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A B S T R A C T

Background and purpose: The PARP inhibitor (PARPi), Talazoparib (BMN673), effectively and specifically radi-
osensitizes cancer cells. Radiosensitization is mediated by a shift in the repair of ionizing radiation (IR)-induced
DNA double-strand breaks (DSBs) toward PARP1-independent, alternative end-joining (alt-EJ). DNA polymerase
theta (Polθ) is a key component of this PARP1-independent alt-EJ pathway and we show here that its inhibition
can further radiosensitize talazoparib-treated cells. The purpose of the present work is to explore mechanisms
and dynamics underpinning enhanced talazoparib radiosensitization by Polθ inhibitors in HR-proficient cancer
cells.
Methods and Materials: Radiosensitization to PARPis, talazoparib, olaparib, rucaparib and veliparib was assessed
by clonogenic survival. Polθ-proficient and − deficient cells were treated with PARPis and/or with the Polθ in-
hibitors ART558 or novobiocin. The role of DNA end-resection was studied by down-regulating CtIP and MRE11
expression using siRNAs. DSB repair was assessed by scoring γH2AX foci. The formation of chromosomal ab-
normalities was assessed as evidence of alt-EJ function using G2-specific cytogenetic analysis.
Results: Talazoparib exerted pronounced radiosensitization that varied among the tested cancer cell lines;
however, radiosensitization was undetectable in normal cells. Other commonly used PARPis, olaparib, veliparib,
or rucaparib were ineffective radiosensitizers under our experimental conditions. Although genetic ablation or
pharmacological inhibition of Polθ only mildly radiosensitized cancer cells, talazoparib-treated cells were
markedly further radiosensitized. Mechanistically, talazoparib shunted DSBs to Polθ-dependent alt-EJ by
enhancing DNA end-resection in a CtIP- and MRE11-dependent manner – an effect detectable at low, but not high
IR doses. Chromosomal translocation analysis in talazoparib-treated cells exposed to Polθ inhibitors suggested
that PARP1- and Polθ-dependent alt-EJ pathways may complement, but also back up each other.
Conclusion: We propose that talazoparib promotes low-dose, CtIP/MRE11-dependent resection and increases the
reliance of irradiated HR-proficient cancer cells, on Polθ-mediated alt-EJ. The combination of Polθ inhibitors
with talazoparib suppresses this option and causes further radiosensitization. The results suggest that Polθ in-
hibition may be exploited to maximize talazoparib radiosensitization of HR-proficient tumors in the clinic.

Introduction

Targeting tumors defective in BRCA1 or BRCA2, two central proteins
of homologous recombination repair (HR), with poly-ADP-ribose poly-
merase (PARP) inhibitors is a striking example of precision oncology
harnessing the concept of synthetic lethality [1–6]. Indeed, it is the first

molecular-targeted therapy approved for this group of diseases [3]. HR
removes replication-associated DSBs generated in cells treated with
PARP inhibitors (PARPis), and when HR is defective, synthetically lethal
effects impair their repair, eventually causing cell death. It is proposed
[6] that PARP inhibition at base-excision repair sites, traps the protein
onto DNA repair intermediates that obstruct replication forks and
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generate structures that are normally resolved by BRCA-dependent HR
[7–9].

The mechanism of trapping has been studied extensively and plau-
sible models have been proposed. However, it is still debated whether
trapping of PARP1/2 on chromatin reflects exclusively the suppression
of its catalytic activity, or whether a PARP-inhibitor-dependent reverse
allosteric process independently enhances chromatin binding and
largely determines inhibitor efficacy – possibly with contributions from
proteins completing the PARP catalytic site, such as HPF1 [7,8,10–18].
In addition to classical BRCA1/2 mutations, deficiencies in HR repair
genes such as PALB2, RAD51 and its paralogs, as well as several others,
show synthetically lethal interactions with PARPis and extend the
spectrum of tumors that may be targeted with these compounds
[19–21].

Despite striking successes, this approach has limitations, as HR-
deficient tumors represent a small percentage of all human tumors,
and of these only 30–––50 % respond to PARPi monotherapy [22] −

owing primarily to de novo resistance to the inhibitor, or resistance
acquired by HR restoration, or the acquisition of compensatory muta-
tions [23,24]. As one strategy to overcome these limitations and
improve therapeutic efficacy, combinations of PARPis with radiotherapy
(RT) have been explored. Indeed, olaparib radiosensitizes lung and
pancreatic cancer cells in vitro and in vivo, but only in an HR-deficient
background, or after combined treatment with ATR inhibitors [25,26].

Recent studies highlight the PARPi, talazoparib, as a highly potent
radiosensitizer in a broad range of HR-proficient cancer cell lines,
effective at low nanomolar concentrations (2–––250 nM), and even after
short exposure times (~1h) [27,28]. Notably, the radiosensitizing effi-
cacy of talazoparib is superior to that of other PARPis, such as PJ34 and
even olaparib, veliparib, or rucaparib [27–32], making it a highly
promising compound for clinical application. Since talazoparib radio-
sensitization varies among tumor cells [27,31], it is important to
develop means to predict and possibly further enhance its radio-
sensitizing properties. It has been proposed that radiosensitizers in
general and talazoparib in particular increase the sensitivity of cells to IR
by shifting the balance of DSB processing from error-free to error-prone
repair pathways [27,28,33,34].

The mechanistic foundations of this response are as follows: Two
main pathways repair DSBs in mammalian cells: classical non-
homologous end joining (c-NHEJ) and homologous recombination
repair (HR). c-NHEJ rejoins DSBs with fast kinetics, accepting sequence
errors at the junction or the joining of wrong ends [35]. HR, on the other
hand, utilizes the sister chromatid available in the S- (partly) and G2
phases of the cell cycle and repairs DSBs in an error-free manner
[35–39]. Cells also utilize a set of mechanistically distinct repair path-
ways, collectively called alternative end joining (alt-EJ), which in
addition to some first-line normal engagement, also backup c-NHEJ or
HR processing failures [36,40–43]. Compared to HR, and even c-NHEJ,
alt-EJ is more error-prone, causing large deletions and often joining
unrelated DSB ends to form chromosomal translocations. However,
overall and as expected from its evolutionary history, alt-EJ helps to
maintain genomic integrity [36,40,44]. In this context of processing
options, our work with talazoparib shows that radiosensitization can be
attributed to a shift from c-NHEJ, and to a lesser degree from HR, to alt-
EJ [27,28]. Indeed, talazoparib treatment promotes the recruitment of
RPA to DSB sites and antagonizes the c-NHEJ promotor 53BP1, while
exerting inhibition of c-NHEJ in pulsed-field gel electrophoresis exper-
iments equivalent to that of DNA-PKcs inhibition [27,28]. Collectively,
these results document a shunting of DSBs from c-NHEJ to alt-EJ.

Alt-EJ pathways benefit from short-range resection initiated by the
CtIP/MRN (MRE11, Rad50, and NBS1) complex [40,45–47]. One sub-
pathway of alt-EJ utilizes PARP1 and is inhibited in cells treated with
talazoparib [42,48]. A second and probably mechanistically distinct
sub-pathway of alt-EJ utilizes DNA polymerase theta (Polθ, encoded by
the POLQ gene) [44,49,50]. Polθ is a multi-domain protein with a
helicase-like domain, a large central domain and a C-terminal

polymerase domain. The helicase-like domain of Polθ facilitates
annealing of the 3′ overhang pair and scans for short stretches of
microhomologous sequence, while the polymerase domain performs fill-
in synthesis of missing DNA segments during DSB processing [51,52]. In
addition to its well-defined role in IR-induced DSB repair, Polθ has also
been reported to be involved in sealing ssDNA gaps during replication
[53], as well as facilitating translesion synthesis during the repair of
high LET-induced, complex DSBs [54]. These inherently error-prone
DNA repair mechanisms can lead to templated nucleotide insertions
and microhomology-flanked deletions, and can also cause chromosomal
rearrangements [51,52].

A recent study shows that Polθ-mediated end-joining takes over DSB
repair when c-NHEJ becomes suppressed [55]. This suggests that Polθ-
mediated alt-EJ is active in talazoparib-treated cells, where c-NHEJ-in-
hibition is considered a key component of the induced radiosensitization
[27]. This notion is further supported by the fact that IR-induced chro-
mosomal translocations, a hallmark of suppressed c-NHEJ activity, are
significantly increased after exposure to talazoparib [27,28]. We
therefore hypothesized that inhibition of Polθ-mediated alt-EJ would
further radiosensitize talazoparib-treated cells.

Tumors with POLQ defects are rare in cancer patients. On the con-
trary, POLQ is often overexpressed in HR-deficient tumors − and occa-
sionally in cancers with functional HR [49,56–58]. Therefore, the
development of Polθ inhibitors to specifically target susceptible cancers
through synthetic lethal interactions is being intensively pursued. As
part of these efforts, the widely used antibiotic, novobiocin (NVB), was
uncovered as a promising Polθ inhibitor, and Artios reported ART558
and several other related compounds as highly specific Polθ inhibitors.
Both compounds are presently tested in preclinical and clinical settings;
they show promising results as single agents in tumors with appropriate
genetic backgrounds − notably deficiencies of BRCA1/2, RAD54, and
53BP1 [58–61]. These inhibitors are useful tools to investigate how Polθ
inhibition may affect talazoparib radiosensitization.

Here, we report that genetic ablation or chemical inhibition of Polθ
in cancer cells often induces only modest radiosensitization, whereas it
markedly radiosensitizes talazoparib-treated cells. Mechanistically, by
inhibiting c-NHEJ and PARP1-dependent alt-EJ and enhancing DNA end
resection, talazoparib creates favorable conditions for the engagement
of Polθ-mediated alt-EJ that is suppressed by its inhibitors resulting in
enhanced radiosenstization.

Methods and materials

Cell lines

A549 parental and POLQm (POLQ exon1 knockout) cells [62]; U2OS
parental, U2OS POLQm (POLQ exon16 mutant) [63] and U2OS DR-GFP
and EJ-2 cell lines (a gift from Dr. J. Stark) [64]; RPE-1 and 82–6 hTert
cells were cultured at 37 ◦C in a 5 % CO2, 95 % air atmosphere. Details
on procedures, conditions, and reagents are provided in “Supplementary
Methods and Materials”.

Inhibitors and antibodies

Details are provided under Supplementary Methods and Materials.

Radiation exposure

Irradiations were carried out with an X-ray machine (GE Healthcare)
operated at 320 kV, 10 mA with a 1.65 mm Al filter (effective photon
energy approximately 90 kV). The dose rate at 50 cm was approximately
2.8 Gy/min.

Clonogenic survival assay

Exponentially growing cells were treated with the indicated
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inhibitors for 1 h before IR. At 6 h post-IR, cells were plated for colony
formation in the absence of drugs. Cells were allowed to grow colonies
for 8–12 days. Colonies were fixed and stained with crystal violet (see
“Supplementary Methods and Materials” for details).

Indirect immunofluorescence (IF) and image analysis

Cells grown on coverslips were labeled with 10 μM of 5-ethynyl-2′-
deoxyuridin (EdU) for 30 min before treatment with the indicated in-
hibitors. After treatment, cells were exposed to IR. Inhibitors were
maintained throughout the experiment. Cells were fixed in PFA solution
(3 % paraformaldehyde and 2 % sucrose), permeabilized in 0.5 %
Triton-X100 in PBS, and blocked in PBG solution (0.2 % fish skin gelatin,
0.5 % BSA fraction V, in PBS). Cells were then stained for RPA70 or
γ-H2AX; cell nuclei were stained with DAPI (see “Supplementary
Methods and Materials” for details).

Samples were scanned on an AxioScan.Z1 imaging platform (Zeiss)
for high-throughput analysis by quantitative image-based cytometry
(QIBC). Image analysis was carried out as described elsewhere [65]. For
cell cycle-specific analysis of DSB repair, foci were scored in EdU− and
EdU+cells as indicated; data obtained were processed using the Imaris
software and organized using the software, Orange.

Pulsed-field gel electrophoresis (PFGE)

PFGE was used to assess the induction and repair of DSBs as

described elsewhere [66]. Details are given under “Supplementary
Methods and Materials”.

Cytogenetic analysis

Exponentially growing cells were treated with the indicated in-
hibitors for 1 h prior to IR exposure and allowed to repair for 1–5 h at
37 ◦C. 0.1 mg/mL Colcemid (Biochrom AG) was added to each sample
during the last 1 h to accumulate metaphases, as described elsewhere
[67]. Approximately 100 metaphases were analyzed for chromosomal
abnormalities. Analysis was performed using bright field microscopy
(Leica Microsystems DM RBE, Wetzlar, Germany).

RNA interference and immunoblotting

Transfection with specific siRNAs was performed using the Nucleo-
fector device (Amaxa Biosystems). Details of siRNAs are provided in
“Supplementary Methods and Materials”. The level of knockdown was
analyzed by Western blotting. Protein extracts were prepared and run on
SDS-PAGE gels using standard protocols, as described previously [39].
Imaging was performed with the Odyssey scanner (LI-COR).

Statistical analysis

Graphs were generated in SigmaPlot 14. Statistical significance was
determined using the Student’s t-test function in SigmaPlot 14.

Fig. 1. Talazoparib radiosensitization is enhanced by suppression of Polθ activity. (A) Clonogenic survival in U2OS cells showing radiosensitization after 6 h incubation
with 50 nM talazoparib; (B) Radiosensitization assessed as in (A) for A549 cells; (C) Radiosensitization by a combination of 50 nM talazoparib and 5 μM ART558 in
U2OS cells; (D) Radiosensitization assessed as in (C) for A549 cells. Data represent mean ± SD calculated from three independent experiments.
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Statistical significance is indicated as * p < 0.05, ** p < 0.01, or *** p <

0.001.

Results

We focused our experiments on the osteosarcoma U2OS and the lung
carcinoma A549 cell lines, since available POLQ mutants offer a plat-
form to test our hypotheses. Fig. 1A and 1B show that talazoparib
applied at 50 nmol/L for 6 h, effectively radiosensitizes both cell lines.
Notably, while the Polθ inhibitor ART558 only marginally radio-
sensitizes these cells, it induces strong, further radiosensitization in
talazoparib-treated cells (Fig. 1C and 1D). Similar results are obtained
with a second Polθ inhibitor, novobiocin (NVB) (Figure S1A and B). To
further test the validity of the above observations, we analyzed mutants
genetically deficient in POLQ. Genetic ablation of POLQ in U2OS or
A549 cells causes a small degree of radiosensitization (Fig. 2A and
Figure S2A). However, when these mutants are treated with talazoparib,
the Polθ defect results in pronounced radiosensitization (Fig. 2A and
Figure S2A). The radiosensitizing effect of the POLQ knockout is
stronger than that of the tested inhibitors, suggesting that under the
inhibitor concentrations and treatment times employed, Polθ inhibition
is incomplete.

We next investigated how POLQ deficiency affects radiosensitivity of
cells exposed to olaparib, veliparib or rucaparib, PARPis with weaker
radiosensitizing potential than talazoparib [27,31,32]. The results
confirm the stronger radiosensitizing potential of talazoparib and show
that suppression of Polθ activity fails to generate additional

radiosensitization (Fig. 2B, 2C, 2D and Fig. Figure S2B, C, D). We re-
ported that talazoparib fails to radiosensitize normal cell lines [27].
Here, we investigated whether this specificity persists when talazoparib
is combined with Polθ inhibitors. The results with the non-transformed
human cell lines, RPE-1 and 82-6hTert, in Figure S3A, B show that
indeed talazoparib fails to radiosensitize normal cells even when com-
bined with Polθ inhibitors.

We conclude that treatment of cancer, but not normal, cells with
talazoparib renders them more susceptible to subsequent Polθ inhibi-
tion. We hypothesized that talazoparib somehow increased utilization of
Polθ-dependent alt-EJ, which was suppressed when the inhibitor was
administered causing thus the increased radiosensitization. In the
following section we describe experiments that helped to elucidate the
mechanism of talazoparib radiosensitization in cancer cells and its
ability to synergize with Polθ ablation.

We postulated that if treatment with talazoparib, inhibits c-NHEJ
and enhances utilization of Polθ-mediated alt-EJ [27], talazoparib-
treated cells genetically deficient in POLQ or treated with Polθ-in-
hibitors, should display altered DSB repair kinetics, as typically alt-EJ
operates with slow kinetics. To investigate this, we analyzed the for-
mation and decay of γ-H2AX foci, an accepted proxy for DSBs, in the
genomes in U2OS and A549 cells. Fig. 3A and 3B show that the kinetics
of γ-H2AX foci induction and decay (2 Gy) are indistinguishable in POLQ
mutant (POLQm)-U2OS cells and the corresponding POLQ proficient
control. In contrast, in talazoparib-treated POLQm cells, markedly
delayed kinetics are observed as compared to talazoparib-treated POLQ
proficient cells. A similar, albeit less pronounced inhibition is observed

Fig. 2. Comparison of talazoparib radiosensitization with that of other PARP inhibitors in POLQ deficient cells. Clonogenic survival assays quantitating effects of (A) 50 nM
talazoparib, (B) 5 μM veliparib, (C) 5 μM rucaparib, and (D) 3 μM olaparib in U2OS parental and POLQm cells. Data represents mean ± SD calculated from three
independent experiments.
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using the ART558 inhibitor (Fig. 3C), as well as in A549 cells after ge-
netic inactivation of POLQ, or inhibition of Polθ (Figure S4A, B and C).
The Polθ-independent increase at 1 h of γ-H2AX foci following treatment
with talazoparib, reflects the above discussed shift in repair pathway
engagement that generates a higher net of unrepaired DSBs.

As an extension of the above analysis, we measured under similar
conditions induction and repair of DSBs using PFGE. PFGE detects DNA
ruptures directly by applying the physical principles of gel electropho-
resis, rather than the indirect DDR signaling-marking of γ-H2AX that

obeys, when carefully analyzed, the delayed kinetics of induction and
decay of the DDR rather than the physical induction and repair of DSBs
[66]. However, the sensitivity of PFGE requires high IR doses, and we
have reported dramatic shifts in the engagement of HR versus c-NHEJ
with increasing IR dose [39]. Indeed, while engagement of HR can reach
50 % at doses much below 2 Gy, it hovers around 10–20 % between 2–5
Gy, and is practically undetectable above 10 Gy [39].

PFGE experiments, typically require doses between 10–20 Gy and
detect therefore mainly c-NHEJ and alt-EJ. Under these conditions,

Fig. 3. Talazoparib combined with Polθ inhibition suppresses IR induced DSB repair. (A) Representative images of γ-H2AX foci in U2OS cells. Scale bar: 5 µm; (B) Effects
of 50 nM talazoparib on γ-H2AX foci kinetics in exponentially growing U2OS parental and POLQm cells; (C) Effects of 50 nM talazoparib and/or 5 μM ART558 on
γ-H2AX foci kinetics in exponentially growing U2OS cells; (D) Effects of talazoparib on DSB repair kinetics in U2OS parental and POLQm cells exposed to 20 Gy and
analyzed by PFGE; (E) as in (D) for combined talazoparib and/or ART558 treatment. Data represent mean ± SD calculated from two to three independent exper-
iments. Statistical analysis is performed between talazoparib- and talazoparib + Polθ inhibition treated groups, * p < 0.05, ** p < 0.01, *** p < 0.001. n.s,
nonsignificant.
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talazoparib strongly inhibits c-NHEJ, as previously reported [27]. On
the other hand, Polθ genetic defects leave unchanged DSB repair in
U2OS cells, but clearly inhibit repair in talazoparib-treated cells
(Fig. 3D). The response is similar in U2OS cells treated with ART558,
although the effect is smaller failing to reach statistical significance –
again possibly owing to the inhibitor concentrations employed (Fig. 3E).
The results with A549 cells also show similar overall trends, although for
similar reasons, the effects are small and fail to reach statistical

significance (Figure S4D, E).
Thus, talazoparib inhibits c-NHEJ and as a consequence, it increases

the number of γ-H2AX foci detected at 1 h and the fraction of DSBs
processed with slow kinetics by alt-EJ, as we had postulated (Table S1).
The latter effect is markedly increased upon suppression of Polθ activity,
signifying a larger functional contribution of the protein in talazoparib-
treated cells as compared to untreated controls, where its inhibition has
no detectable effect. Since talazoparib inhibits PARP1, PARP1-

Fig. 4. DSB end resection in cells treated with talazoparib. (A) Quantification of IR induced RPA70 foci in U2OS parental and POLQm cells after treatment with/without
50 nM talazoparib throughout the cell cycle; (B) Representative IF images of RPA70 foci in U2OS and A549 cells. Scale bar: 5 µm; (C) As in (A) for EdU- G2 − A549
cells; (D) As in (A) for EdU- G2 − U2OS parental and POLQm cells exposed to low and high IR doses; (E) FC-based analysis of resection in U2OS cells. Resection is
measured 3 h after exposure to 10 Gy and treatment with/without 50 nM talazoparib; (F) As in (E) for A549 cells. Data represent mean ± SD calculated from three
independent experiments (except Figure D, n = 2). * p < 0.05, ** p < 0.01, *** p < 0.001. n.s, nonsignificant.
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dependent alt-EJ is suppressed, leaving Polθ dependent alt-EJ to func-
tion. In the following experiments we show how talazoparib generates
conditions that increase the engagement at DSBs of Polθ-dependent alt-
EJ and other resection dependent DSB repair pathways [65].

Because alt-EJ benefits from resection and CHO cells that are effec-
tively radiosensitized by talazoparib also show increased resection [27],
we introduced QIBC and flow cytometry to carry out cell cycle specific
resection analysis, at low and high IR doses respectively, by scoring RPA
foci in U2OS and A549 cells (Figure S5); see also [38,65,68]. Fig. 4A and
B show active resection at DSBs in U2OS cells 3 h after exposure to 2 Gy
in S- and the G2- phases of the cell cycle. Resection is practically unde-
tectable in G1-phase. Notably, treatment with talazoparib markedly in-
creases resection in the S- and G2-phase paving thus the way to a redirect
DSBs to Polθ alt-EJ. Similar responses are observed in POLQ-deficient

A549 cells (Fig. 4B and 4C). Notably, talazoparib fails to increase
resection at high IR doses as measured either by QIBC (Fig. 4D), or FACS
(Fig. 4E, 4F), suggesting regulatory mechanisms that suppress its func-
tion with increasing IR dose [27] (see above for a discussion of similar
responses regarding HR engagement).

To elucidate how resection contributes to the effects of talazoparib
and particularly to the increased radiosensitization by Polθ inhibition of
talazoparib-treated cells, we employed RNAi to suppress resection. CtIP
is a crucial regulator of resection [69] and its knockdown (Fig. 5A)
dramatically reduces resection in both U2OS parental and POLQm cells
(Fig. 5B and C). Notably, despite radiosensitization of CtIP depleted
cells, talazoparib radiosensitization is similar in CtIP depleted and un-
treated cells (Fig. 5D – compare shaded areas). We conclude that tala-
zoparib radiosensitization also has a resection-independent component.

Fig. 5. CtIP and MRE11 mediated DSB end resection after treatment with talazoparib contributes to radiosensitization by Polθ activity suppression. (A) Western blot depicting
knockdown of CtIP in U2OS cells; (B) Representative IF images of RPA70 foci in U2OS cells. Scale bar: 5 µm; (C) Quantification of IR induced RPA70 foci after CtIP
depletion in U2OS parental and POLQm cells after treatment with/without 50 nM talazoparib; (D) Impact of CtIP depletion on the radiosensitizing effect of 50 nM
talazoparib in U2OS cells; (E) same as in D for POLQm U2OS cells; (F, G, H, I, J) as in (A, B, C, D, E, respectively) following MRE11 depletion. Shading serves to
subjectively guide an estimation of the radiosensitizing effect of talazoparib on control and knockdown cells, respectively. Data represent mean ± SD calculated from
three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001. n.s, nonsignificant.
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In POLQ deficient cells (Fig. 5E – compare shaded areas), on the other
hand, we detect reduced radiosensitization after CtIP depletion, and the
increased radiosensitization by talazoparib is partly lost. The observa-
tion that in POLQm cells CtIP depletion exerts lesser radiosensitization,
suggests that the associated resection benefits Polθ mediated repair.

Since CtIP closely cooperates with the MRN complex, we also
assessed the impact of MRE11 depletion, the subunit of MRN responsible
for nuclease activity [70,71]. Fig. 5F shows efficient knockdown of
MRE11 in U2OS cells, while Fig. 5G and 5H demonstrate that this
depletion causes marked reduction in resection, albeit weaker than CtIP.
The effects of MRE11 depletion on cell radiosensitization (Fig. 5I, J)
parallel well those of CtIP depletion, but are again less pronounced.

Overall, the above results are also validated in A549 cells (Figure S6B, C,
E, F).

Since HR may also benefit from talazoparib induced increased DSB
end resection, we analyzed RAD51 foci formation in talazoparib treated
cells. Figure S7A shows a small increase in RAD51 foci in parental U2OS
cells exposed to talazoparib and analyzed in the G2-phase. In POLQ
deficient U2OS cells, RAD51 foci numbers increase, as reported previ-
ously [49], and treatment with talazoparib fails to generate further in-
creases (Figure S7B). Despite elevated resection and increased RAD51
foci formation in talazoparib-treated cells, HR activity measured by the
DR-GFP reporter assay remains unchanged (Figure S7C). Collectively,
we surmise that HR is only mildly affected by talazoparib in the tested

Fig. 6. Polθ inhibition suppresses talazoparib-induced translocations and increases chromatid breaks. (A) Representative images of chromatid translocations (indicated by
arrow) and breaks (indicated by asterisk); (B) Frequency of IR induced translocations in CtIP depleted U2OS parental and POLQm cells after treatment with/without
50 nM talazoparib; (C) As in (B) after MRE11 depletion; (D) Effects of 50 nM talazoparib on IR-induced chromatid-break-repair in U2OS parental and POLQm cells;
(E) As in (D) for A549 parental and POLQm cells. Data represent mean ± SD calculated from three independent experiments. Statistical analysis is performed be-
tween talazoparib- and talazoparib + Polθ inhibition treated groups, * p < 0.05, ** p < 0.01, *** p < 0.001. n.s, nonsignificant.
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cell lines and that the associated radiosensitization derives predomi-
nantly from effects in other DSB repair pathways –mainly c-NHEJ. The
EJ2-GFP reporter cell system (Figure S7D), designed to detect alt-EJ
activity, confirms contributions from Polθ, and shows that actually
talazoparib, but not olaparib, leaves alt-EJ unaffected; yet combined
with ART558 talazoparib produces robust alt-EJ inhibition.

Since alt-EJ and resection are linked to the formation of chromosome
translocations, we analyzed chromosomal abnormalities at metaphase,
as the next step in our analysis of the effects of Polθ defects on talazo-
parib treated cells. We analyzed translocations and breaks in U2OS and
A549 cells exposed to 1 Gy in G2-phase [67], by collecting metaphases 5
h post irradiation. Fig. 6A, B, C, and Figure S8A show that talazoparib
causes a 2-fold increase in translocation formation, an effect likely
moderated somewhat by the inhibition of PARP1 in talazoparib treated
cells [42]. Suppression of resection by CtIP depletion reduces trans-
locations by over 50 % both in control and talazoparib treated cells.
However, as with cell survival, a resection independent component is
detected in translocation formation as well, in talazoparib treated cells
(Fig. 6B). These results support the postulated activation of error-prone
DSB processing in talazoparib treated cells that is only partly resection
dependent.

POLQ genetic deficiency or protein inhibition with ART558 sup-
presses translocation formation in control, and more strongly in tala-
zoparib treated cells. However, under conditions of suppressed
resection, the response following Polθ inhibition is normalized and
translocations form at similar levels in POLQm and parental cells
(Fig. 6B, C and Figure S8A, B). Similar trends are also observed in U2OS
cells after depletion of MRE11 (Fig. 6C).

We also analyzed the kinetics of chromatid break repair by collecting
metaphases using a 1 h colcemid window applied at different times after
exposure of cells to 1 Gy for up to 5 h. Fig. 6D summarizes the results
obtained with U2OS cells. Untreated parental cells repair chromatid
breaks with a half time of ~ 2h (Table S2). Treatment with talazoparib
only slightly increases this time. This is not surprising as we have re-
ported that chromatid break repair mainly reflects the function of HR
[67], which remains largely unaffected by talazoparib (see above). Also,
POLQ-deficient U2OS cells repair chromatid breaks with similar effi-
ciency. Strikingly, when POLQ mutant cells are exposed to talazoparib, a
strong, statistically significant reduction in chromatid break repair is
observed. We suggest that this reflects suppression in the rejoining of the
subset of DSBs normally engaging in translocation formation, which
now remain as chromatid breaks and are processed, in addition to HR by
slower functioning Polθ independent alt-EJ pathways. Similar results are
obtained using ART558 in parental cells (Figure S8C), as well as in A549
cells (Fig. 6E and Figure S8D). Table S2 summarizes the kinetics analysis
of these experiments.

Discussion

PARPis are used in the clinic as chemotherapeutic agents to treat
BRCA1/2 deficient tumors and function through synthetic lethal in-
teractions with HR defects [1–6]. However, the development of resis-
tance, normal tissue toxicity, and the limited therapeutic spectrum
owing to their dependence on HR-defects limit their application.
Therefore, the importance of exploring combinations with other treat-
ment modalities, like RT, to widen their application spectrum in the
management of cancer, is widely recognized. Recent mechanistic studies
show that talazoparib is a potent and unique radiosensitizer, effective
even at low drug doses [27,28] paving thus the way for combinations
with RT.

Highly relevant clinical work tested talazoparib as a single agent in
the treatment of cancer and recent toxicity data are promising, but
suggest that high doses should be avoided [72–74]. A prospective phase
II study also showed efficacy in patients with HR defects [75] and the
TALASUR trial generated promising results in combination with im-
mune checkpoint inhibitors [76]. The first analysis of a randomized,

placebo-controlled, phase-3 trial, TALAPRO-2, including 805 patients
with metastatic castration-resistant prostate cancer showed better
radiographic, progression-free survival rates in the talazoparib combi-
nation treatment arm versus standard of care [77]. Nevertheless, clinical
trials combining talazoparib with radiotherapy are scarce, despite the
striking properties of the compound as a cell radiosensitizer [27–32].

Existing data show that talazoparib radiosensitization varies
depending on the cell line tested and is at times limited [27,31,32].
Therefore, we sought means in the present work to further increase this
effect in an effort to generate tools that may improve and accelerate its
clinical application. Prompted by the observation that talazoparib
radiosensitization involves the shunting of DSBs to alt-EJ, and because
talazoparib inhibits PARP1 and PARP2, and thus PARP-dependent alt-
EJ, we explored inhibition of Polθ as a strategy to suppress Polθ
dependent alt-EJ. Since several tumors overexpress Polθ [49,56,57],
combining Polθ inhibitors with talazoparib and RT offers means to
improve the therapeutic window of the compound and extend it even to
PARPi resistant cancers.

Radiosensitization has been observed by both genetic ablation and
chemical inhibition of Polθ in HR proficient cells. Higgins’ group
demonstrated that knockdown of POLQ significantly increased the
sensitivity of SQ-20B and HeLa cells to IR [78]. Similarly, ART558
effectively radiosensitized HCT116 and H460 cells. Notably and signif-
icantly for radiotherapy, the radiosensitizing effect was further
enhanced when radiation was administered in daily fractions [79]. Rao
et al. [80] also reported that NVB treatment enhanced radiosensitivity in
A549 and H460 cells, albeit to a lesser extent than ART558.

The present study confirms these findings, although lower levels of
radiosensitization were detected by POLQ ablation or ART558 treat-
ment; and NVB failed to radiosensitize. There are multiple reasons for
these differences including the short duration of drug exposure in our
study (6 h), compared to 24 h by Rao et al. [80] and 72 h by Rodriguez-
Berriguete et al [79]. Differences in plating protocols to assess cell sur-
vival add to the possible causes, as we treated unperturbed, exponen-
tially growing cultures that we plated afterward, while freshly
trypsinized pre-plated cells at widely different numbers, were treated by
others [79]. Finally, in agreement with our results, lack of radio-
sensitization in normal cells exposed to Polθ inhibitors was previously
reported by Higgins et al. [78]. Thus, the radiosensitizing effect of Polθ
inhibition is well-documented and the moderate, cell specific effects
observed hint to opportunities for improvements. The present study is a
step in this direction.

Our DSB repair pathway-specific analysis of the talazoparib effects
identified c-NHEJ as a key target. This notion is also supported by a
report [81] showing that PARP1 inhibition by talazoparib is associated
with loss of Ku80, 53BP1 and RIF1 from DSB sites, resulting in over-
resected DSBs. We also showed that following c-NHEJ abrogation, free
DSB ends are subjected to resection that in-turn increased engagement of
Polθ alt-EJ. This increased engagement of Polθ alt-EJ automatically
generated an opportunity for increased radiosensitization by Polθ ac-
tivity suppression.

Polθ restricts RAD51 recruitment to and dissociates RPA from
resected DSBs, facilitating alt-EJ at the expense of HR repair [33,34]. We
show here that similar trends are detectable after treatment with tala-
zoparib that compromises c-NHEJ. Indeed, we proposed some time ago
that alt-EJ (possibly all subpathways) is the ultimate backup for abro-
gated c-NHEJ and HR [40]. In line with the importance of increased
resection in talazoparib-treated cells for increased engagement of Polθ
alt-EJ, we showed that suppressing resection by depleting CtIP or
MRE11 [40,45–47] impaired the effectiveness of Polθ inhibition. Also,
recent evidence suggests that the level of DSB resection is an important
efficacy determinant of Polθ inhibitors. Thus, Patterson-Fortin et al. [82]
demonstrated that the synthetic lethality between NVB and a DNA-PKcs
inhibitor is substantially compromised when resection is suppressed by
EXO1/BLM knockdown. Also, Krais et al. [83] reported that compared
to BRCA1 null cells, PALB2 and BRCA2 mutant cells that retain resection
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activity show higher dependency on Polθ for viability.
Finally, we demonstrated that Polθ mediated alt-EJ is partly

responsible for the formation of IR-induced translocations in
talazoparib-treated cells. It is noteworthy, however, that Polθ inhibition
fails to abolish talazoparib-induced translocations completely, which
hints to other error-prone repair pathways, possibly also relying on
resection, but also to resection-independent pathways. Notably, tala-
zoparib retains radiosensitizing potential under conditions of sup-
pressed resection following CtIP or MRE11 knockdown. Our results on
chromosomal translocation formation and alt-EJ measured by EJ2 re-
porter assay suggest that inhibition of Polθ adds to the alt-EJ inhibition
effect of PARP1 inhibition by talazoparib [42]. This is in line with in-
dependent branches of alt-EJ inhibition. It has been shown that com-
bined deficiency of Polθ and PARP1 generated additive effects on the
viability of BRCA-deficient cells, again suggesting that PARP1-mediated
and Polθ-mediated alt-EJ may function independently [59–61]. Yu et al.
[50] also demonstrated that DSBs induced in G1 can be repaired by alt-
EJ during S-G2/M phases in a Polθ-dependent, but PARP1-independent
manner. Therefore, it seems reasonable to assume that sub-pathways of
alt-EJ exist that utilize existing components in a context-dependent
manner.

In aggregate, our findings inform a novel strategy for treating a broad
spectrum of tumors irrespective of their HRness. Such a combination
may work at significantly lower drug concentrations, as well as radiation
doses, which would certainly help in reducing therapy side effects.

Conclusion

We report a novel radiosensitizing strategy for cancer cells using a
combination of talazoparib and Polθ inhibitors. The mechanisms un-
derpinning increased radiosensitization reflect an enhanced utilization
of alt-EJ in talazoparib-treated cells that is suppressed by the inhibition
of Polθ activity. The findings may be translated into an effective treat-
ment strategy applicable in a broad spectrum of cancers, independently
of their HR-profile. Towards this goal predictors of talazoparib radio-
sensitization and Polθ activity in talazoparib treated cells need to be
developed. The combination proposed here may also be useful in over-
coming PARPi resistance.
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