing
and acquired PARPi resistance in BRCA1-deficient
cancer cells

We next extended our analysis to other PARPi-resistant
BRCA1-deficient cell lines. Despite the heterogeneity of
resistance mechanisms, VE-821 broadly overcame PARPi
resistance in this panel of resistant cell lines (Fig. 2A,B).
Similar to SYr12 and SYrl3, other resistant lines were
also preferentially sensitized to olaparib by VE-821 com-
pared with UWBI + B1 (Fig. 2B). In addition to the UWBI1
derivative lines, a PARPi-resistant mouse cell line (BR5-
R1) derived from a BRCA1*'/211 (exon 11 deleted) mouse
ovarian cancer cell line (BR5) was also sensitized to ola-
parib by VE-821 (Fig. 2C; Xing and Orsulic 2006). These re-
sults show that ATRi overcomes a variety of PARPi
resistance mechanisms in human and mouse BRCA1-de-
ficient cancer cells.

In clinics, only a fraction of the patients with BRCA1/2
mutations responded to olaparib (Fong et al. 2009), indi-
cating the presence of pre-existing PARPi resistance.
The BRCA1-deficient breast cancer cell line HCC1937
and its BRCAl-complemented derivative, HCC1937 +
B1, were similarly sensitive to olaparib, providing an ex-
ample of pre-existing PARPi resistance (Fig. 2D; Supple-
mental Fig. S2; Johnson et al. 2013). Compared with
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HCC1937 + B1, HCC1937 was preferentially sensitized to
olaparib by VE-821, suggesting that ATRi overcomes the
pre-existing PARPi resistance (Fig. 2D; Supplemental
Fig. S2). To test whether ATRIi affects the emergence of
PARPi resistance, we selected for olaparib-resistant
UWBI clones in the presence or absence of VE-821 (Fig.
2E). As a control, UWBI cells were also selected in ola-
parib and ATMi. Strikingly, the formation of resistant
clones was completely eliminated by ATRi but not
ATMi. Thus, ATRi overcomes not only acquired but
also pre-existing PARPi resistance of BRCAI1-deficient
cancer cells and suppresses the emergence of PARPi resis-
tance when used up front with PARPis.
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The HR function of BRCA1, but not PALB2-BRCA2,
is partially bypassed in BRCA1-deficient

cancer cells

The functional status of HR is a key determinant of PARPi
sensitivity (Lord et al. 2008). To understand how ATRi
overcomes PARPi resistance, we analyzed the HR status
in BRCAIl-deficient cancer lines and their BRCA1l-com-
plemented and PARPi-resistant derivatives. Both ionizing
radiation (IR) and olaparib induced RAD51 foci in UWB1
and UWBI +Bl, indicating HR at DSBs (Fig. 3A; Supple-
mental Fig. S3A,B). Surprisingly, although RAD51 foci
were reduced in UWBI1 compared with UWBI +BI,
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substantial RADS51 foci remained detectable in UWBI.
Knockdown of full-length BRCAI abolished RAD51 foci
in BRCAl-proficient U20S cells but did not reduce
RAD5I1 foci in UWBI (Fig. 3B; Supplemental Fig. S3C,
D). Specific knockdown of the truncated BRCA1 encoded
by the BRCA1A11q isoform in UWBI reduced but did not
eliminate RAD51 foci (Supplemental Fig. S3E,F), showing
that significant amounts of RAD51 were recruited to
DSBs independently of BRCA1. HCC1937 cells did not ex-
press the truncated BRCAL1 but retained a substantial abil-
ity to form RADS5]1 foci (Fig. 3C; Supplemental Fig. S3G).
Similar to UWBI, the RAD51 foci in HCC1937 were not
affected by the siRNA targeting full-length BRCAL1 (Fig.
3C). Knockdown of full-length BRCA1 in UWBI1 +B1
and HCC1937 + Bl reduced RAD51 foci only to the levels
in UWBI and HCC1937, respectively (Fig. 3B,C; Supple-
mental Fig. S3D,H). Thus, while the truncated BRCA1
contributes to RAD51 localization in UWBI1 (Wang et al.
2016), by and large, RADS5] is recruited to DSBs indepen-

5
[PARPI], uM

10

dently of BRCA1 in both UWB1 and HCC1937. The par-
tial bypass of BRCA1 function in RADS5I recruitment in
both UWB1 and HCC1937 reveals a shared feature of
BRCAI1-deficient cancer cells.

The partial bypass of BRCA1 in UWBI1 and HCC1937
suggests that the HR pathway is already rewired in
BRCAI1-deficient cancer cells even before they acquire
PARPi resistance, which may allow cancer cells to survive
the lack of BRCA1. In marked contrast to siRNAs target-
ing BRCA1 (including the truncated BRCAI), siPALB2
drastically reduced RADS51 foci in U20S, UWBI, and
HCC1937 (Fig. 3B,C; Supplemental Fig. S3C,D). There-
fore, despite the bypass of BRCA1l, PALB2 remains
indispensable in the rewired HR pathway in UWBI1 and
HCC1937.

Compared with UWB], the PARPi-resistant lines gener-
ally displayed similar or modestly higher levels of RAD51
foci (Fig. 3A; Supplemental Fig. S3A,B). The increase of
RADA5]1 foci in some resistant lines suggests that HR is
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further restored. In other resistant lines, levels of RAD51
foci are similar to that in UWBI, suggesting that an in-
crease in HR is not obligated for the acquisition of PARPi
resistance. Knockdown of PALB2 or BRCAZ2 drastically re-
duced RAD51 foci in UWBI and SYr12 (Fig. 3D; Supple-
mental Fig. S31]), showing that the rewired HR pathway
in PARPi-resistant cells remains dependent on PALB2-
BRCA2. Importantly, knockdown of PALB2 or BRCAZ2 sig-
nificantly increased the olaparib sensitivity of SYr12 and
SYr13 (Fig. 3E; Supplemental Fig. S3J), revealing that
PALB2-BRCA?2 remains indispensable for cell survival
in PARPis even after UWBI cells acquire resistance.
These results suggest that the HR activity in UWBI is ei-
ther maintained or increased in PARPi-resistant cells,
which is necessary for PARPi resistance. Furthermore, a
strategy to inhibit PALB2-BRCA2 may overcome PARPi
resistance.
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ATRi blocks BRCA1-independent RAD51 loading to
DSBs

ATR is required for HR and the formation of RAD51 foci
(Wang et al. 2004; Adamson et al. 2012; Prevo et al.
2012). We and others recently showed that PALB2 is a sub-
strate of ATR in response to DSBs and replication stress
(Ahlskog et al. 2016; Buisson et al. 2017). In BRCA1-profi-
cient U20S cells, partial ATR inhibition reduced HR sig-
nificantly (Fig. 4A; Supplemental Fig. S4A B). VE-821
diminished BRCAZ2 foci but not BRCA1 foci without alter-
ing the cell cycle (Fig. 4B,C; Supplemental Fig. S4C,D),
suggesting that ATR regulates BRCA2 downstream from
BRCALI in the canonical BRCA1-dependent HR pathway.

The role of ATR in BRCAZ2 regulation raises the ques-
tion of whether ATR controls RAD51 recruitment when
BRCAL1 is bypassed. Loss of 53BP1 bypasses BRCAL1 in
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HR (Bunting et al. 2010}, providing an opportunity to test
ATR function in the absence of BRCAI. Knockdown of
53BP1 in cells lacking BRCA1 significantly restored the
formation of RAD51 foci (Fig. 4D; Supplemental Fig.
S4E). Importantly, VE-821 reduced RADS51 foci in cells
lacking both BRCAL1 and 53BP1, suggesting that ATR re-
mains indispensable for RAD51 recruitment even when
BRCAL1 is bypassed. Furthermore, VE-821 sensitized
BRCAL1, 53BP1 double-deficient cells to olaparib, showing
that ATRi overcomes the bypass of BRCA1 by 53BP1 loss
(Fig. 4E; Supplemental Fig. S4F).

We next compared the effects of ATRi on PARPi-resis-
tant BRCA1-deficient cell lines and BRCA1-proficient
cell lines. In SYrl2 cells, VE-821 drastically reduced
RADS5I foci and the recruitment of BRCA2 to DNA dam-
age stripes (Fig. 5A,B). While VE-821 also reduced BRCA2
and RADA51 localization in UWBI1 + Bl cells, its effects
were more pronounced in SYrl2 (Fig. 5A,B). Similarly,
RADS5I1 foci were reduced by VE-821 to a greater extent
in HCC1937 than in HCC1937 + Bl (Supplemental Fig.
S5). Thus, in the absence of BRCAI, the rewired HR path-
way is increasingly dependent on ATR.

In addition to BRCA1, RPA has also been implicated in
the recruitment of PALB2 (Murphy et al. 2014). Phosphor-
ylated RPA32 (p-RPA), which is generated during DSB re-
section, stimulates the binding of PALB2 to ssDNA in
cell extracts (Murphy et al. 2014), providing a possible
means to recruit PALB2-BRCA2 in the absence of
BRCALI. As indicated by the BRCAl-independent HR in
UWBI, SYrl12, and SYr13, these BRCAl-deficient cells
are able to resect DSBs. Indeed, in response to camptothe-
cin (CPT)-induced DSBs, RPA32 was phosphorylated in
UWRBI, SYr12, and SYr13 (Fig. 5C). Consistent with its ef-
fects on BRCA2 and RAD51 recruitment (Fig. 5A,B), VE-
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821 significantly reduced the p-RPA in UWBI, SYrl2,
and SYr13 (Fig. 5D). These results suggest a possible mech-
anism by which ATRi blocks the rewired and less-efficient
HR pathway in the absence of BRCAI, explaining the in-
creased dependency of PARPi-resistant BRCA1-deficient
cells on ATR.

ATRi overcomes BRCA1-independent fork protection

While BRCAI-independent HR is required for the survival
of resistant cells in PARPis, RAD51 foci were not in-
creased in several resistant lines compared with UWBI1
(Supplemental Fig. S3A), suggesting that another event
is necessary to confer PARPi resistance. The reduction
of PTIP in some resistant lines prompted us to test wheth-
er the function of BRCA1 in fork protection is commonly
bypassed (Supplemental Fig. S1C). DNA fiber analysis
showed that forks stalled by hydroxyurea (HU) were de-
graded in UWBI but not UWB + Bl (Fig. 6A). Remarkably,
all of the PARPi-resistant lines that we tested with the
fiber assay, including SYr9, SYr12, SYrl13, SYrl4, and
SY137, regained the ability to protect stalled forks (Fig.
6A,B; Supplemental Fig. S6A,B). The regain of fork pro-
tection was not restricted to the cell lines with reduced
PTIP, indicating multiple contributing mechanisms. VE-
821 significantly enhanced fork degradation in all of the
resistant lines (Fig. 6B; Supplemental Fig. S6A,B). Mirin,
an inhibitor of MRE11, reduced fork degradation in VE-
821-treated cells (Fig. 6B). Consistent with the idea that
MRE11-mediated fork degradation contributes to the
PARPi sensitivity of BRCAIl-deficient cells, partial
knockdown of MRE11 reduced the PARPi sensitivity of
UWBI (Supplemental Fig. S6C,D). Thus, ATRi enables
MRE]11-mediated fork degradation in PARPi-resistant

Figure 5. ATRi blocks BRCAl-independent HR in
PARPi-resistant cells by inhibiting PALB2-BRCA2
localization to DNA breaks. (A) The indicated cell
lines were treated with ATRi (VE-821), PARPi (ola-
parib), or ATRi and PARPi for 24 h. Fractions of
RAD51 focus-positive cells were measured. n = 4 rep-
licates for SYr12; n=3 replicates for other samples.
Error bars represent SD. (B) The indicated cell lines
were treated with DMSO or 10 uM ATRi (VE-821)
and irradiated with ultraviolet (UV) laser, and frac-
tions of cells showing BRCA2 staining in yH2AX
stripes were measured 1 h later. n =4 replicates for
SYr12; n=23 replicates for other samples. Error bars
represent SD. (C) The indicated cell lines were treated
with 1 uM camptothecin (CPT) for 2 h. The intensity
of phosphorylated RPA32 (p-RPA) (S4/S8) was mea-
sured by immunofluorescence, with each cell plotted
individually. n = 550 cells for each condition. (D) The
indicated cell lines were treated with 1 uM CPT or
CPT and 10 pM ATRIi for 2 h. Levels of p-RPA (S4/

P S8) were analyzed by Western blot.
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Figure 6. ATRi reactivates degradation of
stalled forks in PARPi-resistant cells. (A)
DNA fiber analysis of stalled replication
forks. Newly synthesized DNA was
sequentially labeled with 50 uM CIdU for
30 min and 100 pM IdU for 30 min. Cells
were subsequently treated with 4 mM HU
for 5 h, and lengths of CIdU- and IdU-la-
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0f 0.2 and fit to a Gausian curve using Prism
software. At least n=100 fibers were mea-
sured for each condition; experiments
were completed in triplicate. (B) DNA fiber
analysis of stalled forks as in A, with each
fiber plotted individually. The indicated
cell lines were untreated or treated with 4
mM HU, HU and 10 pM ATRi (VE-821),
or HU, ATRi, and 50 pM mirin for 5
h. Bars represent the median IdU/C1dU ra-
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cells, reactivating a mechanism that contributes to PARPi
sensitivity.

ATRi may reactivate MRE11-mediated fork degrada-
tion by inducing DSBs (Toledo et al. 2013). Using
pulsed-field gel electrophoresis (PFGE), we found that
similar levels of DSBs were induced by VE-821 in HU-
treated UWBI1 and SYr12 cells (Fig. 6C). Since VE-821 en-
hanced fork degradation only in SYr12 but not UWBI (Fig.
6B), the induction of DSBs is unlikely to be the cause of in-
creased fork degradation. In addition to HR, RAD51 is im-
portant for fork protection (Schlacher et al. 2011). RAD51
was recruited onto chromatin after HU treatment in SYr9,
SYrl12, SYr13, and SYr14 but not UWBI (Fig. 6D; Supple-
mental Fig. S6E). The HU-induced chromatin binding of
RAD5]1, but not RPA, was reduced by VE-821 in all of
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these resistant lines (Fig. 6D; Supplemental Fig. SGE).
iPOND (isolation of proteins on nascent DNA) analysis
showed that RAD51 was recruited to stalled forks in
UWBI +B1 and SYr12 but not UWBI (Fig. 6E; Sirbu
et al. 2011). Importantly, VE-821 reduced the RADS51 at
stalled forks in SYrl2. Together, these results suggest
that ATRi reactivates fork degradation in PARPi-resistant
cells by preventing RAD51 accumulation at stalled forks.

RADS5I paralogs are regulators of RAD51 filaments
(Prakash et al. 2015). One of the RAD51 paralogs,
XRCC3, is phosphorylated by ATM/ATR after DNA dam-
age (Somyajit et al. 2013). Another paralog, XRCC2, is also
a potential substrate of ATR (Matsuoka et al. 2007). Like
RAD51, XRCC3 is required for the protection of stalled
forks (Henry-Mowatt et al. 2003; Somyajit et al. 2015).
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Knockdown of XRCC3 reduced the HU-induced chroma-
tin binding of RAD51 in SYr12 (Fig. 6F; Supplemental Fig.
S6F). Depletion of XRCC2 also modestly decreased chro-
matin-bound RAD51. These results suggest that ATR
may promote the association of RAD51 with stalled forks
in resistant cells by regulating RAD51 paralogs.

ATRi overcomes fork protection in tumor cells from
BRCA1/2-deficient patients

Having established that ATRi overcomes the PARPi re-
sistance of BRCAl-deficient cancer cell lines, we asked
whether this strategy is applicable to PARPi-resistant tu-
mor cells derived from BRCA1/2-deficient patients. Pri-
mary tumor cells were isolated from a BRCA1-deficient
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(BRCA1-ins6kbEx13) ovarian cancer patient who had
progressed after olaparib treatment and were cultured
ex vivo for a few passages (Hendrickson et al. 2005).
DNA fiber analyses showed that fork degradation was
modest in the tumor cells but was significantly enhanced
by VE-821 (Fig. 7A). Similar results were obtained using
cells from patient-derived xenografts (PDXs) of the same
tumor (Fig. 7B). In contrast to cells from the PARPi-resis-
tant BRCA1-deficient patient, tumor cells and PDX cells
from another ovarian cancer patient without BRCA1/2
mutations did not show fork degradation even in the
presence of ATRi (Fig. 7A,B). Thus, ATRi overcomes
fork protection in tumor cells from a PARPi-resistant
BRCAIl-deficient patient but not in BRCA-proficient
tumor cells.

Figure 7. ATRI reactivates fork degrada-
tion in tumor cells derived from PARPi-re-
sistant BRCA-deficient patients. (A) DNA
fiber analysis of tumor cells from a
BRCA1-deficient PARPi-resistant ovarian
cancer patient and a non-BRCA ovarian
cancer patient, with each fiber plotted indi-
vidually after no treatment, treatment with
4 mM HU, or treatment with HU and 10
BM ATRi (VE-821). Red bars represent the
median IdU/CIdU ratios. n=125 for non-
BRCA tumor cells; n =215 for BRCA1-defi-
cient PARPi-resistant tumor cells; experi-
ments were performed in duplicate.
Significance was determined by Mann-
Whitney test. (**) P<0.01. (B) DNA fiber
analysis of PDX tumor cells derived from
patients in A. Each fiber was plotted indi-
vidually after no treatment, treatment
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with 4 mM HU, or treatment with HU
and 10 pM ATRi (VE-821). Red bars repre-
sent the median IdU/CIdU ratios. n=185.
Experiments were performed in duplicate.
Significance was determined by Mann-
Whitney test. (**) P<0.01; (****) P<
0.0001. (C) DNA fiber analysis of circulat-
ing tumor cells (CTCs) from a BRCA2-defi-
cient breast cancer patient and a non-BRCA
breast cancer patient as in A, with each fi-
ber plotted individually after no treatment,
treatment with 4 mM HU, or treatment
with HU and 10 uM ATRi (VE-821). Signifi-
cance was determined by Mann-Whitney
test. (****) P<0.0001. (D) Model of how
PARPi-resistant BRCA1-deficient cancer
cells bypass BRCAl in two sequential
steps. In step 1, the HR function of
BRCAL is partially bypassed. This partial
bypass of BRCA1 allows cancer cells to sur-
vive the lack of BRCA1 but is not sufficient
to confer PARPi resistance (e.g., UWBL). In
step 2, when cancer cells are under the
selective pressure of PARPis, the HR func-
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tion of BRCAL1 is further bypassed in some cells (e.g., SY12). Furthermore, the function of BRCAL in fork protection is commonly bypassed
(e.g., SYr9, SYr12, SYrl3, and SYr14). Our findings show that the bypasses of both BRCA1 functions in HR and fork protection contribute
to PARPi resistance in cancer cells. This model explains why ATRi, which blocks both BRCA1-independent HR and fork protection, has a

unique ability to overcome PARPi resistance.
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Recent studies have suggested that ex vivo culture of
circulating tumor cells (CTCs) may be used to predict
treatment responses in patients (Yu et al. 2014). Brx-68,
a CTC line derived from a breast cancer patient without
BRCA1/2 mutations, is sensitive to the PARPi
AZD7762 (Yu et al. 2014). Fork degradation occurred effi-
ciently in Brx-68 cells (Fig. 7C), suggesting that loss of fork
protection, even if it is not caused by BRCA 1/2 mutations,
associates with PARPi sensitivity. Consistent with the
idea that fork protection is already lost in Brx-68, VE-
821 did not enhance fork degradation. In contrast to
Brx-68, fork degradation was not detected in Brx-50, a
PARPi-resistant CTC line derived from a breast cancer pa-
tient carrying a BRCA2 frameshift mutation (Fig. 7C;
Yu et al. 2014). Importantly, VE-82.1 enhanced fork degra-
dation in Brx-50, lending further support to the notion
that ATRi overcomes fork protection in PARPi-resistant
BRCA-deficient tumor cells.

Discussion

Step-wise acquisition of PARPi resistance in BRCA-
deficient cancer cells

In this study, we found that both the HR and fork protec-
tion functions of BRCA1l are commonly bypassed in
PARPi-resistant cells. Previous studies have shown that
loss of 53BP1, RIF1, or REV7 is sufficient to bypass the
HR function of BRCA1 and confer PARPi resistance (Bun-
ting et al. 2010; Chapman et al. 2013; Escribano-Diaz et al.
2013; Zimmermann et al. 2013; Xu et al. 2015). Loss of
PTIP is also sufficient to bypass the fork protection func-
tions of BRCA1/2 and give rise to resistance to PARPis
(Chaudhuri et al. 2016). However, in a significant fraction
of the PARPi-resistant cell lines that we developed, both
REV7 and PTIP are reduced relative to the parental line,
showing that both functions of BRCAI are simultane-
ously bypassed in single-cell-derived cell populations.
This observation suggests that, while the bypass of either
BRCAL function is sufficient to confer PARPi resistance
in knockout or knockdown models, the acquisition of
PARPi resistance in cancer cells often involves the bypass
of both BRCA1 functions. The presence of multiple resis-
tance mechanisms in individual cancer cells adds an extra
layer of complexity to the heterogeneity of resistance in
tumors. If one aims to identify drugs that effectively
overcome PARPi resistance, these drugs would have to
possess the ability to overcome the bypass of both
BRCALI functions.

Why is it necessary for BRCA1-deficient cancer cells to
bypass both BRCAI functions to acquire PARPi resis-
tance? One possibility is that both BRCAI functions are
only partially bypassed in cancer cells, and the contribu-
tions of both bypasses are needed to confer significant
PARPi resistance. Additionally, the bypasses of the two
BRCALI functions may be coordinated in some way to
achieve PARPiI resistance. Interestingly, the HR function
of BRCALI is already partially bypassed in UWBI cells be-
fore the acquisition of PARPI resistance. This partial by-
pass of BRCA1 may help cancer cells survive the lack of
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BRCA1 (Fig. 7D). After UWBI acquires PARPi resistance,
RADA5]1 focus formation increases in a subset of resistant
lines, suggesting that a further bypass of the HR function
of BRCA1 may contribute to PARPi resistance (Fig. 7D).
Even in a resistant line (SYr13) that does not display an in-
crease in RAD51 foci, PALB2-BRCAZ2 is required for cell
survival in PARPi, suggesting that the partial BRCA1 by-
pass inherited from UWBI is indispensable for PARPi re-
sistance. Importantly, the fork protection function of
BRCAL is bypassed in all of the resistant lines tested, sug-
gesting that it is closely associated with PARPi resistance
(Fig. 7D). Together, these findings suggest that the HR and
fork protection functions of BRCA1 are bypassed in UWB1
cells in a sequential manner. The HR function is partially
bypassed even before cells acquire PARPi resistance,
priming cells for further bypass of the HR and/or fork pro-
tection functions when cells are under PARPi selection.
This two-step model for acquisition of PARPi resistance
may help explain how the bypasses of the two BRCA1
functions contribute to PARPi resistance, providing clues
to how PARPi resistance can be prevented and overcome.

ATRIi disrupts rewired HR and fork protection pathways

Through unbiased RNA profiling of PARPi-resistant cells
and an inhibitor screen, we found that ATR has an impor-
tant role in PARPi resistance. ATRi has a unique ability to
overcome PARPi resistance because of its effects on the
rewired HR and fork protection pathways in the absence
of BRCALI (Supplemental Fig. S7A). In PARPi-resistant
BRCAIl-deficient cells, PALB2-BRCA2 remains indis-
pensable for the rewired HR pathway. ATR is required
for the localization of PALB2-BRCA2 to DSBs in these
cells, possibly due to its role in phosphorylating RPA
and promoting RPA-mediated PALB2 recruitment (Sup-
plemental Fig. S7A). When the fork protection function
of BRCAL1 is bypassed in PARPi-resistant cells, loading
of RADS5]1 to stalled replication forks is restored. This re-
wired fork protection pathway is also dependent on ATR
and its substrate, XRCC3 (Supplemental Fig. S7A). ATRi
inhibits RADS51 loading to stalled forks, which reduces
the protection against nucleases and leads to enhanced
fork degradation. Altered expression of a number of genes
could lead to rewiring of HR and fork protection pathways
in BRCA1/2-deficient tumors. For example, low 53BP1 ex-
pression is associated with PARPi resistance in mouse
BRCAIl-deficient tumors, and low expression of 53BP1
and PTIP is associated with poor survival of human breast
and ovarian cancer patients (Bouwman et al. 2010; Jaspers
et al. 2013; Chaudhuri et al. 2016). ATRi broadly over-
comes PARPi resistance in 53BP1-depleted cells and in a
panel of resistant cell lines harboring a variety of resis-
tance mechanisms, suggesting that ATR inhibition is an
effective way to overcome the heterogeneity of resistance
in tumors. In addition to overcoming acquired PARPi re-
sistance, ATRi also overcomes pre-existing PARPI resis-
tance and prevents the emergence of resistance when
used up front with PARPi. These findings highlight the
versatility of ATRi in overcoming the PARPI resistance
of BRCA-deficient cancer cells.
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ATRi selectively sensitizes PARPi-resistant cells
to PARPis

ATR is a known regulator of HR, and ATRi is expected to
sensitize cells to PARPis even in the presence of BRCA1/2
(Huntoon et al. 2013). Indeed, a synergy between ATRi
and PARPi has been reported in several HR-proficient or
HR-deficient contexts (Peasland et al. 2011; Huehls
et al. 2012; Ogiwara et al. 2013; Abu-Sanad et al. 2015;
Mohni et al. 2015; Kim et al. 2016). Here, we show that
ATRi has a unique ability to preferentially sensitize
PARPi-resistant BRCA1l-deficient cells, as opposed to
BRCA1-proficient cells, to PARPi. When used at low con-
centrations, ATRi displays a greater synergy with PARPis
in PARPi-resistant cells than in BRCA1-proficient cells.
Although ATRI preferentially kills PARPi-resistant cells,
the functions of ATR in PARPi-resistant cells and BRCA-
proficient cells may be the same or related. The preferen-
tial effects of ATRi on PARPi-resistant cells can be ex-
plained by several nonmutually exclusive possibilities.
First, HR and fork protection pathways can function in
both BRCA1-dependent and BRCA1-independent modes,
and the BRCAl-independent modes of these pathways
are more reliant on ATR. Second, the rewiring of HR
and fork protection pathways in resistant cells may lead
to increased ATR dependence because of the change of
players in these pathways. Finally, the restoration of HR
and fork protection in resistant cells may be partial, which
renders these suboptimal pathways more sensitive to
ATR inhibition compared with the fully functional path-
ways in BRCA-proficient cells (Supplemental Fig. S7B).
Consistent with this possibility, RAD51 focus formation
is generally lower in PARPi-resistant lines compared
with BRCA-proficient lines (Supplemental Fig. S3A;
Issaeva et al. 2010). Partial restoration of RAD51 focus for-
mation is also prevalent in mouse PARPi-resistant
BRCA1-deficient tumors (Jaspers et al. 2013). The ability
of low concentrations of ATRi to preferentially sensitize
PARPi-resistant cells may be important for the therapeu-
tic window of ATRis in clinical settings.

Association of fork protection with PARPI resistance in
tumor cells from patients

In addition to multiple BRCA1-deficient cancer cell lines
of distinct origins and their derivative lines, we analyzed
primary tumor cells and CTCs from ovarian and breast
cancer patients. Our results show that it is feasible to per-
form DNA fiber assays using primary tumor cells and
CTCs cultured ex vivo. We found that the degradation of
stalled replication forks is associated with PARPi sensitiv-
ity even in tumor cells without BRCA1/2 mutations. This
finding raises the possibility that the efficiency of stalled
fork degradation in primary tumor cells or CTCs can be
used as a biomarker to predict the PARPi responses of pa-
tients. Furthermore, fork degradation is modest or
completely lost in tumor cells from PARPi-resistant pa-
tients, supporting the notion that the regain of fork protec-
tion is associated with PARPi resistance in human
tumors. Finally, like in cancer cell lines, ATRi demon-

ATR inhibition overcomes PARP inhibitor resistance

strates the ability to enhance fork degradation in PARPi-
resistant tumor cells. As the use of PARPis broadens in
cancer clinics, primary tumor cells, CTCs, and PDXs
from additional PARPi-resistant patients will become
available. These reagents will allow us to further investi-
gate the PARPi resistance mechanisms in BRCA-deficient
patients and the efficacy of ATRis to overcome them, pro-
viding a new guide for ongoing and future clinical trials of
ATRi-PARPi combination therapies.

Materials and methods

Cell lines

UWBI1.289 and UWB1.289 + BRCA1 were obtained from Ameri-
can Type Culture Collection (ATCC) and maintained in
RPMI1640 (ATCC| and MEGM bullet kit (1:1; Lonza) with 3%
FBS and 1% penicillin/streptomycin (DelloRusso et al. 2007).
SYr-resistant cell lines were derived from the parental
UWRBI1.289 line after 45 d of selection with 1.0 uM PARPi (ola-
parib; SelleckChem) or following passages with incremental in-
creases of PARPi (olaparib) from 0.025 to 1.0 pM. T2 (non-
BRCA), BR5 (BRCAI*/A1 exon 11 deleted), and resistant
BR5-R1 cell lines are FVB mouse-derived ovarian tumor cell lines
(Xing and Orsulic 2006) and were maintained in DMEM supple-
mented with 10% FBS, 1% penicillin/streptomycin, and 1% L-
glutamine. BR5-R1 was derived through incremental increases
of PARPi (olaparib) from 0.025 to 1.0 uM. HCC1937 and
HCC1937 + BRCA1 cells were maintained in RPMI-1640 supple-
mented with 10% FBS and 1% penicillin/streptomycin. RPE-
hTERT cells were maintained in DMEM supplemented with
10% FBS, 1% penicillin/streptomycin, and 1% L-glutamine. Pri-
mary human ovarian tumor cells were collected from ascites or
pleural fluid of ovarian cancer patients that had tested positive
for malignant cells by cytological analysis. Human ovarian tumor
cells were maintained in RPMI-1640 with 10% FBS, 1% L-gluta-
mine, 1 % penicillin/streptomycin, and supernatant from patient-
matched ascites/pleural fluid. All cells were grown at 37°C and
5% COs,.

Inhibitors

Cells were treated with inhibitors PARPi (olaparib, ABT-888),
ATRi (VE-821, VE-822, AZ20), ATMi (KU55933), Chkli (MK-
8776/SCH900776), DNA-PKi (NU7026), and Weeli (MK-1775),
all from SelleckChem, except AZ20 (custom-made).

Antibodies

Primary antibodies used for Western blots included BRCA1 (San-
ta Cruz Biotechnology), BRCA1 (Millipore), BRCA2 (Millipore),
53BP1 (Cell Signaling), RIF1 (Bethyl Laboratories) REV7 (BD
Transduction Laboratories), PTIP (kindly provided by Dr. Junjie
Chen, MD Anderson Cancer Center), KU70 (GeneTex), Tubulin
(Cell Signaling), and GAPDH (EMD Millipore).

DNA fiber assay

DNA fiber assays were performed as described previously (Mare-
chal et al. 2014). In brief, cells were pulsed with CIdU for 30 min
followed by a pulse of IdU for 30 min. Cells were either collected
and spread or incubated with 4 mM HU, HU and 10 uM ATRi
(VE-821), or HU, ATRi, and 50 pM mirin for 5 h and then collected
and spread. Collected cells were resuspended in cold PBS (1 x 10°
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cell per milliliter), and 2.5 puL was spotted onto a glass slide.
Spreading buffer (7.5 uL) (0.5% SDS, 200 mM Tris-HCI at pH
7.4, 50 mM EDTA) was added to each spot. After a brief incuba-
tion, slides were tilted ~15°, and lysed cells were allowed to slide
down and dry. Spread DNA was fixed in cold methanol:acetone
(3:1). DNA was denatured in 2.5 N HCI for 30 min and blocked
in 3% BSA/0.05% Tween-20 for 30 min at 37°C. Detection of
CldU and IdU tracts was carried out using rat anti-BrdU (1:100;
AbDSerotec, OBT0030) and mouse anti-BrdU (1:50; BD Biosci-
ences) for 1 h at 37°C followed by Alexa-488 anti-mouse (1:100)
and Cy3 anti-rat (1:100; Jackson ImmunoResearch) for 30 min
at 37°C. Slides were mounted with VectaShield (Vector Laborato-
ries). Fibers were imaged at 60x with a Nikon 90i microscope and
quantified using Image]J software.
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