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DNA polymerase 0 (POLQ) is important for repair of DNA
double-strand breaks caused by fork collapse
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DNA polymerase 0 (POLQ) plays an important role in al-
ternative nonhomologous end joining or microhomology-
mediated end joining (alt-NHE]J/MME]J). Here, we show that
POLQ is not only required for MME] to repair DNA double-
strand breaks (DSBs) generated by endonucleases such as I-Scel
or Cas9, but is also needed for repair of DSBs derived from DNA
nicks generated by Cas9 nickase. Consistently, we found that
POLQ deficiency leads to sensitivity to topoisomerase inhibi-
tors that cause DNA single-strand break (SSB) accumulation at
replication forks and to ATR inhibitors that induce replication
fork collapse. These studies support the function of POLQ in
coping with replication stress and repairing DSBs upon fork col-
lapse. POLQ overexpression is present in many cancer types and
is associated with poor prognosis, including breast cancer
regardless of BRCA1 status. We provide proof-of-concept evi-
dence to support a novel cancer treatment strategy that com-
bines POLQ inhibition with administration of topoisomerase or
ATR inhibitors, which induces replication stress and fork col-
lapse. Given the prevalence of POLQ overexpression in tumors,
such strategy may have a significant impact on developing tar-
geted cancer treatment.

DNA double-strand breaks (DSBs)® are a major cause of
genome instability. In mammalian cells, nonhomologous end
joining (NHE]J) and homologous recombination (HR) are two
major pathways for repairing DSBs (1). NHE] is Ku-dependent,
juxtaposing and ligating DSB ends without use of a template (2).
HR uses sister chromatids containing identical DNA sequences
as repair templates and is considered the most conserved mech-
anism (3). Other alternative DSB repair pathways also exist.
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Microhomology-mediated end joining (MME]) involves align-
ment of microhomology sequences at or internal to DSB ends
for end joining, which often leads to deletions of DNA se-
quences flanking the original breaks (4). Studies of the cancer
genome have revealed significant microhomology at chromo-
somal breakpoints, suggesting that MME] contributes signifi-
cantly to chromosomal rearrangements during tumorigenesis
(5, 6).

DNA polymerase 0 (POLQ) is a unique A-family polymerase,
encoding a 290-kDa protein with an N-terminal helicase-like
domain and a C-terminal DNA polymerase domain that are
separated by a nonstructured central domain (7). POLQ knock-
out (KO) mice are viable but hypersensitive to DNA-damaging
agents that cause DSBs, such as ionizing radiation (IR) and
bleomycin (8). POLQ promotes alt-NHE], which often uses
microhomology at repair junctions (8 —10). POLQ overexpres-
sion is observed in large numbers of cancers, and up-regulation
is associated with poor prognosis (11-13). For example, about
70% of breast cancers show 5-fold or more overexpression of
POLQ (12, 13), and such overexpression is observed in both
HR-proficient and -deficient breast cancers (12, 14).

Replication stress often induces fork stalling, leading to DSB
formation. The ATR-mediated checkpoint is activated to pro-
tect replication forks from collapsing and to promote replica-
tion restart (15). HR is a primary pathway for replication restart
from stalled and collapsed forks and repair of DSBs at replica-
tion forks (16). Stalled replication forks undergo remodeling
through a process called replication fork reversal, which is
achieved through coordinated annealing of two newly synthe-
sized DNA strands to form four-way junction structures resem-
bling Holliday junctions (17). Fork reversal is an important pro-
tective mechanism allowing original lesions to be removed
before replication restart or bypassed using a template-switch-
ing mechanism. The Holliday junction-like structures at re-
gressed forks can also be processed by structure-specific endo-
nucleases to generate one-ended DSBs, and fork restart is
achieved by break-induced replication, a specific type of HR
(18). Although HR-mediated restart is considered an important
mechanism for fork recovery, evidence suggests that prolonged
fork stalling in mammalian cells often causes fork collapse,
resulting in DSB formation and fork inactivation, which does
not allow for replication restart (19). Instead, collapsed replica-
tion forks often wait for the arrival of a converging fork so that
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Figure 1. POLQ KO cells are sensitive to topoisomerase inhibitors. A, schematic representation of CRISPR/Cas9 targeting sites in POLQ gene. Exons of the
POLQ helicase domain, the polymerase domain, and the central domain are marked in red, blue, and green, respectively. Two gRNA sequences, gRNA1 and
gRNA2, targeting exon 3 and exon 14, respectively, are marked. The protospacer adjacent motif sequences are in the blue squares. The insertions or deletions
at the gRNA sites resulting in POLQ KO of U20S POLQ KO clone 1 (POLQKO-1) are shown. B, U20S and U20S-derived POLQKO-1 cells were treated with the
indicated concentrations of etoposide (left) and CPT (right; CPT concentration starting at 0.008 um with 2- or 4-fold increments) for 48 h, and cell viability assays
were performed. C, U20S cells expressing shRNA-1 for POLQ (shPOLQ-1) or the vector were treated with the indicated concentration of etoposide and CPT for
48 h, and cell viability assays were performed (left). Inhibition of POLQ expression after expressing shRNA-1 was shown by qPCR, and the expression without
inhibition was set at 1 (right). In all experiments, error bars represent the S.D. of at least three independent experiments.

one-ended DSBs at the collapsed forks can become double-
ended DSBs that are then repaired by HR.

In this study, we investigated the role of POLQ in MME]. We
found that POLQ is not only required for MME] in repairing
DSBs generated by endonucleases, but is also important for
repairing DSBs derived from single-strand DNA nicks using the
MME] mechanism. This reveals that POLQ plays an important
role in repairing DSBs generated upon replication fork collapse
and suggests a new function of POLQ in coping with replication
stress. Based on observations that inactivation of POLQ results
in sensitivity to topoisomerase inhibitors and ATR inhibitors,
we have proposed a new strategy to treat POLQ-overexpressing
cancers using the combined inhibition of POLQ and fork-dam-
aging agents.
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Results

Human POLQ knockout cells are sensitive to topoisomerase
inhibitors

POLQ defects in mouse cells lead to IR sensitivity and chro-
mosomal breakage (8, 20-22). To study the role of POLQ in
human cells, we used CRISPR/Cas9 to inactivate POLQ in
U20S cells. We first used gRNAL1 to target exon 3, which is
present at the beginning of the helicase-like domain (Fig. 14
and Fig. S14). To exclude the possibility of internal translation
restart, we targeted POLQ again in the obtained exon 3 frame-
shift mutants at exon 14 by gRNA2, with the cleavage site situ-
ated before multiple putative restart sites. The gRNAZ2 site is
also upstream of the polymerase domain. Because both the heli-
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A EGFP-MMEJ Reporter
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Figure 2. POLQ is important for using MMEJ in repairing DSBs generated from DNA nicks. A, schematic drawing of the EGFP-MMEJ reporter. The positions
of the |-Scel cleavage site and gRNA site are indicated. 9bp, microhomology sequences flanking the cleavage sites. B, U20S (EGFP-MMEJ) cells were transfected
with or without Cas9"'" or Cas9°'°*, and MMEJ efficiency was determined 5 days later by FACS analysis. C, U20S (EGFP-MMEJ) cells were infected with or
without lentiviruses encoding POLQ shRNA-1,and MMEJ was assayed 5 days after Cas9*/" or Cas9®'°A transfection (left). The efficiency of POLQ knockdown was
determined by qPCR (right). D, model to illustrate POLQ-mediated MMEJ in repairing single-strand nicks on replication forks (see “POLQ is needed to repair
DSBs generated from DNA nicks through the MMEJ mechanism” details). In all experiments, error bars represent the S.D. of at least three independent

experiments.

case-like domain and polymerase domain are required for resis-
tance to IR and for mediating MME] (23), a double KO strategy
would also ensure inactivation of POLQ function in DSB repair.
Indeed, POLQ double KO cells are sensitive to IR (Fig. S24),
confirming that they are truly defective in POLQ activity.

To test whether POLQ inactivation in human cells would
cause sensitivities to other damaging agents, we treated U20S
POLQ KO cells with camptothecin (CPT), a topoisomerase I
inhibitor, and etoposide, a topoisomerase II inhibitor. We
found that POLQ KO in U20S cells leads to enhanced sensitiv-
ity to CPT and etoposide (Fig. 1B and Figs. S1B and S2 (B and
(). We also expressed FLAG-POLQ in POLQ KO-1 U20S cells
using the tet-on inducible system. Expression of POLQ sup-
presses sensitivity of POLQ KO-1 cells to CPT and etoposide
(Fig. S3). We further showed that knockdown of POLQ expres-
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sion by shRNAs also causes increased sensitivity to CPT and
etoposide (Fig. 1C and Fig. S4). Because both POLQ KO and
POLQ depletion result in sensitivity to CPT and etoposide, our
observation is probably not due to an off-target effect of gRNA
or shRNA. As inhibition of topoisomerases often leads to an
accumulation of single-strand DNA nicks, which would result
in DSBs after replication, these data suggest that POLQ is prob-
ably involved in repair of DSBs that are generated upon fork
collapse.

POLQ is needed to repair DSBs generated from DNA nicks
through the MMEJ mechanism

Double-ended DSBs can be repaired by MME], which has
been shown using the EGFP-based MME] reporter (Fig. 2A4)
after cleavage by I-Scel (24) or by WT Cas9 endonuclease
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(Cas9¥'™) with the gRNA site situated in the middle of the
I-Scel site on the MME] reporter (Fig. 2B, left). Interestingly,
when we used Cas9 nickase (Cas9”'%) (25) to generate a nick
between the two 9-bp microhomologies, MME] could also
be induced (Fig. 2B, right). The lower MME] efficiency by
Cas9”1°* compared with Cas9™" is probably due to the effi-
cient repair of DNA nicks by single-strand break (SSB) repair
mechanisms before DNA nicks are converted to DSBs during
replication.

Consistent with the notion that POLQ is required for MME]
in repairing DSBs, depletion of POLQ by shRNAs impairs
MME] when DSBs are generated by Cas9™ " (Fig. 2C (left) and
Fig. S5). When we used Cas9”'°* nickase, SSB-induced MME]
is also reduced when POLQ is silenced (Fig. 2C (right) and Fig.
S5). This is consistent with observations that POLQ deficiency
leads to sensitivities to CPT and etoposide. We propose that
SSBs present at replication forks are converted to single-ended
DSBs upon replication, which would result in double-ended
DSBs when converging forks arrive from the other side, and
POLQ-mediated MME] is involved in the repair of such dou-
ble-ended DSBs generated upon fork collapse (Fig. 2D). These
data suggest that POLQ is important for repairing DSBs that
result from DNA replication and thus is needed in dealing with
replication stress.

POLQ is important for repairing DSBs that have accumulated
due to replication stress or ATR inactivation

Because our results suggest that POLQ is important for
repairing DSBs that have been generated from DNA nicks on
replication forks, we tested whether POLQ is required for
repair of DSBs caused by replication stress. We treated cells
with hydroxyurea (HU) and monitored yH2AX formation. We
observed that POLQ depletion by shRNAs causes increased
levels of yH2AX after HU treatment (Fig. 3A4), suggesting that
POLAQ is needed for repairing DSBs when forks have collapsed
upon replication stress.

ATR plays a critical role in protecting replication forks, and
in its absence, DSBs are accumulated due to fork collapse (15).
We tested whether POLQ is needed to repair DSBs that are
generated upon ATR inactivation. We found that ATR deple-
tion by shRNAs leads to more YH2AX accumulation in POLQ
KO cells compared with POLQ WT U20S cells (Fig. 3B). To
directly demonstrate DSB formation, we performed a neutral
comet assay. The comet tail moment is significantly increased
in POLQ KO cells when ATR is inactivated by shRNAs, provid-
ing direct evidence for DSB formation (Fig. 3C).

Collectively, these data support the model that POLQ is
important for repairing DSBs that are associated with fork col-
lapse due to replication stress or a failure of ATR-mediated fork
protection.

Inactivation of POLQ causes increased cell death in ATR-
deficient cells

Because POLQ is important for repair of DSBs that have
accumulated due to compromised fork protection in ATR-de-
ficient cells, we reasoned that inactivation of POLQ would
cause more cell death in ATR-deficient cells. In support of this,
depletion of ATR by shRNAs results in greater cell death in
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POLQ KO U20S cells compared with that in POLQ WT U20S
cells (Fig. 4A4). U20S POLQ KO cells are also more sensitive to
ATR inhibitor VE822 compared with POLQ WT cells (Fig. 4B).
Similarly, depletion of POLQ by shRNAs in U20S results in
greater sensitivity to ATR inhibitors (Fig. 4C). These data indi-
cate that inhibition of POLQ activity leads to more cell death
when ATR activity is compromised and suggest a synthetic
lethality interaction between POLQ and ATR.

Inactivation of POLQ sensitizes POLQ-overexpressing breast
cancer cells to topoisomerase and ATR inhibitors

POLQ is overexpressed in a majority of breast cancers (12,
13). We performed quantitative RT-PCR to assess POLQ
expression in a panel of breast cancer cell lines compared with
the normal breast cancer cell line MCF10A. All tested breast
cancer lines expressed higher levels of POLQ than MCF10A,
with seven of 11 cell lines expressing POLQ more than 5-fold
(Fig. 5A). BT-474 and MDA-MB-436, the two cell lines with the
highest POLQ expression, are of luminal and basal origin,
respectively (Table 1). BT-474 contains WT alleles for p53 and
BRCA1, whereas MDA-MB-436 is triple-negative (negative for
estrogen receptors (ER—), progesterone receptors (PR—), and
HER2 (HER2-)) and has mutated p53 and BRCAI1. Both
BT-474 and MDA-MB-436 cell lines are more resistant to CPT
and etoposide compared with MCF7 and MDA-MB-231 cell
lines, which express relatively low levels of POLQ (Fig. 5B).

We reason that overexpression of POLQ provides an effi-
cient mechanism of repairing DSBs that are generated upon
fork collapse. Thus, depletion of POLQ would sensitize breast
cancer cells, especially those with POLQ overexpression, to
DNA-damaging agents that cause fork collapse. Indeed, deple-
tion of POLQ by shRNAs in BT-474 and MDA-MB-436 breast
cancer cell lines, which highly express POLQ), sensitizes these
cell lines to CPT and etoposide (Fig. 64 and Fig. S6). We also
showed that inactivation of POLQ sensitizes BT-474 and
MDA-MB-436 cell lines to ATR inhibitor VE822 (Fig. 6B).
Because BT-474 contains the WT BRCA1 allele whereas MDA -
MB-436 carries a mutated BRCA1 allele, the combined treat-
ment of POLQ inactivation with inhibitors to topoisomerase or
ATR could be used for effective treatment of POLQ-overex-
pressing breast cancers irrespective of BRCA1 status.

We further examined yH2AX levels in BT-474 cells after
knockdown of POLQ and/or treatment with ATR inhibitor
VES822. Whereas inhibiting ATR activity causes an increase in
YH2AX levels, inactivation of POLQ and ATR synergistically
increases YH2AX accumulation (Fig. 6C). Comet assays con-
firmed DSB accumulation in BT-474 cells after inactivation of
POLQ by shRNA and ATR by VE822 (Fig. 6D). Thus, POLQ
inhibition potentiates toxicity of ATR inhibitor by compromis-
ing DSB repair in breast cancer cells.

Discussion

POLQ plays an important role in alt-NHE], which often uses
microhomology sequences at the repair junction (26). POLQ-
mediated alt-NHE] has been observed after endonuclease
cleavage, dysfunctional telomere fusion, and chromosomal
translocation (8-10). Consistently, using our EGFP-based
MME] reporter, we showed that MME] induced by DSBs that
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Figure 3. POLQ suppresses DSB formation upon replication stress. A, U20S cells with or without POLQ shRNA-1 expression were either treated with HU (2
mM, 24 h) or not and were lysed for Western blot analysis of yH2AX, using Ku70 as the loading control. yH2AX levels were quantified and normalized to the
loading control (Ku70), and relative yH2AX levels are shown on the left, with yH2AX levels in the sample post-HU treatment without POLQ shRNA-1 setat 1. The
efficiency of POLQ knockdown is shown in Fig. 1C (right). B, POLQWT and POLQKO-1 U20S cells were infected with lentiviruses encoding ATR shRNA (shATR) or
control, and cell lysates were prepared for Western blot analysis of the indicated proteins. The relative levels of yH2AX are shown by quantifying the band
density and normalizing to Ku70, with the WT sample expressing ATR shRNA set as 1. C, comet assays were performed with control and POLQKO-1 U20S cells
after infection with lentiviruses encoding ATR-shRNA or vector. Left,images of the comet assays are shown. The length of the tail moment is plotted using dots
(right), and tail moments were exported as box-and-whisker plots. The 25th to 75th percentiles and the median are shown in each box. The whisker ends show
the minimum and maximum values. Data were analyzed by one-way analysis of variance, and the p value is shown (**, p < 0.01). In all experiments, error bars

represent the S.D. of at least three independent experiments.

were generated by Cas9™ T depends on POLQ. Interestingly, we
found that when DNA nicks are generated by Cas9”'°* nickase,
MME] is also induced, and such SSB-induced MME] depends
on POLQ as well. This observation is consistent with results
showing that POLQ deficiency results in an increased sensitiv-
ity to topoisomerase inhibitors (8) (this study), which causes
SSB formation at replication forks. This is also in line with pre-
vious studies showing that in C. elegans, POLQ is involved in
repairing replication-associated DNA breaks, and in Drosoph-
ila, mus308/POLQ maintains normal fork progression during
rereplication in follicle cells (27, 28). We propose that POLQ-
mediated MME] is involved in repairing DSBs that are con-
verted from SSBs present on replication forks and POLQ plays

SASBMB

an important role in dealing with replication stress. In support
of this conclusion, we showed that POLQ deficiency leads to
increased DSB accumulation upon replication stress caused by
HU orloss of ATR activity. Previously, targeting POLQ has only
been suggested for sensitizing tumor cells to radiation based on
its end-joining activity. Our study reveals new utility of target-
ing POLQ in cancer treatment in combination with agents that
cause DNA replication stress and DNA damage on replication
forks.

When replication passes through SSBs or when forks have
collapsed due to replication stress, it is expected that one-ended
DSBs would be generated, but they are not appropriate DNA
lesions for MME] to repair. Break-induced replication is used to
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Figure 4. POLQ-deficient cells are compromised in viability when ATR is
inhibited. A, POLQWT and POLQKO-1 U20S cells were infected with lentivi-
ruses encoding ATR shRNA or the vector, and growth curves were plotted. B,
POLQWT and POLQKO-1 U20S cells were treated with ATR inhibitor VE-822 for
48 h at the indicated concentrations, and cell viability assays were performed.
C, U20S cells with or without POLQ shRNA-1 expression were treated with
VE-822 for 48 h at the indicated concentrations, and cell viability assays were
performed. The efficiency of POLQ knockdown is shown in Fig. 1C (right). In all
experiments, error bars represent the S.D. of at least three independent
experiments.

repair such single-ended DSBs and to promote replication
restart (18). However, it has been shown that in mammalian
cells, collapsed forks derived from prolonged fork stalling are
often inactivated for restart (19), and instead, resultant one-
ended DSBs become two-ended upon the arrival of converging
forks and are then repaired by HR. We showed that in addition
to HR, MME] is also involved in repairing such double-ended
DSBs (Fig. 2D). Because these double-ended DSBs are gener-
ated due to fork collapse, ssDNA is expected to be present at
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DSB ends, and they are not favorable substrates for Ku-depen-
dent NHE] but would be appropriate for MME] substrates to
repair.

POLQ overexpression is observed in many cancers, includ-
ing breast, lung, gastric, and colorectal cancers, and is associ-
ated with adverse clinical outcomes (11-13). This overexpres-
sion is independent of HR status in cancer cells (11, 12, 14), and
the cause is not well understood. Based on our study, we suggest
that the role of POLQ in MME] is important for coping with
replication stress and repairing DSBs generated from collapsed
forks. Oncogene expression in the precancerous stage causes
replication stress, and POLQ-dependent MME] in addition to
HR would be involved in repairing the resulting DSBs. Thus,
POLQ overexpression potentially provides a growth advantage,
allowing cell survival of oncogenic stress.

POLQ is an attractive drug target, because it is not essential
for normal cell growth, and its overexpression is widespread in
tumors (29). Synthetic lethality interactions between POLQ
with ATM and the players in NHE] and HR, such as Ku70 and
BRCA1/2, have previously been reported (9, 10, 30), suggesting
that DSB repair defects in other pathways would cause reliance
on MME] for survival. Inhibition of POLQ in NHE]J-, HR-, or
ATM-defective tumors could thus be the basis of a targeted
cancer treatment strategy. Our study reveals a new function of
POLQ in dealing with replication stress by repairing DSBs
caused by fork collapse. These findings suggest another new
treatment strategy by combining POLQ inhibition with repli-
cation stress or fork-damaging agents. POLQ overexpression is
frequently found in tumors, suggesting that stimulation of
MME] to repair stress-induced DSBs may be a common mech-
anism to cope with oncogenic replication stress. On the flip
side, in those tumors that do not overexpress POLQ, DSB repair
mechanisms other than MME] may be boosted to deal with
replication stress. Thus, inhibition of POLQ may work more
effectively in POLQ-overexpressing cancer cells when com-
bined with replication stress—inducing agents.

As a proof-of-principle study, we showed that inhibition of
POLQ in breast cancer cell lines with POLQ overexpression
effectively sensitizes tumor cells to DNA-damaging agents such
as CPT, etoposide, and ATR inhibitors, which induce replica-
tion stress and cause fork collapse. Because replication stress is
a hallmark of tumor cells and POLQ overexpression is common
in many tumors, our proposed strategy combining POLQ inhi-
bition with topoisomerase inhibitors or ATR inhibitors could
have a wide range of applications in cancer treatment. For
instance, ATR is critical for the survival of tumor cells under
high levels of replication stress induced by oncogene expression
(31). Based on this, ATR inhibitors have been developed as a
new strategy for cancer treatment and have been used as single
agents to treat Ewing sarcoma and MLL-rearranged acute
myeloid leukemia (32, 33). However, for other types of can-
cers, ATR inhibitors are effective only when tumors have
defects in another cellular pathway, such as loss of ATM, repair
proteins XRCC1 and ERCCI, or chromatin-remodeling pro-
tein ARID1A (34-37). Our study puts forth a new therapeutic
strategy using ATR inhibitors in combination with POLQ inhi-
bition to treat a wide range of tumors that overexpress POLQ.
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Figure 5. POLQ is frequently overexpressed in breast cancer cell lines. A, POLQ expression levels in a panel of breast cancer cell lines and a normal breast
cellline MCF10A were determined by qPCR normalized to HPRT as a reference gene. B, the indicated cancer cell lines were treated with CPT (left) and etoposide
(right) at the indicated concentrations, and cell viability assays were performed 48 h after treatment. In all experiments, error bars represent the S.D. of at least

three independent experiments.

Table 1
Breast cancer and normal cell lines
TN, triple negative cell lines; ND, not determined; Mut, mutant.

POLQ
Cell lines expression® Classification p53 BRCA1 TN
Sfold

Cancer cell lines
BT-474 17.2 Luminal WwWT WT No
MDA-MB-436 15.4 Basal Mut Mut Yes
BT-20 10.4 Basal Mut WT Yes
MDA-MB-415 10.3 Luminal WT WT No
ZR-75-B 7.4 Luminal ND WT No
MDA-MB-435 7.3 Basal Mut WT Yes
BT-549 6.1 Basal Mut WT Yes
HBL-100 3.5 Basal WwWT WT No
MCEF7 3.5 Luminal WT WT No
SUM149PT 3.0 Basal Mut Mut Yes
MDA-MB-231 2.1 Basal Mut WT Yes

Normal cell line
MCF10A 1 Basal WT WT No

“ -Fold level compared with MCF10A.

Poly(ADP-ribose) polymerase (PARP) inhibitors have been
successfully used to treat BRCA-deficient breast and ovarian
cancers (38). However, only a fraction of breast cancers are
defective in BRCA1, BRCA2, or their functionally related HR
pathway (“BRCAness”; up to 25% (39)). Acquired resistance to
PARP inhibitors also develops rapidly. It is highly desirable to
develop alternative treatment strategies that will be effective for

SASBMB

amajority of breast cancers, including those with proficient HR
activity. POLQ is overexpressed 5-fold or more in about 70% of
breast cancer in both HR-proficient and deficient tumors, and
overexpression is associated with poor prognosis (12, 14). Our
proposed strategy could therefore be used for treating a wide
range of aggressive breast cancers, including HR-proficient
breast cancers. This strategy could also complement PARP
inhibitor treatment for tumors with innate or acquired resis-
tance to PARP inhibitors.

POLQ has been recognized as an attractive anti-cancer tar-
get, and potent POLQ inhibitors are being developed by many
laboratories and biotech companies. Our study presents a new
potential use of POLQ inhibitors for targeted cancer treatment
in combination with DNA-damaging agents or inhibitors.

Experimental procedures
Cell cultures and transfection

U20S, HCT116, and 293T cells were cultured at 37 °C and
5% CO, in Dulbecco’s modified Eagle’s medium with 10% fetal
bovine serum in the presence of antibiotics. BT-474, MDA-
MB-436, and other breast cancer cell lines were obtained from
ATCC and cultured according to recommended conditions.
Transfection of 293T cells and U20S cells was done using cal-
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cium phosphate or polyethyleneimine methods following stan-
dard protocols.

Plasmid construction

The Cas9-WT in px459 vector was purchased from Addgene
(catalog no. 62988). Cas9-D10A was generated by site-directed
mutagenesis of Cas9-WT plasmid. The gRNA sequence
CGCGCCGAGTAGGGATAAC, recognizing a site overlap-
ping with the I-Scel site in the MME] reporter (Fig. 2A), was
inserted into the BbsI site of Cas9-WT and D10A plasmids to
produce Cas9-WT/gRNA or Cas9-D10A/gRNA plasmids.

To generate tet-on FLAG-POLQ plasmid (pTRE3G-POLQ-
FH), POLQ ¢DNA with C-terminal FLAG and HA tags from
pCDH-EF1-FHC-POLQ (Addgene, catalog no. 64875) (8) was
subcloned into the pTRE3G vector between the Sall and Fsel
sites by replacing GSX2 in the pTRE3G-GSX2 plasmid (Add-
gene, catalog no. 96964).

shRNA interference

POLQ and ATR silencing was performed using shRNAs
through lentiviral infection with the pLKO vector (Addgene,
catalog no. 26655). shRNAs for POLQ and ATR were designed
by Dharmacon: shPOLQ-1, ACAACAACCCTTATCGTA-
AAG; shPOLQ-2, CCTTAAGACTGTAGGTACTAT; shATR,
CGAGACTTCTGCGGATTGCAG.

Generation of POLQ KO cell lines by CRISPR and reconstitution
of POLQ in KO cells

POLQ gene KO in U20S cells was generated by transfection
of the respective gRNA vectors with Lipofectamine 2000 (Invit-
rogen, catalog no. 11668027). The POLQ gRNA1 (sequence,
GTTTTAGCTCCTACAAGTGC) plasmid was purchased
from GeneCopoeia (catalog no. HCP20085-CG01-3-B). The
POLQ gRNA2 (sequence, AGAAATATGGATGCAATCGT)
plasmid was cloned into the px459 vector (Addgene, catalog no.
62988). For gRNA1, mCherry-positive cells were separated by
FACS sorting 48 h post-transfection, followed by single clone
isolation. KO clones were confirmed by PCR amplification of
genomic DNA and sequencing (primer, ATCGGGATCCA-
TCTACTTCCTCAAAGCAGGCCTT and ATCGGTCGAC-
ATGAATGAAACCAAGACTGCCA). For gRNA2, transfected
cells were selected for 24 h with puromycin, followed by single
clone isolation. KO clones were confirmed by PCR amplification
and sequencing (primer, AGCAGCAGTTTTGAATATGGGC
and GGAGGATAGTCAGCAGGTTGC).

Tet-on FLAG-POLQ reconstitution was achieved by trans-
fection of the pTRE3G-POLQ-FH plasmid into POLQ KO-1
U20S cells. After puromycin selection, single clones were
picked up and POLQ expression was induced by doxycycline (5
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pg/ml, 48 h). Reconstituted clones were confirmed by Western
blotting using the anti-FLAG antibody.

Immunoblotting

Cells were lysed by NETN buffer (100 mm NaCl, 20 mm
Tris-Cl (pH 8.0), 0.5 mm EDTA, 0.5% (v/v) Nonidet P-40) and
radioimmune precipitation buffer (150 mm NaCl, 5 mm EDTA,
50 mMm Tris-Cl (pH 8.0), 1% Nonidet P-40, 0.5% sodium deoxy-
cholate, 0.1% SDS). Western blot analysis was performed as
described previously (40, 41). The commercial antibodies used
were anti-ATR (Bethyl Laboratories A300-138), anti-Ku-70
(Santa Cruz Biotechnology, sc-17789), and anti-H2AX Ser139p
(BioLegend, catalog no. 613402).

Real-time quantitative RT-PCR

Total RNA was extracted from cell lines using the RNeasy
Mini Kit (Qiagen, catalog no. 74104). cDNA was synthesized
through reverse transcription using the iScript™ cDNA
synthesis kit (Bio-Rad, catalog no. 1708890). The SsoAdvanced
Universal SYBR Green Supermix (Bio-Rad, catalog no.
1725271) was used for real-time PCR, and primers were as
follows: POLQ-F1, 5'-CACACTGCTACAGGACGAATAA;
POLQ-R1, 5'-AGGTGGGCTTTCTCCTACTA; POLQ-F2, 5'-
GCCAGGGTTCTCTATGCTTC; POLQ-R2,5'-TCTTCAACT-
GCTTCCTCTTCC; HPRT-F, 5'-CTGGCGTCGTGATTAGT-
GAT; HPRT-R, 5'-CTCGAGCAAGACGTTCAGTC; ACTB-F,
5'-CAAGGCCAACCGCGAGAAGATGAC; ACTB-R, 5'-GCC-
AGAGGCGTACAGGGATAGCACA.

MMEJ assay after Cas9"'" and Cas9°"°4 induction

The EGFP-MME] reporter was described previously (24). To
induce DSBs or single-strand nicks, MME] reporter cells were
transfected with Cas9-WT/gRNA or Cas9-D10A/gRNA plas-
mids, respectively. EGFP-positive events were scored by FACS
analysis 5 days later. FACS analysis was performed using a BD
Accuri C6 flow cytometer and accompanying data analysis soft-
ware (CFlow, BD Biosciences).

Growth curve

U20S and POLQ KO U20S cell lines were infected with
shRNAs and plated. Cells were trypsinized every 24 h and
counted by hemocytometer for 6 days. The cell number on day
1 was set to 1.

Drug sensitivity assay

Cells were plated in 96-well plates (5000 cells/well) and
treated with etoposide, CPT, and VE822 at various concentra-
tions for 48 h. After treatment, cell survival was measured using
the MTS assay (Promega, G3582) following the manufacturer’s

Figure 6. Silencing POLQ expression sensitizes breast cancer cell lines BT-474 and MDA-MB-436 to topoisomerase and ATR inhibitors. A, POLQ is
depleted or not in MDA-MB-436 and BT-474 cells using shRNA-1, and sensitivity to CPT (left) and etoposide (right) was determined through cell viability assays
48 h after treatment. B, BT-474 and MDA-MB-436 cells with or without POLQ shRNA-1 expression were treated with VE-822 at the indicated concentrations, and
cell viability assays were performed 48 h after treatment (left). Inhibition of POLQ expression after shRNA expression was shown by gPCR (right). C, BT-474 cells
either expressing ATR shRNAs or not were treated with or without VE-822 (2 um, 48 h), and Western bolt analysis was performed for the indicated proteins. The
relative level of yH2AX is shown by quantifying band density and normalizing to Ku70, with the sample treated with VE822 without POLQ shRNA-1 expression
setas 1. D, BT-474 cells expressing ATR shRNAs or not were treated with or without VE-822 (2 um, 48 h), and comet assays were performed. Images of the comet
assays are shown (left), and the length of the tail moment is plotted using dots (right). Data were analyzed by one-way analysis of variance, and the p value is
shown (¥, p < 0.05; **, p < 0.01). For a more detailed description, see Fig. 3C. In all experiments, error bars represent the S.D. of at least three independent

experiments.
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instructions. Absorbance was read using a microplate spectro-
photometer (uQuant, BioTek) at 490 nm.

Neutral comet assay

Cell number was adjusted to 10°/ml, and 20 ul of cell suspen-
sion was added into 0.8% LMP-agarose in PBS. 60 ul of the cell
suspension was plated on a slide and lysed using lysis buffer (2.5
M NaCl, 100 mm EDTA, 10 mm Tris, 10% DMSO, 1% Triton
X-100, pH 10) overnight at 4 °C. After incubation in cold elec-
trophoresis buffer (300 mm sodium acetate, 100 mm Tris, pH
8.3), electrophoresis was performed at 25 V and 4 °C for 30 min.
Slides were placed in cold 70% ethanol for 30 min, air-dried for
1 h, and stained using SYBR Green (1 wl in 30 ml of TE buffer)
for 30 min. Tail moments were quantified using CometScore
version 2.0.
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