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Introduction

Cytotoxic therapies have long been the backbone of cancer ther-
apy, as they represent an effective means of killing large num-
bers of tumor cells. A common problem with cytotoxic therapies
is normal tissue toxicity, which often results in cancer patients
being unable to receive sufficient drug concentrations to eradi-
cate their tumors (1). Over the years, the directed application of
cytotoxic therapies to tumors with mutations in genes that disrupt
DNA damage signaling and repair pathways has demonstrated
improved tumor control with acceptable levels of normal tissue
toxicity (2). Therefore, targeting the DNA damage response is an
attractive therapeutic strategy, and poly(ADP-ribose) polymerase
inhibitors (PARPis) are still one of the best examples of this con-
cept (3). The therapy works by inhibiting the function of the PARP
enzyme in cancer cells to repair certain types of DNA damage
(4). PARP1 protein, a well-recognized sensor of DNA damage,
plays an important role in DNA repair and, specifically, DNA
single-strand break (SSB) repair through the base excision repair
(BER) pathway (5) as well as DNA double-strand break (DSB)
repair by alternative nonhomologous end-joining (alt-NHE]) (6,
7). Mechanistically, the catalytic function of the PARP1 enzyme is
activated after it binds to the site of DNA damage, which triggers
a series of allosteric changes in its structure (8). Activated PARP1
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Hypoxia, a hallmark feature of the tumor microenvironment, causes resistance to conventional chemotherapy, but was
recently reported to synergize with poly(ADP-ribose) polymerase inhibitors (PARPis) in homologous recombination-proficient
(HR-proficient) cells through suppression of HR. While this synergistic killing occurs under severe hypoxia (<0.5% oxygen),
our study shows that moderate hypoxia (2% oxygen) instead promotes PARPI resistance in both HR-proficient and -deficient
cancer cells. Mechanistically, we identify reduced ROS-induced DNA damage as the cause for the observed resistance.

To determine the contribution of hypoxia to PARPI resistance in tumors, we used the hypoxic cytotoxin tirapazamine to
selectively kill hypoxic tumor cells. We found that the selective elimination of hypoxic tumor cells led to a substantial
antitumor response when used with PARPi compared with that in tumors treated with PARPi alone, without enhancing
normal tissue toxicity. Since human breast cancers with BRAC1/2 mutations have an increased hypoxia signature and hypoxia
reduces the efficacy of PARPI, then eliminating hypoxic tumor cells should enhance the efficacy of PARPi therapy.

is responsible for its own autoPARylation as well as PARylation
and subsequent recruitment of other DNA repair proteins to the
site of DNA damage. The negative charge from the PAR chains is
suggested to be the mechanism by which PARP1 is released from
DNA, allowing access for other repair enzymes to the lesion (4,
8). PARPis work by inhibiting the catalytic activity of PARP and/
or trapping the protein on DNA damage sites, thereby preventing
the repair of SSBs, which results in the generation of lethal DSBs
during replication (4).

PARPis exhibit clinical activity in tumors with BRCA muta-
tions because deficiency in homologous recombination (HR) pre-
vents tumor cells from efficiently repairing the deleterious DSBs
accumulated during cell replication, leading to cell lethality (9, 10).
Interestingly, HR deficiency is not restricted to tumors with BRCA
mutations, as follow-up studies showed that disruption of other HR-
related genes, such as Fanconi anemia (11), ATM (12), or isocitrate
dehydrogenase (IDH1/2) (13), renders tumors sensitive to PARPis.

Hypoxia, a hallmark feature of solid tumors, occurs as a con-
sequence of the imbalance between rapid tumor growth and the
poorly organized vasculature (14, 15). Oxygen levels within a
tumor are heterogeneous and can range from moderate (1%-2%
0,) to severe (<0.01%0,) (16). Additionally, hypoxia is an adverse
clinical prognostic factor for patient outcome and correlates with
tumor metastasis as well as resistance to conventional chemo-
therapy and radiotherapy (14). Hypoxia can be associated with
HR repair abnormalities as a result of epigenetic silencing of
BRCAL1 (17), transcriptional suppression of BRCA1, BRCA2, and
RAD51 genes (18-20), and functional inhibition of HR by the S-2-
hydroxyglutarate (S-2HG) metabolite (13). Through suppression
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of HR, hypoxia at oxygen levels below 0.5% confers sensitivity of
HR-proficient tumors to PARP], thereby inducing synthetic lethal-
ity (21, 22). The role of hypoxia in HR-deficient tumors is yet to
be investigated, and as a unique feature of solid tumors that is not
present in normal tissues, hypoxia is considered an exploitable
target in cancer therapy (14).

Studies have shown that the clinical efficacy of PARPis in
BRCA-mutant ovarian and breast cancers is highly promising (23,
24). Although response rates were limited to 30%-40%, which
is significantly superior to the expected rates of 20% or lower
achieved with conventional cytotoxic chemotherapies (25, 26),
they still fall short of the observed 50%-70% response rates found
with other targeted therapies. In an era of personalized therapy, a
lower than 50% response rate to a targeted therapy is considered
unsatisfactory (27). This highlights our incomplete understanding
of the complexity of DNA-repair pathways in the context of the
tumor microenvironment and the necessity of investigating the
mechanisms by which tumors harness resistance to PARP inhibi-
tion, especially in HR-deficient tumors. In the current study, we
explore the effect of different levels of hypoxia on the response of
HR-deficient tumors to PARPi with the view of developing strate-
gies that could potentially enhance their clinical efficacy.

Results

Hypoxia causes resistance to PARPi in an HIF-independent path-
way. We set out to investigate the effect of hypoxia on sensitivity
of HR-deficient cells to PARPi. To test this, we exposed a panel
of HR-deficient cell lines, SUM149 (BRCA1 mutation), OVCARS8
(functional deficiency of BRCA1 gene), CAPAN1 (BRCA2 muta-
tion), and HT1080 (heterozygous IDH1 R132C mutation), to
PARPis (olaparib and talazoparib) under normoxic or moderate
hypoxic (2% oxygen) conditions. Our results showed that cells cul-
tured in hypoxia were significantly more resistant to PARPi treat-
ment independently of the type of HR deficiency (Figure 1A and
Supplemental Figure 1A; supplemental material available online
with this article; https://doi.org/10.1172/JCI146256DS1). For
example, there was substantial resistance of the hypoxic SUM149
cells to olaparib and talazoparib, with about 8-fold and 4-fold
increases in cell survival compared with normoxic cells at doses of
1uM and 1nM, respectively. In HT1080 cells, we observed a 6-fold
and 13-fold increase in survival of hypoxic versus normoxic cells
treated with 1 puM olaparib and 10 nM talazoparib, respectively.

We also found that survival of the HR-proficient MDA231 cells
was significantly increased in hypoxia (2% oxygen) compared
with normoxia, although higher doses of PARPi were required to
observe measurable cellular toxicity in normoxia (Figure 1A). Sen-
sitivity of these cells to PARPi was instead significantly enhanced
under conditions of severe hypoxia (0.5% oxygen), consistent with
previous reports (Figure 1B) (18, 19, 21, 22). Analysis of HR gene
expression in MDA231 cells indicated that BRCA1 and RAD51
gene expression was significantly suppressed under 0.5%, but not
under 2%, oxygen conditions (Figure 1C).

PARP1 is responsible for more than 90% of cellular PARyla-
tion (28) and its loss or reduced expression in human cancer cell
lines results from PARPI treatment (12, 29). In our experiments,
PARP1 protein levels detected by Western blotting in SUM149
cells treated with either olaparib or talazoparib remained unal-
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tered under hypoxia (Supplemental Figure 1B). In addition, both
PARPis were able to efficiently suppress PARylation in a range of
hypoxic cells, ruling out loss of PARP1 protein, compensation by
other PARP family proteins, loss of PAR glycohydrolase (PARG),
or upregulation of any drug efflux transporters as the cause of the
observed resistance (Supplemental Figure 1, C and D) (30-32).

There were also no significant changes in cell-cycle distribu-
tion (Supplemental Figure 1, E and F) or proliferation (Supple-
mental Figure 1G) upon incubation under hypoxia, which strong-
ly excludes the possibility of a confounding effect arising from
altered cell-cycle distribution. This is in accordance with previous
studies that showed that moderate hypoxia does not affect cell-
cycle distribution or cellular proliferation, suggesting cell-cycle
perturbations are not involved in PARP resistance under 2% oxy-
gen conditions (20, 33).

We further tested the effect of different moderate oxygen ten-
sions on OVCARS cells treated with PARPis. Response to PARPi
was oxygen dependent, with cells maintained under 5% oxygen
levels showing more drug resistance than normoxic cells, but more
drug sensitivity than cells cultured under 2% oxygen conditions
(Supplemental Figure 1H). To investigate whether the observed
hypoxia-mediated resistance to PARPi is HIF dependent, we gen-
erated HIF-deficient OVCARS cells by knocking down the differ-
ent HIF components (HIFla, HIF2a, and HIFf) and then tested
their sensitivity to PARPi under normoxic and hypoxic conditions.
HIF1 and HIF2 knockdown did not alter cellular sensitivity to
PARPi under either oxygen tensions (Figure 1D), suggesting that
HIF is not a mediator of the observed cellular resistance to PARPI.

Hypoxia is associated with resistance to PARPi in vivo. We aimed
to test whether our observation of hypoxia-mediated resistance
to PARPis in HR-deficient cells also occurs in tumors. OVCARS8
xenografts were treated once daily with 50 mg/kg olaparib or
vehicle and assayed for DNA damage-induced apoptosis (Schema
shown in Figure 2A). Tumor lysates were used to confirm that inhi-
bition of PARP activity was achieved in vivo through a reduction
in PAR levels, and this was associated with an overall increase in
tumor DNA damage as detected by yH2AX (Figure 2B). In support
of hypoxia-induced resistance to PARPis in cell culture, we found
decreased TUNEL-positive cells in hypoxic (pimonidazole or CA9
positive) subregions of PARPi-treated tumors as compared with
normoxic regions by immunohistochemical staining, confirming
that hypoxia is associated with resistance to PARPi-induced dam-
age in vivo (Figure 2C).

The efficacy of olaparib in a range of breast cancer patient-
derived tumor xenografts (PDTXs) was previously tested by Bruna
et al. (34) and the results archived in the Breast Cancer PDTX
Encyclopaedia biobank (http://caldaslab.cruk.cam.ac.uk/bcape).
We applied a previously validated, robust hypoxia signature,
developed by Buffa et al. (35), and observed a strong inverse cor-
relation between hypoxia scores of the tumors and their sensitivity
to olaparib therapy. PDTXs with higher hypoxic scores were the
most resistant to PARPi therapy based on changes in tumor growth
(Figure 2D). Thus, both tumor cell-derived xenografts and PDTXs
indicate that hypoxia was linked with decreased PARPi efficacy.

Hypoxia is a common feature of cancers (15). By taking advan-
tage of the expanded The Cancer Genome Atlas (TCGA) data to
calculate the hypoxic score of different cancer types, we confirmed
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Figure 1. Hypoxia causes resistance to PARPis in an HIF-independent pathway. (A) Clonogenic formation of HR-deficient cells (SUM149, OVCAR,
CAPAN-1, HT1080), and HR-proficient cells (MDA231) treated with indicated doses of olaparib or talazoparib for 7 days under normoxic (black lines) or
hypoxic (red lines) conditions, followed by 7- to 10-day culture in the absence of inhibitor. Survival relative to vehicle-treated cells is plotted (2-way ANOVA,
interaction P value, normoxia versus hypoxia; at least 3 biological replicates). (B) Clonogenic formation of MDA231 cells treated with indicated doses of
olaparib or talazoparib for 2 days under normoxia (black lines), 2% oxygen (red lines) or 0.5% oxygen (blue lines), followed by 7- to 10-day culture in the
absence of inhibitor. Survival relative to vehicle-treated cells is plotted (2-way ANOVA, adjusted P value, normoxia versus hypoxia; at least 3 biological
replicates). See also Supplemental Figure 1B. (C) gRT-PCR measuring BRCA1, BRCA2, and RAD51 mRNA levels in MDA231 cells incubated under different
oxygen tensions. Measurements were normalized to 185 mRNA levels and expressed as fold change compared with normoxia (2-way ANOVA, adjusted

P value; hypoxia versus normoxia for each gene; n = 3). (D) Clonogenic survival assay of OVCARS cells expressing the indicated shRNA treated with olaparib
or talazoparib for 7 days under normoxia or hypoxia. Interaction P value by 2-way ANOVA shScr versus shHIF for each treatment, n = 3 (left panels). Immu-
noblots (right panels) showing silencing efficiencies of shRNAs; B-actin is a loading control. See also Supplemental Figure 1H. Data are represented as
mean + SEM (represented by error bars).
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that hypoxia is present in a wide range of cancers (Supplemen-
tal Figure 2A.) Focusing on breast cancer, we showed that breast
tumors are significantly more hypoxic than normal breast tissue,
and more interestingly, breast tumors with BRCA1/2 mutations
had significantly higher hypoxic scores when compared with non-
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Figure 2. Hypoxia is associated with resis-
tance to PARPi in vivo. (A) Schematic
diagram of olaparib treatment. OVCAR8
xenografts were treated once daily for 2
days with vehicle or olaparib (50 mg/kg)
and then collected for immunohistochem-
ical staining and determination of PARP
activity (vehicle, n = 3; olaparib, n = 3). (B)
Western blot analysis of PAR levels (left
panel) and YH2AX (right panel) in tumor
lysates collected 2 hours after the final
olaparib dose. B-Actin is a loading control.
(C) Representative immunohistochemical
staining of vehicle- and olaparib-treated
tumors shows absence of TUNEL staining
in pimonidazole-positive (left panel) and
CAS-positive (right panel) regions. Scale
bars: 100 um. (D) Plot of relationship
between hypoxia score of PDX tumors and
their sensitivity to olaparib (50 mg/kg). R?
=0.59, P =0.015, Spearman’s correlation.

BRCA1/2-deficient tumors (Supplemental Figure 2B), a finding
that, as far as we are aware, has not been previously recognized.
PARPi-induced DNA damage and activation of C-NHE] pathway
are diminished in hypoxia. Treatment with PARPi for 48 hours in
normoxia was associated with increased phosphorylation of DNA

J Clin Invest. 2021;131(11):e146256 https://doi.org/10.1172/)C1146256
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damage response (DDR) markers H2AX on serine 139 (YH2AX),
KAP1 on serine 824, and Chk1 on serine 345, while phosphory-
lation of these proteins was significantly lower in PARPi-treated
hypoxic cells (Figure 3A and Supplemental Figure 3A). Quantita-
tive studies of DNA damage in SUM149, OVCARS, and HT1080
cells revealed substantially increased yH2AX foci in normoxia as
compared with hypoxia upon inhibition of PARP (Figures 3B and
Supplemental Figure 3B). Additionally, PARPi resulted in an aug-
mentation of chromatin-bound PARP1 levels in normoxia versus
hypoxia (Figure 3C) without affecting total cellular PARP1 levels
(Supplemental Figure 1B), confirming that DNA damage occurs at
higher levels in normoxia, since persistent PARP1-DNA complex-
es, induced by PARP;, are toxic to the cells (12).

Classical NHE] (C-NHE]), a highly error-prone repair process,
is essential for effective toxicity of PARPi, and inhibition or down-
regulation of its components has been shown to diminish toxicity
of PARPI in HR-deficient cells (36). Since this conclusion is based
on cells treated under normoxic conditions, we sought to evalu-
ate the role of the C-NHE] pathway under hypoxic conditions. We
examined the phosphorylation of DNA-dependent protein kinase,
catalytic subunit (DNA-PKcs) on T2609, which is necessary for
efficient C-NHE] (37), and found that phosphorylation of this site
in PARPi-treated cells was significantly higher under normoxia
than hypoxia (Figure 3D and Supplemental Figure 3C). Coadmin-
istration of the DNA-PK inhibitor (DNA-PKi) NU7441 reversed
the cytotoxic effects of PARPi in SUM149 cells under both cul-
ture conditions, suggesting that the C-NHE] plays a crucial role
for PARPI toxicity, but does not play a special role under hypoxic
conditions (Figure 3E).

We further analyzed SUM149 cells for foci containing p53BP1
that is phosphorylated on S25. The location of §25 in the S/T-Q
motif of p53BP1 is important for RAPI-interacting factor 1 (RIF1)
binding, inhibiting resection and subsequent activation of the
C-NHE] pathway (38-40). Treatment with PARPi under hypoxia
inhibited the induction of p53BP1 S25 phosphorylation and RIF1
foci as well as chromatin-bound p53BP1 protein, but not in cells
treated with PARPi in normoxia (Figure 3, F-H). In addition, simi-
lar differences in 53BP1 foci between normoxia and hypoxia were
also observed in PARPi-treated OVCAR8 and HT1080 cells (Sup-
plemental Figure 3D).

Loss of 53BP1 and RIF1 correlate with reversion of HR defi-
ciency, leading to alleviation of hypersensitivity to PARP inhibi-
tion (41-43). Although, in our study, the 2 proteins were lost to a
certain extent in hypoxia, we failed to see a reversion of HR based
on the fact that mRNA levels of BRCA1, BRCA2, and RAD51 genes
remained suppressed (Supplemental Figure 3E). To corrobo-
rate this finding, we used the traffic light reporter (TLR) system
that is designed to generate a flow-cytometric readout for repair
at I-Scel-induced DNA DSBs (44). We found that resolution of
these breaks through HR was unchanged because HR was already
impaired, but that there was a significant reduction in the frequen-
cy of end-joining events in hypoxia (Figure 31 and Supplemental
Figure 3F). This is consistent with the concept that PARPi-induced
toxicity is reliant on activation of the C-NHE] pathway.

Hypoxia-mediated PAPRI resistance is associated with low ROS
production. Oxidative damage from ROS causes DNA damage in
the form of base damage, SSBs, and DSBs (45), and PARPis rely
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on unrepaired DNA damage to cause cellular toxicity (4). We
hypothesized that the lack of ROS in hypoxia is responsible for the
observed differences in toxicity between normoxic and hypoxic
cells. We found that production of ROS was significantly reduced
after 48 hours of incubation in hypoxia as detected by dichloroflu-
orescein (DCF) fluorescence (Figure 4A and Supplemental Figure
4A), and this was associated with substantially reduced levels of 8
ox0-dG staining (Figure 4B). We then sought to determine wheth-
er hypoxic cells (SUM149 and HT1080) are intrinsically resistant
to PARPi-induced DNA damage by measuring accumulation of
yYH2AX foci over time (Figures 4C and Supplemental Figure 4B).
Upon treatment with PARPi, YH2AX was similarly induced in
normoxia and hypoxia starting from 2 hours and continuing for
6 hours of drug incubation. However, at 24 hours of incubation,
there were substantially higher levels of YH2AX foci in normoxia
which remained elevated over 48 hours of treatment. Preincuba-
tion of cells for 48 hours in hypoxia prior to a 6-hour treatment
with PARPi resulted in reduced induction of YH2AX foci (Figure
4D and Supplemental Figure 4C). Further treatment of these cells
with 50 uM H, O, for 2 hours in hypoxia reversed this effect in PAR-
Pi-treated cells (Figure 4E and Supplemental Figure 4D), suggest-
ing that PARPi-induced damage can be enhanced in hypoxia with
hydroxyl radical-generating stress.

Replication stress is often associated with the formation of
DNA breaks (46). Previous findings by Maya-Mendoza and col-
leagues suggest that inhibition of PARylation induces replication
stress and also leads to accelerated fork velocity, reduced cell
viability, and increased genomic instability. These observations
were, however, limited to normoxic culture conditions (47). We
performed single-molecule DNA fiber analysis of replication fork
progression in SUM149 cells treated with PARPi under normoxic as
well as hypoxic conditions. After treatment with talazoparib, cells
were pulsed with iododeoxyuridine (IdU) and then with chlorode-
oxyuridine (CldU) to label newly synthesized DNA. The double
labeling with IdU and CldU allowed the assessment of fork veloc-
ity by measuring the lengths of the CldU tracts (Figure 4F). In our
experimental setting, talazoparib caused a substantial increase in
fork velocity under normoxic and hypoxic conditions (Figure 4G).

Hypoxia is also implicated in resistance to other inhibitors of the
alt-NHE] pathway. Since PARP is involved in the repair of DNA
DSBs through the alt-NHE] pathway (6) and BRCA1/2-deficient
tumors are dependent on Pol0-dependent repair (48, 49), we
sought to investigate the hypoxic response to inhibition of ele-
ments of this pathway other than PARP.

We first investigated the lethality of L67, a competitive inhib-
itor that specifically targets DNA repair by inhibiting alt-NHE]
ligases (Ligl/III) without affecting C-NHE], under normoxic and
hypoxic conditions (50). Hypoxic SUM149, OVCARS cells, and
HT1080 cells were substantially more resistant to L67 when com-
pared with normoxic cells with a difference of up to 100-fold when
the drug was used at a concentration of 6 uM (Figure 5A). In addi-
tion, L67 reduced clonogenicity of cells treated with PARPi for 4
days only under normoxic conditions, which is in agreement with
previously published data showing that leukemia cells were hyper-
sensitive to the combination of L67 and PARPi (51). The combi-
nation, however, had no effect on PARPi-induced toxicity under
hypoxia in our study (Figure 5, B and C).
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Figure 3. PARPi-induced DNA damage and activation of C-NHE] pathway
are limited in hypoxia. (A) Immunoblots of DDR proteins in SUM149 cells
treated with vehicle or PARPi for 48 hours under normoxia or hypoxia. See
also Supplemental Figure 3A. (B) Representative images (left) and quan-
tification (right) of yH2AX foci analyzed by high-throughput microscopy

in SUM149 cells after 48 hours of PARPI treatment in normoxia or hypoxia
(right panel). Original magnification, x20. See also Supplemental Figure
3B. Pvalues determined by 2-way ANOVA (n = 3). (C) Immunoblot of chro-
matin-bound PARP1 and ORC2 (loading control) after 48 hours of PARPi
treatment. (D-H) C-NHE] pathway is a major contributor to PARPi toxicity
in HR-deficient cells in normoxia, but not in hypoxia. (D) Average number
of pDNA-PKcs (T2609) foci per cell after 48 hours of PARPi treatment (n =
3); see also Supplemental Figure 3C. (E) Clonogenic survival of BRCAT-
deficient cells SUM149 treated for 96 hours with indicated concentrations
of olaparib (left panel) or talazoparib (right panel) in combination with
vehicle or 3 uM DNA-PKi (NU7441) under normoxic (black lines) or hypoxic
(colored lines) culture conditions, followed by 7- to 10-day culture in the
absence of inhibitor. Survival relative to untreated cells is plotted (n = 3
for each condition). (F) Average number of p53BP1 525 foci per nucleus in
SUM149 cells (n = 3); see also Supplemental Figure 3D. (G) Immunoblot

of chromatin-bound p53BP1 525 and total 53BP1 after 48 hours of PARPiI
treatment is shown; ORC2 is a loading control. (H) Percentage of cells with
more than 3 RIF-1foci after 48 hours of PARPi treatment. Data are repre-
sented as mean + SEM (represented by error bars). P values determined by
2-way ANOVA. (1) Hypoxia does not reverse HR status in HR-deficient cells.
The TLR system (44) was used to measure the relative ratio of end-joining
(mCherry) and HR (EGFP) repair of a DSB in SUM149 cells after expression
of I-Scel and 5’ EGFP under normoxia and hypoxia. A diagram of the TLR
is represented. P values determined by 2-tailed Student’s t test (n = 4 for
each condition). See also Supplemental Figure 3, E and F.

Sensitivity of HT1080 cells to talazoparib was enhanced upon
knockout of Pol® under normoxic conditions, which is consis-
tent with previously published data confirming the role of Pol6 in
enhancing toxicity of PARPi (48). Interestingly, absence of Pol
under hypoxia did not have an effect on PARPi-induced toxicity,
suggesting that Pol6-dependent repair is not engaged under low
oxygen tensions (Figure 5D). Efficient knockout of Pol® was con-
firmed with measurements of mRNA levels (Figure 5E).

Combination drug administration induces synergistic cyto-
toxicity and decreases clonogenicity in vitro. Our findings have
prompted us to hypothesize that exploiting hypoxia by induc-
ing DNA damage might be an effective therapeutic strategy in
enhancing response to PARPi. Tirapazamine (TPZ), a hypoxia-
activated prodrug, is known to cause substantially higher levels
of SSBs than DSBs (52), which makes it an ideal candidate for
combining with PARP inhibition.

We assessed the effect of combining TPZ with PARPi on
cellular toxicity in SUM149 and OVCARS cells and found that
this combination resulted in a significant decrease in cell sur-
vival as compared with either drug alone (Figure 6A and Sup-
plemental Figure 5A).

Combenefit, a validated, open-access software program, was
used to analyze the data and quantify possible synergistic or antag-
onistic drug interactions (53), and synergy scores are presented in
matrix format (Figures 6B and Supplemental Figure 5B). Using a
classical Lowe synergy model, we detected a substantial syner-
gistic interaction between TPZ and PARPi, which was stronger
under hypoxic conditions, with about 10-fold lower doses of TPZ
required to achieve synergy scores that were similar or even higher
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than those under normoxic conditions. Examples are highlighted
with the red squares in the matrix plots (Figure 6B). In SUM149
cells, for example, TPZ doses required to achieve a synergy score
of 20 to 30 when cells are treated with 0.1 uM olaparib are 1 pM
in hypoxia and 10 uM in normoxia. A similar trend was observed
with OVCARS cells for which a synergy score of 30 to 40 required
treatment with 10 nM talazoparib and TPZ at doses of 0.5 to 1 uM
in hypoxia and 5 to 10 uM in normoxia. A marked increase in DNA
damage (assessed by YH2AX foci) was observed in SUM149 with
combination treatment with TPZ concentrations as low as 0.1 uM
in hypoxia and as high as 10 uM in normoxia as compared with
PARPi treatment alone. In order to achieve comparable DNA
damage, 1 uM and 10 pM of TPZ were needed in hypoxia and nor-
moxia, respectively (Figure 7A).

Using a relatively low concentration of TPZ (0.1 uM) that is
nontoxic in normoxia but moderately toxic in hypoxia, we found
that SUM149 cells exhibited a significant decrease in clonogenic
survival upon cotreatment with olaparib (0.1 uM) or BMN673 (10
nM). OVCARS cells also exhibit higher sensitivity to the combina-
tion treatment of TPZ and olaparib (1 uM)or TPZ and talazoparib
(10 nM) as compared with either therapy alone. It is noteworthy
that this effect was only observed under hypoxic conditions in
both cell lines (Figures 7B and Supplemental Figure 5C) and sensi-
tivity to the drug combination in normoxia only occurs with higher
concentrations of TPZ (1 uM) that are moderately toxic to the cells
(Figure 7C and Supplemental Figure 5D). As shown in Figure 7D
and Supplemental Figure 5E, treatment of cells with 1 uM TPZ
led to a significant increase (about 1.3-fold) in the generation of
ROS as compared with untreated cells, whereas treatment with 0.1
uM TPZ did not result in a significant increase in the production
of ROS. Since, TPZ-induced normoxic damage is caused by ROS
(Supplemental Figure 5F) (54, 55), we conclude that, under nor-
moxic conditions, ROS are required to cause initial DNA damage,
which is normally inefficiently repaired in the presence of PARPI,
leading to enhanced cell death.

HR-deficient tumor xenografts are sensitive to TPZ and PARPi
combination treatment. Based on the observed synergism between
TPZ and PARPi in vitro, we tested the extent to which the effect of
this therapeutic combination could be found in vivo using 3 subcu-
taneous xenograft tumor models with different HR deficiencies.
The key finding of these experiments is that TPZ selectively causes
cell death in hypoxic tumor cells after its bioreductive activation
(54). Tumor-bearing mice were treated with vehicle, PARPI, or a
combination of PARPi and TPZ (Figure 8A). In OVCARS xeno-
grafts (BRCA1 functional deficiency), mice treated with low-dose
olaparib (50 mg/kg) or TPZ (20 mg/kg), showed no reduction in
tumor burden compared with those treated with vehicle. However,
combining olaparib with TPZ resulted in a significant potentiation
of PARPI cytotoxicity, as shown by the significant (P < 0.0001)
tumor growth delay starting from day 22 of treatment when com-
pared with vehicle, olaparib, or TPZ alone (Figure 8B). Treatment
of mice with olaparib was also associated with a significant reduc-
tion in PAR levels, confirming that inhibition of PARP activity was
successfully achieved in vivo (Figure 8B).

BRCA1 mutant SUM149 xenografts showed some sensitivity
to talazoparib (0.1 mg/kg) and TPZ (20 mg/kg) monotherapies,
while the combination yielded strong tumor-burden reduction
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Figure 4. Hypoxia-mediated PAPRi resistance
is associated with low ROS production. (A)
Relative quantity of ROS (detected by DCF)
produced upon treatment of cells with PAPRi for
48 hours under normoxia or hypoxia (P values
determined by 2-way ANQOVA, n = 3). See also
Supplemental Figure 4A. (B) Quantification of
8-oxo0-dG staining analyzed by high-through-
put microscopy in SUM149 cells after 48-hour
incubation under normoxic or hypoxic culture
conditions. H,0, (50 uM) used as a positive con-
trol (P values determined by 2-tailed Student’s t
test, n = 3). (C) Percentage of SUM149 cells with
more than 10 yH2AX foci per nucleus after 2
hours, 6 hours, 24 hours, and 48 hours of PARPiI
treatment under normoxic or hypoxic culture
conditions, n = 3. See also Supplemental Figure
4B. (D) Percentage of SUM149 cells with more
than 10 yH2AX foci per nucleus after 6 hours of
PARPI treatment in normoxic or hypoxic culture
conditions and after 48 hours of preincubation
in hypoxia (P values determined by 2-way ANO-
VA, n = 3). See also Supplemental Figure 4C. (E)
Percentage of SUM143 cells with more than 10
yH2AX foci per nucleus after 48 hours of PARPI
treatment under hypoxic culture conditions
followed by 2-hour treatment with 50 uM H,0,
(P values determined by 2-way ANOVA, n =

3). (F) Experimental setup for replication fork
progression assay. Representative fields of DNA
fibers are indicated. Scale bars: 10 um. (G) Effect
of hypoxia on PARPi-induced fork regulation.
DNA fibers from SUM149 cells treated with
talazoparib (10nM) for 48 hours under normoxia
or hypoxia. Scored forks: (normoxia) vehicle =
726; talazoparib = 633; (hypoxia) vehicle = 758;
talazoparib = 792; n = 2 biological replicates.
Whiskers indicate the 5th and 95th percentiles,
and the center values depict the median. P
values determined by 1-way ANOVA.

starting from day 24 of therapy (Fig-
ure 8C). Individual group comparisons
showed that treatment with talazoparib
had no significant effect on the growth
of the SUM149 line compared with the
untreated controls (540 mm?® * 57.33 mm?
versus 590 mm?®* 125.4 mm?; growth inhi-
bition [GI], 8%; P = 0.15). Treatment with
TPZ alone resulted in a more significant
GI (475 mm®+51.0 2mm?® versus 590 mm?
+125.4 mm?; GI, 20%; P = 0.02), where-
as combination of talazoparib and TPZ
showed the strongest treatment response
(254 mm?® * 12.41 mm? versus 590 mm? *
125.4 mm?3; GI, 58%; P <0.0001). Tumor
lysates were collected at the end of the
study and used to confirm the specific
ARP inhibitory effect of talazoparib ther-
apy (Figure 8C).

We also tested HT1080 tumors,
which harbor an endogenous IDH1 R132C
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mutation that confers sensitivity to PARP inhibition (13). We
observed that, despite the fact that each monotherapy had no
measurable effect on the growth of the tumors, combination of
olaparib (50 mg/kg) and TPZ (20 mg/kg) resulted in substan-
tial tumor growth delay from day 15 after treatment (GI, 43%,
Supplemental Figure 6A). Taken together, our data confirm that
HR-deficient tumors are hypersensitive to combination treat-
ment of PARPi and TPZ.

Overall, treatment was well tolerated, with no animal lethal-
ity. TPZ at 20 mg/kg did result in slight toxicity in this treat-
ment regimen, with an average body weight loss of 5%-7%. In
the same experiment, animals that were treated with olaparib
(50 mg/kg) or talazoparib (0.1 mg/kg) alone had maximum
average body weight loss of 0.5%-1.5%. Importantly, combina-
tion of PARPi and TPZ did not significantly increase weight loss
compared with TPZ single-agent treatment in these mice (TPZ
average weight loss was 5% versus combination average weight
loss of 7%; P = 0.75) (Supplemental Figure 6B). In addition, mice
recovered their body weight between TPZ doses. Therefore,
PARPI did not enhance the toxicity of TPZ, as judged by its min-
imal impact on body weight of mice.

We also performed toxicity analysis of talazoparib and TPZ
treatment in the SUM149 xenograft model. Although the numbers
of white blood cells, red blood cells, and platelets were reduced
in the TPZ-treated group, there was no further reduction upon
cotreatment with PARPi (Supplemental Figure 6C). Therefore,
although TPZ did demonstrate some hematologic toxicity on its
own, which is in agreement with prior preclinical investigations
(56), it did not potentiate the hematologic toxicity of PARPi when
the 2 agents were coadministered. Finally, histological analysis of
several organs from these animals showed no histological abnor-
malities across treatment groups, indicating lack of gross normal
tissue toxicity (Supplemental Figure 6D).

In summary, evidence for the important translational implica-
tion of our study lies in the fact that a well-tolerated combination
therapy of low-dose TPZ and low-dose PARPi resulted in potent
antitumor effects as compared with each monotherapy.

Discussion

PARPis play an important role in the clinical management of
HR-deficient cancers. Approximately 50% of ovarian cancers and
10%-20% of breast, metastatic prostate, and pancreatic cancers
harbor mutations in HR factors, making these tumors candidates
for PARPi therapy (57). However, despite the enthusiasm for
the addition of PARPis to the clinical landscape of HR-deficient
tumors, not all patients benefit and many who initially respond to
therapy develop resistance. Deciphering the mechanisms of resis-
tance to PAPRIs is therefore essential to improving their clinical
efficacy (58). While recent studies have identified cancer cell-
intrinsic mechanisms driving PARPI resistance, our study reveals
a mechanism by which the hypoxic tumor microenvironment
promotes PARPI resistance through reduced ROS-mediated DNA
damage. Tumor hypoxia is a key microenvironmental factor pres-
ent in most solid tumors and is well known for its role in promot-
ing resistance to conventional anticancer therapies (14). Taking
advantage of a previously established hypoxia gene-expression
signature (35) and a database of breast PDX models (34), we found
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that sensitivity of these tumors to olaparib was inversely correlat-
ed with the level of intratumor hypoxia.

Previous work demonstrated that the HR pathway is com-
promised in severe hypoxia (19, 20, 33), resulting in synthetic
lethality with PARP inhibition (21). Similarly, we found that HR
is suppressed only under severe hypoxia (0.5% oxygen) in HR-
proficient cells. Importantly, our study identifies a different effect
under moderate hypoxia, where both HR-proficient and HR-
deficient cancer cells are resistant to PARPi therapy, thereby sug-
gesting a model where low levels of ROS under hypoxia results in
reduced DNA damage (59).

We also show that hypoxia promotes resistance to inhibitors
of alt-NHE] repair in HR-deficient tumors and combining them
with PAPRI had no additional benefit. In contrast, PARPi in com-
bination with inhibitors of alt-NHE] proteins results in increased
cytotoxic DSBs and cell death under normoxic conditions (48, 51).
Therefore, our data suggest that PARPis in combination with Pol6
inhibitors or other inhibitors of the alt-NHE] pathways are only
beneficial under normoxic conditions.

Since PARPi toxicity is dependent on accumulated DNA dam-
age (4), one would expect that inhibition of other DNA-repair path-
ways would result in enhanced cell killing when combined with
PARPi. For example, inhibition of the C-NHE] pathway has pre-
viously been connected to genomic stability and reduced lethal-
ity after exposure to PARPis and chemotherapeutic agents such
as platinum crosslinking agents (36, 60). However, combining
PARPi with inhibitors of the C-NHE] pathway, such as DNA-PKi,
led to reversal of PARPi-induced lethality under both normoxic
and hypoxic conditions. Since hypoxia also suppresses C-NHE],
inhibition of DNA-PK does not provide additional advantages to
hypoxic cells.

Since hypoxic cells are not inherently resistant to DNA
damage, we hypothesized that agents capable of inducing sin-
gle-strand DNA damage in these cells would improve their
sensitivity to PARPi. We show that combining PARPi with the
hypoxia-activated prodrug TPZ confers antitumor activity in
HR-deficient xenografts. TPZ undergoes an initial 1-electron
reduction to generate a TPZ radical. In the absence of oxygen,
the radical undergoes spontaneous conversion to generate the
toxic benzotriazinyl radical, causing increased DNA damage
(54). In the presence of oxygen, however, the unstable radical
anion is back oxidized to parental TPZ, resulting in the pro-
duction of superoxide (54), which although it is not known to
be highly reactive, can be converted to more toxic hydrogen
peroxide and hydroxyl radicals (55, 61). Our data indicate that
the lesions caused by these toxic molecules are not efficiently
repaired in PARP-inhibited HR-deficient cells and that this
damage accounts for the relatively high doses of TPZ needed to
synergize with PARPi in normoxia. Therefore, TPZ can be con-
sidered a double-edged sword in elevating the concentration of
ROS in normoxia and directly damaging DNA in hypoxic cells.
This increased damage is further enhanced through inhibition
of efficient repair by PARP1 ). Despite early promise in phase II
clinical trials, TPZ showed no therapeutic benefit compared with
standard chemoradiotherapy or chemotherapy alone in a pivotal
phase III trial (62). The failure has been attributed to poor strat-
ification of patients based on their tumor hypoxia status (63).

:


https://www.jci.org
https://doi.org/10.1172/JCI146256
https://www.jci.org/articles/view/146256#sd
https://www.jci.org/articles/view/146256#sd
https://www.jci.org/articles/view/146256#sd
https://www.jci.org/articles/view/146256#sd

RESEARCH ARTICLE The Journal of Clinical Investigation

A
SUM149 OVCARS8 HT1080
14 q 14
C c 1 g
o S 2
S B 8
g 01 S 0.1 s 01
g 3 g
= 2 S
2 001 S 001 5 001
. > . [7p] i
(] -e— Normoxia ] n - Normcma] -e— Normoxia ]
: P<0.01 f P<0.01 : P < 0.001
—= Hypoxia —=— Hypoxia —=— Hypoxia
0.001 yp 0.001 vP 0.001 yp
2 4 6 0 2 4 6 0 2 4 6
L67 concentration (uM) L67 concentration (uM) L67 concentration (uM)
B
SUM149
Normoxia Hypoxia
. Olaparib 0.1 uM
c c 1.0 Talazoparib 1 nM
2 2 L67 3 uM
[&] [}
o o
g S 0.5
> c
> >
» »n
0.0-
40
(o]
OVCARS8 . .
Normoxia Hypoxia
. Olaparib 1 uM
10 TT_ 10 Talazoparib 10 nM
UT L] .0
S IS L67 3 uM
S 3]
©
£ P<0.05 £
05 P <0.001 g
< e
> >
» »n
0.0
‘A\\c}z Q ’b&;o A be.‘\‘o A ‘_\\c}e; 4 @“v & '§® \3;\
QP \’bQ x 40 <X Q@ \‘bQ o K <X
(O N » o N4 N
2 <2 @ & > 2
R 19Q & < 19Q
O «,b\’b (@) «{§b
D E
HT1080
Normoxia Hypoxia
o107 4 mm CrSCR
c 1 c 1 g mm Cr Polo
Qo il K9
S i3]
: S ‘\\\b <Z(
= = 3 o 0.57
S J P<0.001 & o1 €
S oot = ¢]
=1 —e~ CrSCR =1 Crscr o
« —=— CrPolo « = G o
0.001} 0.01 0.0-
0.1 1 10 0.1 1 10 100
Talazoparib concentration (nM) Talazoparib concentration (nM)

10 J Clin Invest. 2021;131(11):e146256 https://doi.org/10.1172/)C1146256


https://www.jci.org
https://doi.org/10.1172/JCI146256

The Journal of Clinical Investigation

Figure 5. Hypoxia is also implicated in resistance to other inhibitors of
the alt-NHE] pathway. (A) Clonogenic formation of SUM149, OVCARS,

and HT1080 treated with indicated doses of L67 for 7 days under normoxic
(black lines) or hypoxic (red lines) culture conditions, followed by 7- to
10-day culture in the absence of inhibitor. Survival relative to vehi-
cle-treated cells is plotted. Interaction P value, normoxia versus hypoxia,
determined by 2-way ANOVA. n = 3. (B) Colony formation of SUM149 cells
treated for 96 hours with L67 (3 uM) and olaparib (0.1 uM) or talazoparib (1
nM) under normoxia or hypoxia. Results expressed as survival ratio relative
to vehicle-treated groups. P value calculated by t test, combination treat-
ments versus single treatments. n = 4. (C) Colony formation of OVCARS
cells treated for 96 hours with L67 (3 uM) and olaparib (1 uM) or talazoparib
(10 nM) under normoxia or hypoxia. Results expressed as survival ratio
relative to vehicle-treated groups. P value calculated by t test, combina-
tion treatments versus single treatments. n = 3. (D) Colony formation of
HT1080 cells expressing the indicated CRISPR/CASS constructs to knock-
down Polf and treated for 7 days with the indicated doses of talazoparib
under normoxic (left panel) or hypoxic (right panel) culture conditions,
followed by 7- to 10-day culture in the absence of inhibitor. Survival relative
to vehicle-treated cells is plotted. Interaction P value, normoxia versus
hypoxia, determined by 2-way ANOVA. (E) gRT-PCR measuring PolQ mRNA
levels in HT1080 cells. Measurements were normalized to 185 mRNA levels
and expressed as fold change compared with CRISPR scrambled PolQ.

n = 3. Data are represented as mean + SEM (represented by error bars).

Therefore, proper stratification of patients will be necessary to
ensure exploitation of the full potential of the TPZ and PARPi
combination, to follow on from the success story of nimorazole, a
hypoxia-targeting agent, that is currently the standard treatment
for patients in Denmark receiving radiation therapy for head and
neck cancer (64).

Our study reveals a new treatment combination by which
targeting the hypoxic tumor microenvironment can be exploited
to induce PARPi synthetic lethality. Importantly, the hypoxic
cytotoxin TPZ can significantly improve PARPi efficacy without
enhancing PARPi normal tissue toxicity. Therefore, we propose
the evaluation of TPZ and other hypoxic cytotoxins in combina-
tion with PARPi-based therapy in future clinical trials for hypoxic
tumors that are not responsive to PARPi therapy alone.

Methods

Cell culture and chemicals. OVCARS, HT1080, CAPAN1, MDA231, and
293T cells were obtained from ATCC. SUM149 cells were a gift from
James Ford (Stanford University). OVCARS cells were maintained in
RPMI-1640 media supplemented with 10% FBS. HT1080, MDA231,
and 293T cells were maintained in DMEM media supplemented with
10% FBS. CAPANI cells were maintained in IMDM media supple-
mented with 20% FBS. SUM149 cells were cultured in Ham’s F-12
supplemented with 5 pg/ml insulin, 1 pg/ml hydrocortisone, 10 mM
HEPES buffer, and 5% FBS. All cell line media were supplemented
with 1% penicillin/streptomycin (Thermo Fisher Scientific) and were
cultured in a humidified chamber with 5% CO, at 37°C Hypoxic cells
(0.5%-5% O,) were maintained in a control atmosphere chamber
(InVivo2 Hypoxic Workstation; Ruskinn) at 37°C.

Olaparib (AZD2281; 10mM in DMSO) was obtained from Selleck-
chem (catalog Ku-0059436), and talazoparib (10 mM talazoparib in
DMSO) was obtained from MedChem Express (catalog HY-16106).
DNA-PKi (NU7441; 10 mM in DMSO) was from Selleckchem (cata-
log S2638). TPZ (10 mM in DMSO) was obtained from Sigma-Aldrich
(catalog SMLO0552). L67 was obtained from Cayman Chemical (cat-
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alog 22941). H,0, Solution (no. 18304) was obtained from Sigma-
Aldrich. Enzymatic PARP activity was assessed using the Universal
Chemiluminescent PARP Assay Kit (Trevigen, catalog 4676-096-K),
as previously described (65).

Generation of HIF knockdown stable cells. 5 pg of shRNAs against
HIFla, HIF20, or HIF1B (Supplemental Table 1) were transfected
into 293T cells along with 2.5 pg of packaging plasmids, VSVG
(Addgene, catalog 8454), and delta 8.2 (Addgene, catalog 12263).
Forty-eight hours after transfection, cell media containing viral par-
ticles were collected and filtered through 0.45 um filters. For infec-
tion, 2.5 x 10° target cells were seeded into a 6-well plate, and 1 ml
of filtered media with viral particles was mixed with 1 ml of culture
media and 5 pg/ml polybrene (Sigma-Aldrich, catalog H9268) and
added onto target cells. Forty-eight hours after infection, infected
cells were selected by incubation in media containing 2 pg/ml puro-
mycin (Sigma-Aldrich, catalog P8833).

Generation of Pol@ CRISPR/Cas9 knockout. CRISPR/Cas9 knock-
outs of Pol6 were generated by transfection of 293T cells with sin-
gle-guide RNA (sgRNA) lentivectors targeting Pol® (Abm, catalog
K1682205) and the packaging plasmids VSVG (Addgene, catalog
8454) and delta 8.2 (Addgene, catalog 2263). Viral particles released
into the cell-culture supernatant were filtered with 0.45 pm filters.
Cell lines were infected with lentivirus by 2 lentiviral infections at
24-hour intervals using polybrene, and infected cells were selected by
incubation with puromycin for 3 days.

Determination of synergism. Cells were plated in 96-well plates
and treated with various concentrations of drugs alone or in combi-
nation. Following treatment for 4 days in normoxia or hypoxia (2%
oxygen), the assays were terminated using sulforhodamine B (SRB)
(Sigma-Aldrich, catalog S1402) and processed as previously described
(66). Briefly, cells were fixed with 50% trichloroacetic acid, followed
by 30 minutes incubation at room temperature with 0.4% SRB in 1%
acetic acid solution. Plates were washed and SRB solubilized with 10
mM Tris base pH 10.5. Staining intensity was read on a plate reader at
510 nm wavelength. Cell growth was calculated as a percentage of the
control wells for each group. Synergism analysis was calculated by the
Lowe model using the Combenefit software tool (53).

Colony-forming assay. Cells were plated in 6-well plates and allowed
to attach for 3hours. Cells were then treated continuously with the indi-
cated drug concentrations for the indicated durations. At the end of the
experiment, the medium was removed, and the colonies were fixed in
70% ethanol and stained with Crystal Violet (Sigma-Aldrich, catalog
C3886) solution to facilitate manual counting of colonies (=50 cells).
Clonogenic survival was calculated for each condition after correcting
for plating efficiency. Survival fraction was calculated by dividing sur-
vival of each condition by survival of cells treated with vehicle only.

EdU incorporation assay and cell-cycle analysis. Cell-cycle analysis
and quantification of cells in S-phase was performed using the Click-
iT EAU Alexa Fluor 488 Flow Cytometry Assay Kit (Thermo Fisher
Scientific, catalog C10632) according to the manufacturer’s protocol.
5-Ethynyl-20-deoxyuridine (EAU) (10 uM) was added to cells 2 hours
before harvest. Cells were costained with propidium iodide (Sigma-
Aldrich, catalog P4170) to quantify DNA content.

ROS quantification using DCF. Intracellular ROS production
was measured by staining with dichlorodihydrofluorescein diacetate
(H,DCFDA) (Molecular Probes, catalog MP36103). After appropriate
incubations, cells were loaded with 10 uM H,DCFDA for 30 minutes

+


https://www.jci.org
https://doi.org/10.1172/JCI146256
https://www.jci.org/articles/view/146256#sd

] -

RESEARCH ARTICLE

The Journal of Clinical Investigation

Normoxia Hypoxia Normoxia Hypoxia
120 120 120 120
1004 1008 1008 1008
(_“ — — —_
> 80 80 T 80 T 80
S *k .g = 2
S &0 S 60 S 60 2 60
(%) * =] > (/3)
o 40 D 40 D 40 D 40
° X X BN
20]-e- TPZ (0 uM) 20{ e TPZ (0 uM) 201 o~ TPZ (0 uM) 20{-e- TPZ (0 uM)
o= TPZ(10uM) | TPZ (1 um) = TPZ (5 uM) = TPZ (0.5 uM)
0.001 0.01 0.1 1 10 0.001 0.01 01 1 10 0.01 01 1 10 0.01 0.1 1 10
Olaparib concentration (uM) Olaparib concentration (uM) Talazoparib concentration (nM) Talazoparib concentration (nM)
120 120 120 120
1004 100 1008 1004
S 80 S w0 S & g 0
2 s <
2 e = g 50 g o0
0 40 Ug 40 D4 (2 40
2 ) X X X
201 ~*= Olaparib (0 uM) 20{-e~ Olaparib (0 uM) 201 -e- Talazoparib (0 nM) 20{-s- Talazoparib (0 nM)
-=- Olaparib (0.1 uM) o™ Olaparib (0.1 uM) o™ Talazoparib (1nM) -=- Talazoparib (1 nM)
0.1 1 10 100 0.01 0.1 1 10 0.1 10 100 0.01 0.1 10
TPZ concentration (M) TPZ concentration (uM) TPZ concentranon (uM) TPZ concentratlon (HM)
Normoxia Hypoxia Normoxia Hypoxia
Synergism Synergism Synergusm Synergism
~ 40 ~ 40 o1 40
s 1 E 0.1 s =3
] 2 = E] =
2 s 2 o0s o 2 os
E 0 3 0 g g 0
& 10 Q! Y g
Qo o o o
8 ] o o
50 40 F s 40 [ = s 40
0.01 0.01 0.1 1 0.1 1 10

0.1 1 10 . 10 .
Olaparib (M)~ Antagonism Olaparib (uM) ~ Antagonism

Antagonism

20
Talazoparib (nM)

Talazoparlb (nM Antagonlsm

Figure 6. Combination drug administration induces synergistic cytotoxicity and decreases clonogenic survival in vitro. (A) Cell survival of SUM149 cells
treated with olaparib (0.001-10 uM) and TPZ (0.1-50 uM) or talazoparib (0.01-20 nM) and TPZ (0.1-50 uM). Cells were treated for 4 days with the indicated
drug combinations under normoxia or hypoxia, followed by SRB assay to determine cytotoxicity. n = 3. P values were determined by t test, combination
treatments versus single treatments. See also Supplemental Figure SA. Data are represented as mean + SEM (represented by error bars). *P < 0.05; **P <
0.01; ***P < 0.007; ****P < 0.0001. (B) HSA synergism analysis of SUM149 cells treated with varying doses of TPZ and olaparib or TPZ and talazoparib. See

also Supplemental Figure 5B.

at room temperature, washed in PBS, and incubated with fresh media
without H,DCFDA for 30 minutes. DCF fluorescence was quantified
by flow cytometry.

Subcellular fractionation. Subcellular fractionation was carried
out with modifications, as previously reported (67). Cells were ini-
tially lysed in hypotonic buffer (10 mM HEPES, pH 7.9, 10 mM KCl,
1.5mM MgClZ), Pierce protease inhibitor mini tablets (Thermo
Fisher, catalog A32955), and phosphatase inhibitor (Roche,
catalog 4906845001).

The lysate was homogenized 10 times using a dounce homogen-
izer (pestle B) (Kimble Chase). The nuclei were then pelleted by cen-
trifugation at 15,000 gat 4°C for 5 minutes, and lysed in high salt buffer
(20 mM HEPES, pH 7.9, 0.42 M NacCl, 25% glycerol, 1.5 mM MgCI2,
0.1% Nonidet P-40 [NP-40],0.2mM EDTA, Pierce protease inhib-
itor mini tablets [Thermo Fisher, catalog A32955], phospha-
tase inhibitor [Roche, catalog 4906845001]). Lysates were then
homogenized 20 times using a dounce homogenizer (pestle B), and
centrifuged at 15,000 g at 4°C for 15 minutes. The final pellet con-
taining the chromatin fraction was lysed in RIPA buffer (50 mM Tris-
HCI, pH 8.0, 150 mM NaCl, 5 mM CacCl2, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, Pierce protease inhibitor mini tab-
lets [Thermo Fisher, catalog A32955], phosphatase inhibitor

[Roche, catalog 4906845001]) and incubated with micrococcal
nuclease (Thermo Fisher, catalog 88216) at room temperature for 15
minutes to release chromatin-bound proteins. Protein binding in chro-
matin was assessed by immunoblotting as described below.

Protein extraction and Western blotting analysis. Cells in culture were
washed with ice-cold PBS twice to completely remove residual medium.
Cells were lysed with RIPA lysis buffer supplemented with Protease
Inhibitor (EDTA-free) Cocktail (Roche, catalog 11836170001) to extract
protein. After thorough mixing and incubation at 4°C for 10 minutes,
lysates were centrifuged at 15,000 g at 4°C for 10 minutes, and super-
natants were collected. Protein concentrations were measured using
Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, catalog 23225)
with bovine serum albumin as a protein standard. Equal amounts of
protein samples were subjected to 4%-12% gradient gel SDS-PAGE and
electro-transferred onto PVDF membranes (Bio-Rad, catalog 1620177).
After blocking with 5% BSA in TBST (TBS with 0.1% Tween), the mem-
branes were incubated with the appropriate antibodies at 4°C overnight,
followed by HRP-conjugated secondary antibodies (anti-rabbit, catalog
sc2004; anti-mouse, catalog sc2354; anti-rat, catalog sc2006; anti-
goat, catalog sc2350; Santa Cruz Biotechnology Inc.) for 1 hour at room
temperature. Proteins were detected by chemiluminescent signal using
Clarity Western ECL Substrate (Bio-Rad, catalog 170-5060).
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Figure 7. Combination drug administration induces DNA damage and decreases clonogenic survival in vitro. (A) Percentage of YH2AX-positive SUM149
cells after 48-hour treatment with olaparib (1 uM) and TPZ (0.1-10 uM) or talazoparib (10 nM) and TPZ (0.1-10 uM) under normoxic (n = 3) or hypoxic (n =

3) conditions. (B) Colony formation of SUM149 cells treated for 96 hours with TPZ (0.1 uM) and olaparib (0.1 uM) or talazoparib (1 nM) under normoxia (n
=4) or hypoxia (n = 3). Results expressed as survival ratio relative to vehicle-treated groups. P value calculated by t test, combination treatments versus
single treatments. See also Supplemental Figure 5C. (C) Colony formation of SUM149 cells treated for 96 hours with TPZ (1 uM) and olaparib (0.1 uM) or
talazoparib (1 nM) in normoxia, P value calculated by t tests, combination treatments versus single treatments (n = 4). See also Supplemental Figure 5D.
(D) Relative levels of ROS produced upon treatment of cells with 0.1 uM and 1 uM of TPZ for 96 hours. P values calculated by 1-way ANOVA, TPZ treatment
versus vehicle (n = 3). See also Supplemental Figure SE. Data are represented as mean + SEM (represented by error bars).
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Figure 8. HR-deficient xenografts are sensitive to TPZ and PARPi combination treatment. (A) Schematic diagram of models for treatment of HR-de-
ficient cells in vivo. Mice were injected subcutaneously with tumor cells. After tumors reached an approximate size of 100 mm?, mice were divided into
vehicle and treatment groups. (B) OVCARS xenograft model. Left panel: growth curves of OVCARS tumors in control mice and mice treated with 50 mg/kg
olaparib and/or 20mg/kg TPZ. Two-way ANOVA: vehicle versus combination interaction, P < 0.0007; olaparib versus combination interaction, P < 0.0001;
TPZ versus combination interaction, P < 0.0001; n = 5 mice in each group. Right panel: relative enzymatic PARP activity of tumor lysates collected 2 hours
after the final olaparib treatment. Each dot represents data from 1 tumor. *P < 0.05, t test. See also Supplemental Figure 6A. (C) SUM149 xenograft
model. Left panel: growth curves of SUM149 tumors in control mice and mice treated with 0.1 mg/kg talazoparib and/or 20 mg/kg TPZ. Vehicle versus
combination: 2-way ANOVA, interaction, P < 0.0001; talazoparib versus combination: 2-way ANOVA, interaction, P < 0.0001; TPZ versus combination:
2-way ANOVA, interaction, P < 0.0001. n = 5 mice in each group. Right panel; relative enzymatic PARP activity of tumor lysates collected 2 hours after final
talazoparib treatment. Each dot represents data from 1tumor. P < 0.05, by t test. See also Supplemental Figure 6, B and C. Data are represented as mean

SEM (represented by error bars).

The following primary antibodies were used to detect specific pro-
teins: rabbit anti-p53BP1 (Ser25) (Novus, catalog N100-1803), rabbit
anti-53BP1 (Novus, catalog N100-305), rabbit anti-H2AX (Abcam,
catalog Ab10475), rabbit anti-PARP1 (Cell Signaling Technology, cat-
alog 9542S), mouse anti-PAR (Trevigen, catalog NB100-122), rabbit
anti-pKAP1 (S824) (Bethyl, catalog A300-767A), rabbit anti-pChk1l
(S345) (Cell Signaling Technology, catalog 2348), mouse anti-Chk1l
(Santa Cruz Biotechnology Inc., catalog sc-8404), mouse anti-HIFla
(BD Transduction, catalog 610959), rabbit anti-HIF2a (Novus, cata-

__JCI ¥

log NB100-122), mouse anti-HIFpB (Novus, catalog NB100-124), goat
anti-KAP1 (Bethyl, catalog A303-838A), rat anti-ORC2 (Cell Signaling
Technology, catalog 4736), mouse anti-B-actin (Santa Cruz Biotech-
nology Inc., catalog sc47778).

RNA extraction and qRT-PCR. RNA was isolated from cells
using RNeasy Plus Mini Kit (QIAGEN, catalog 74134) according
to the manufacturer’s instructions. The extracted RNA was then
reverse transcribed into cDNA using the iScript cDNA Synthesis
Kit (Bio-Rad, catalog 1708891) according to the manufacturer’s
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instructions. Quantitative real-time PCR (qQRT-PCR) was carried
out using PowerUp SYBR Green Master Mix (Thermo Fisher Sci-
entific, catalog A25742). Gene-specific primers with sequences
listed in Supplemental Table 1 were used for PCR amplification.
Detection and data analysis were executed with the StepOnePlus
Real-Time PCR System. qRT-PCR data were normalized to 18S and
presented as fold changes of gene expression in the test samples
compared with the control.

Immunofluorescence staining and quantitative image-based cytom-
etry. Cells were grown in 96-well plates (Greiner Bio-One, catalog
655090) and treated with PARPi for 48 hours. Cells were washed with
PBS and fixed with 4% paraformaldehyde for 15 minutes, followed
by permeabilization with 0.25% Triton X-100 for 10 minutes. Cells
were then blocked with 1% BSA for 60 minutes and incubated with
the appropriate primary antibodies overnight at 4°C: rabbit anti-53BP1
(Millipore, catalog PC712), rabbit anti-RIF1 (Bethyl, catalog A300-
568A), mouse anti-pDNAPKcs (Thr?%°) (Abcam, catalog ab18356),
and mouse anti- gH2AX (S139) (Millipore, catalog 05-636). This was
followed by secondary antibody incubation for 60 minutes at room
temperature and DAPI (Sigma-Aldrich, catalog D9542) for 10 min-
utes. Cells stained for 8-0xo-dG (mouse anti-8-oxo-dG, Trevigen,
catalog 4354-MC-050) were fixed in methanol for 20 minutes at
-20°C and stained according to the manufacturer’s protocol.

Cells were washed and imaged on a fully automated ImageXpress
Micro (Molecular Devices) at x20. Analysis of fluorescence intensi-
ties was performed using MetaXpress software. Intensity measure-
ments were within a nuclear mask generated from DAPI staining.
Background levels were determined for each fluorescence marker by
assessing histogram plots of the signal intensities in each pixel across
several images. The average background value across these images
was then subtracted from the mean intensity of the given fluorescent
marker in each cell. Analyses were performed by using the R2 Genom-
ics Analysis and Visualization Platform (http://r2.amc.nl).

DNA fiber analysis. After treatment with PARPi, SUM149 cells
were pulse-labeled with IdU (50 uM) (Sigma-Aldrich, 17125) for 30
minutes, followed by a gentle wash with prewarmed PBS and a sec-
ond pulse of CldU (400 pM) (Sigma-Aldrich, C6891) for 40 minutes.
Labeled cells were collected and DNA fiber spreads prepared as previ-
ously described, using 2 slides per sample (68).

DNA fibers were visualized using primary antibodies specific
for IdU and CldU (BD Biosciences, catalog 347580; Abcam, cat-
alog Ab6326, respectively) and stained with Alexa Fluor 488- or
594-conjugated secondary antibodies (Thermo Fisher). Images of
well-spread DNA fibers were captured with fluorescence micros-
copy using an Inverted Zeiss observer z1 at x40 and a ZEISS Axio-
cam 506 mono camera (pixel size 4.54 x 4.54 um, conversion factor
0.1135). At least 15 images per sample were collected. Tracts that
represent replication fork termination events (red-green-red or
red-only tracts) or new origin firing during the CIdU labeling (green
only) were excluded from the analysis. In all experiments, CIdU
tract lengths were measured only when preceded by IdU labeling to
quantify ongoing replication forks (green followed by red staining
pattern). Image] (NIH) was used to measure DNA fiber length. Two
independent replicates were performed, and results were pooled
together. Samples were collected, blinded, and spread by 2 differ-
ent people so that the experiments (spreading/imaging/measuring)
were performed in a totally blind manner.
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TLR assay. Lentiviral constructs coding for TLR (catalog 31482)
and I-Scel with donor e-GFP (catalog 31476) were purchased from
Addgene. The plasmid was transduced by 2 lentiviral infections at
24-hour intervals using supernatants from transfected 293T cells.
Cells with integrated TLR were selected with puromycin for 5 days.
Cells were then transduced with I-Scel, treated with PARPi for 48
hours in the absence of antibiotic selection, and analyzed by flow
cytometry. EGFP, indicative of HR, was measured by using a 488
nm laser for excitation and a 510/30 filter for detection. mCherry
fluorescence, which reflects NHE], was measured by using a 561 nm
laser for excitation and a 610/20 filter for detection.

In vivo efficacy studies. Olaparib was solubilized in DMSO and
diluted in PBS containing 10% (w/v) 2-hydroxy-propyl-beta-cyclodex-
trin (Cayman Chemicals, catalog 16169). Talazoparib was prepared
weekly in 10% DMAc, 6% Solutol and 84% PBS at 0.01 mg/ml and
stored at 4°C in the dark.

Mice were maintained in a sterile environment, housed in indi-
vidually vented caging systems under a 12-hour light/12-hour dark
cycle, and maintained at uniform temperature and humidity. OVCARS8
xenografts were established by subcutaneous injection of 5 x 10 cells
in serum- free medium/Matrigel mix into the mid-dorsal flank of 8- to
12-week-old female NU/NU nude mice (Charles River, catalog 088).
SUM149 and HTO0180 xenografts were established by injection of 3
x 10% and 2 x 10¢ cells, respectively, in 0.1 ml serum- free medium/
Matrigel mix into the middorsal flank of 8- to 12-week-old female
immunocompromised Fox Chase SCID mice (Charles River, catalog
236). When tumors reached an average size of 100 mm?, mice were
randomized and divided into 4 groups, according to treatments. Mice
were treated with PARPi, TPZ (20 mg/kg) twice weekly by i.p. injec-
tion, the combination, or vehicle. Olaparib (50 mg/kg) was admin-
istered by i.p. injection 5 times a week. Talazoparib (0.1 mg/kg) was
administered by oral gavage 5 days a week for the duration of the
study. Tumor size was measured 2e to 3 times a week using calipers.
Pimonidazole (60 mg/kg) (catalog HP-100, hpi) was injected i.p.
1 hour before endpoint, when animals were sacrificed following the
standard protocols and tumors collected for further analysis. Organs
were collected for H&E staining, and peripheral blood was collected
and analyzed with an automated analyzer using mouse specific
parameters (Abaxis VetScan5).

Immunofluorescence on paraffin sections. Tissues were fixed in
10% formalin overnight and embedded in paraffin. The 5 pm par-
affin-embedded sections were first deparaffinized in xylene, and
endogenous peroxidase was blocked by incubation with 3% hydro-
gen peroxide for 10 minutes. Antigen retrieval was performed by
boiling the slides in EDTA buffer (10 mM, pH 6.0) in a water bath
for 20 minutes. Slides were rinsed in PBS Tween 0.05% and blocked
for 30 minutes with 2.5% horse serum. Slides were then incubated
overnight at 4°C with primary antibodies (anti-pimonidazole, cat-
alog PAb2627AP, 1:50 from hpi; anti-CA9, catalog NB100-417SS,
1:200 from Novus), followed by 1 hour with fluorescently labeled
secondary antibodies at room temperature (Molecular Probes).
Negative controls were treated identically, but without primary
antibodies. Apoptosis was detected using the DeadEnd Fluoro-
metric TUNEL System (Promega, catalog G3250) according to the
manufacturer’s instructions. Slides were mounted with fluores-
cence mounting medium (DAPI Fluoromount-G, SouthernBiotech,
catalog 0100-20), and images were acquired using a Leica DMi8
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Fluorescent Microscope (Leica Microsystems). Colocalization of
TUNEL and pimonidazole or CA9 staining was analyzed using LAS
X software (Leica Microsystems).

Data availability. Data sets analyzed during the current study
are available in TCGA (https://portal.gdc.cancer.gov/; glioblastoma,
TCGA- GBM; breast, TCGA-BRCA; colorectal, TCGA-COAD;head
and neck, TCGA-HNSC; liver, TCGA-LIHC; cervix, TCGA-CESC;
esophagus, TCGA-ESCA; bladder, TCGA-BLCA; ovarian, TCGA-
OV; pancreas, TCGA-PAAD; melanoma, TCGA-SKCM; stomach,
TCGA-STAD; testicular, TCGA-TGCT; thyroid, TCGA-THCA; thy-
moma, TCGA-THYM; cholangiocarcinoma, TCGA-CHOL) and the
Breast Cancer PDTX Encyclopedia (EGAC00001000540).

Statistics. Results are presented as mean * SEM of at least 3 inde-
pendent experiments unless otherwise stated. A P value of less than
0.05 was considered statistically significant. Unless otherwise stat-
ed, significance was calculated using the 2-tailed Student’s ¢ test,
and correlation between groups was determined by Pearson’s correla-
tion test. Analyses were performed using GraphPad Prism 8 software.
Flow cytometry data were analyzed using FlowJo software.

Study approval. Animal studies were performed in accordance
with institutional guidelines and protocols approved by the Stanford
University Institutional Animal Care and Use Committee.
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