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ABSTRACT: Etoposide (VP-16) is used for the treatment of various cancers,
including nasopharyngeal carcinoma (NPC); however, cancers develop resistance to
this agent by promoting DNA repair. The DNA-PK (DNA-PKcs) catalytic subunit
and poly(ADP-ribose) polymerase 1 (PARP1) mediate acquired resistance and
poor survival in NPC cells exposed to DNA damaging agents. DNA repair can alter
the sensitivity of NPC cells to DNA damaging agents, and these two enzymes
function concomitantly in response to DNA damage in vivo. Therefore, we explored
the relationship between DNA-PKcs and PARP1, which may affect NPC cell
survival by regulating DNA repair after VP-16 treatment. We performed
quantitative real-time polymerase chain reaction, western blotting, and enzyme-
linked immunoassays and found that DNA-PKcs knockdown downregulated the
PARP1 and PAR expression. Conversely, PARP1 knockdown reduced DNA-PKcs
activity, indicating the mutual regulation between DNA-PKcs and PARP1 in VP-16-
induced DNA repair. Moreover, a combination treatment with olaparib (a PARP1
inhibitor) and NU7441 (a DNA-PKcs inhibitor) sensitized NPC cells to VP-16 in vitro and in vivo, suggesting that the combined
treatment of olaparib, NU7441, and a DNA-damaging agent may be a successful treatment regimen in patients with NPC.

■ INTRODUCTION

Nasopharyngeal carcinoma (NPC), a common head and neck
cancer in Southeast Asia and especially in southern China, is
characterized by a high invasion rate and early metastasis.1

Radiotherapy has been the primary treatment for NPC in
general.2 However, because >70% of newly diagnosed NPC
cases present with locoregionally advanced disease,2 concurrent
chemoradiotherapy is now the standard treatment for the
disease at this stage. Patients often initially respond to NPC
treatment but later become resistant to these agents. Thus,
effective therapeutic approaches for NPC are needed.3

Topoisomerase IIα (TopoIIα) has been reported to be
overexpressed in a subset of NPCs, and TopoIIα upregulation is
related to a worse prognosis and higher rates of local
recurrence.4 Biochemically, TopoIIα inhibition results in the
stagnation of the replication fork and the eventual formation of a
DNA double-strand break (DSB), which blocks the proliferation
of cancer cells.5 Etoposide (VP-16) is a TopoIIα inhibitor that
has been clinically applied over the past decades and is a
commonly prescribed anticancer drug worldwide.5 However,
VP-16 is generally administered at high doses to treat recurrent
tumors, and the acute and cumulative toxicities of VP-16 to
normal tissues limit its effectiveness.6 Additionally, in recent
years, the importance of DNA repair pathways in chemotherapy
resistance has been increasingly recognized.7 Pathways involved

in DNA repair include base excision repair (BER), homologous
recombination (HR), mismatch repair (MMR), nucleotide
excision repair (NER), nonhomologous end joining (NHEJ),
and single-strand annealing (SSA).8 Numerous studies have
indicated that the HR and NHEJ pathways are responsible for
the repair of TopoII-mediated DNA damage induced by VP-
16.9,10 Therefore, elucidating the molecular mechanisms of VP-
16 resistance is of great importance for developing more efficient
therapeutic strategies.
Poly(ADP-ribose) polymerase (PARP) binding to DNA

damage sites increases its catalytic activity and triggers local
poly(ADP-ribose)-dependent recruitment of DNA repair
enzymes.3 Poly-ADP-ribosylation (PARylation) controls a
wide variety of biological processes such as DNA damage
response (DDR) and chromatin remodeling. PARP1 is the most
abundant and active enzyme in the PARP family, and PARP-1
catalyzing DNA-dependent PARylation spearheaded the field of
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DDR.11 The FDA has approved four PARP inhibitors. These
inhibitors have transformed treatment for breast and ovarian
cancers with BRCA mutations.12 However, similar to other
targeted therapies, resistance to PARPis has emerged in patients
with advanced disease. A preclinical study has reported that a
combination of high-dose PARPi and low-dose chemotherapy
can inhibit the growth of tumor cells.13 Ongoing clinical trials
(e.g., NCT02049593; ClinicalTrials.gov) are evaluating the
efficacy and tolerability of similar “high PARPi/low chemo”
approaches. Moreover, PARP1 hyperactivation in DNA repair is
crucial for resistance to genotoxic agents, which has been
demonstrated in cell experiments, xenograft tumor models, and
clinical studies.14,15 In addition, PARP1 is overexpressed in NPC
compared to normal nasopharyngeal cells.3 Therefore, this study
explored the possible use of the PARP1 inhibitor olaparib (Ola)
as an NPC treatment.
A functional interaction between PARP and DNA-PK (DNA-

PKcs) catalytic subunit has been reported.16−18 DNA-PKcs,
which is encoded by the PRKDC/XRCC7 gene, is a member of
the phosphatidylinositol 3 (PI-3) kinase-like kinase (PIKK)
family that plays a vital role in NHEJ.19 DNA-PKcs expression
correlates with a decreased therapeutic response to DNA-
damaging agents in various cancers, indicating that DNA-PKcs-
mediated DNA repair can promote cancer cell survival.20,21

Moreover, DNA-PKcs levels are elevated in NPC and associated

with a shorter survival.22 DNA-PKcs and PARP1 inhibitors are
potential tools for anticancer therapeutic interventions.18

The DNA-PKcs and PARP1 activities are indispensable for
the development of resistance to genotoxic agents; thus, we
explored the regulatory interaction between these two DNA
repair components in NPC. Ruscetti et al. showed that PARP is
phosphorylated by purified DNA-PK, and the catalytic subunit
of DNA-PK is ADP-ribosylated by PARP.16 However, our work
showed that DNA-PKcs and PARP1 undergo mutual regulation
during etoposide-induced DNA repair in NPC.
By further exploring this mechanism, our work showed that a

DNA-PKcs inhibitor combined with a PARP1 inhibitor results
in robust synergy in NPC models both in vivo and in vitro by
increasing DNA damage accumulation and reducing DNA
repair efficacy, eventually inducing apoptosis.

■ RESULTS
VP-16 Activates DNA Repair in NPC Cells. VP-16 is a

potent inducer of DSBs and promotes HR and NHEJ repair
when used to treat cancers.5,25 However, it is unknown whether
VP-16 promotes DNA repair in NPC cells. Therefore, DR-GFP
and EJ5-GFP reporter assays were used to measure DNA repair.
The intensity of GFP increased dramatically, consistent with the
fluorescence microscopy analysis shown in Figure S1, indicating
that VP-16 promoted NHEJ and HR repair in both CNE-2 and

Figure 1. VP-16 induces DNA repair in NPC cells. (A) Diagram illustrating HR repair using DR-GFP transgenes. (B) Diagram illustrating NHEJ
repair using EJ5-GFP transgenes derived from Wu, L. Radiat Res. 2013, 179(2), 160−170. https://doi.org/10.1667/RR3034.1. (C−F) Intensity of
GFP in CNE-2 (C,D) and C666-1 (E,F) cells repaired by HR or NHEJ in response to I-SceI-generated DSBs, as determined using DR-GFP or EJ5-
GFP reporter assays, respectively. Cells were treated with a vehicle or 4 μMVP-16 (10×). (G,H)Western blots showing PAR expression in CNE-2 and
C666-1 cells. (I,J) Quantitative real-time polymerase chain reaction (qRT-PCR) detection of the expression of genes related to the HR and NHEJ
pathways in CNE-2 (I) and C666-1 (J) cells. The data are presented as the mean ± SD of three independent experiments. *P < 0.05.
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Figure 2.DNA-PKcs and PARP1 engage in a positive feedback to regulate DNA damage repair. (A) Efficiency of shRNAs was measured using western
blotting. Cells were infected with Vector, PARP1 shRNA, and DNA-PKcs shRNA. shDNA-PKcs/PARP1 indicates that both DNA-PKcs and PARP1
were knocked down at the same time. (B) Coimmunoprecipitation was used to detect the interaction between DNA-PKcs and PARP1 in the cells after
4 h of 4 μMVP-16 treatment. (C) Phosphorylated DNA-PK at Ser2056 expression was detected by western blotting. (D) Content of DNA-PKcs after
4 h of 4 μM VP-16 treatment in PARP1-knockdown and DNA-PKcs-knockdown CNE-2 cells was examined using DNA-PKcs ELISAs. (E) Western
blot showing PAR expression in cells expressing the control vector and shDNA-PKcs. (F) qRT-PCR detection of the expression of genes related to the
BER, HR, and NHEJ pathways in DNA-PKcs-knockdown, PARP1-knockdown, and double-knockdown CNE-2 cells after 4 h of 4 μM VP-16
treatment. (G)Western blot validating PARP1, DNA-PKcs, PAR, and γ-H2AX expression in DNA-PKcs-knockdown and PARP1-knockdown CNE-2
cells treated as described in (F,G). (H) Statistical analysis of DNA-PKcs, PARP1, PAR, and γ-H2AX protein expressions in NPC cells. (I) γ-H2AX
levels were determined using high-content imaging (20×). (J) Quantification of γ-H2AX levels in cells from three independent experiments. Cells were
treated as described in (H). (K) shDNA-PKcs, shPARP1 and shPARP1/DNA-PKcs CNE-2 cells were treated with different concentrations of VP-16
(0−50 μM), and cell viability was evaluated using the MTT assay. The data are presented as the mean ± SD of three independent experiments. *P <
0.05.
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C666-1 NPC cells (Figure 1A−F). Moreover, PARylation was
clearly induced by VP-16 in NPC cells (Figure 1G,H).

We evaluated the effects of the VP-16 treatment on the
mRNA expression of KU70/80 (a DSB that serves to recruit

Figure 3. Cotreatment with Ola and NU increases DNA damage accumulation in NPC cells. (A−D) Percentage of GFP-positive cells repaired by the
HR or NHEJ pathways. Cells were treated with vehicle, 4 μMVP-16, 10 μMOla, or 1 μMNU alone or in combination. (E,F) PARylation in NPC cells
expressing PAR, as detected using western blotting. (G−I) DNA damage (γ-H2AX) in CNE-2 cells after coadministration of Ola and NU, as
determined using high-content imaging, 20×. (J−L) Neutral comet assays, 20×. *P < 0.05.
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Figure 4.Dual inhibition of DNA-PKcs and PARP1 increases the efficacy of VP-16 in NPC cells. (A,B) CNE-2 and C666-1 cells were incubated with 4
μMVP-16, 10 μMOla, and/or 1 μMNU for 72 h. Cell survival and proliferation were detected usingMTT assays. The data are presented as the mean
± SE (n = 3) of the inhibition rate (%) relative to untreated control cells. (C,E) CNE-2 and C666-1 cells were incubated with 0.125 μMVP-16, 1 μM
Ola, or 0.5 μMNU for 5 d, and the surviving fraction of control or treated cells was analyzed by performing clonogenic assays. The data are presented as
the mean ± SE of three independent experiments. Representative images of the clonogenic assay are presented in (C). The percent inhibition is
presented in bar graphs with error bars (±SE). (F) Flow cytometry images. (G,H) Quantitative analysis of the percentage of apoptotic cells after
treatment with VP-16, Ola, and NU for 48 h. The percentage of total apoptotic cells is defined as the sum of the percentages of early and late apoptotic
cells. (I,J) Western blot analysis of C3, CC3, C9, and CC9 levels in CNE-2 and C666-1 cells exposed to different concentrations of agents. (K,L)
Statistical analysis of C3, CC3, C9, and CC9 levels in NPC cells.
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other NHEJ proteins in order to strengthen the joining of DNA
ends),26 BRCA1 (BRCA1 is essential for the repair DSB and
stalled replication forks via HR pathway),13 DNA-PKcs and
PARP1, which are major factors involved in NHEJ, HR, and
BER, to elucidate the mechanisms underlying the VP-16-
mediated activation of DNA repair pathways. As shown in
Figure 1I,J, VP-16 increased the mRNA expression of all these
factors, indicating that VP-16 activated multiple DNA repair
pathways in NPC cells. These changes may account for NPC cell
resistance to VP-16.
DNA-PKcs and PARP1 UndergoMutual Interactions to

Regulate VP-16-Induced DNA Damage Repair. Both
DNA-PKcs and PARP1 activities are indispensable for the
development of resistance to genotoxic agents;3,18 thus, we
explored the regulatory interaction between these two DNA
repair components. Then, we constructed DNA-PKcs-knock-
down and PARP1-knockdown CNE-2 cells by transfecting a
lentiviral shRNA (Figure 2A) to gain additional insights into the
mechanisms by which DNA-PKcs and PARP1 regulate VP-16-
induced DNA repair in NPC cells. The target sequences of the
lentiviruses are listed in Table S2. We knocked down PARP1
and/or DNA-PKcs in CNE-2 cells treated with 4 μM VP-16 to
investigate the interaction between these two enzymes by
performing immunoprecipitation. IgG and input were employed
as negative and positive controls, respectively. Through
immunoprecipitation experiments, we observed a direct
association between DNA-PKcs and PARP1 (Figure 2B).
Then, we knocked down PARP1 in CNE-2 cells and assessed
the effects on DNA-PKcs activities after DNA damage to
determine whether PARP1 can play a vital role in DNA-PKcs
activation upon DNA damage in NPC cells (Figure 2C). The
level of DNA-PK phosphorylated at Ser2056 (a marker of DNA-
PK activation) was significantly reduced.27,28 Thus, PARP1
knockdown could reduce DNA-PKcs activities during DNA
repair (Figure 2C). We also found that the DNA-PKcs
expression was inhibited in PARP1-knockdown CNE-2 cells
treated with 4 μM VP-16 for 4 h by the enzyme-linked
immunoassay (ELISA) (Figure 2D).
Next, we detected the level of PARylation in cells with DNA-

PKcs knockdown after DNA damage, and the level was
obviously reduced (Figure 2E). Although some reports have
documented PARP1-mediated PARylation of DNA-PKcs,16 our
results showed the opposite effect, that is, DNA-PKcs regulated
PARP1 activity in the DDR.
In addition, we detected the mRNA and protein expression of

DNA-PKcs and genes related to DNA repair pathways (BER,
NHEJ, and HR) using qRT-PCR and western blotting,
respectively, in PARP1-knockdown CNE-2 cells to obtain
additional insights into the mechanism by which PARP1
regulates DNA-PKcs (Figure 2F−H). The results showed
significantly decreased DNA-PKcs mRNA and protein levels in
PARP1-knockdown CNE-2 cells. Conversely, because DNA-
PKcs is a transcription factor, we sought to explore the exact role
of DNA-PKcs in modulating PARP1 transcription. As a result,
the expression levels of the related genes KU70, KU80, PARP1,
and BRCA1 were also lower when DNA-PKcs was down-
regulated in CNE-2 cells treated with VP-16 for 4 h (Figure 2F−
H). Therefore, DNA-PKcs and PARP1 interfere with each other,
indicating that these two proteins engage in a positive feedback
mechanism of DNA repair in NPC cells.
We knocked down DNA-PKcs and PARP1 separately in

CNE-2 cells and then treated the cells with VP-16 to assess the
individual roles of DNA-PKcs and PARP1 in DNA damage

accumulation in NPC cells. γ-H2AX was used as an indicator of
DNA DSBs.29 The western blot results (Figure 2G,H) showed a
considerable increase in the γ-H2AX expression in CNE-2 cells
after treatment with VP-16 for 4 h. However, cells with PARP1
or DNA-PKcs knockdown exhibited higher γ-H2AX levels,
consistent with the fluorescence microscopy analysis shown in
Figure 2I,J. Next, a concurrent knockdown of PARP1 and DNA-
PKcs rendered cells more sensitive to VP-16 than the
knockdown of either gene alone (Figure 2K). Based on these
results, the simultaneous targeting of this positive feedback
mechanism through simultaneous DNA-PKcs and PARP1
inhibition results in a more pronounced therapeutic effect
than the inhibition of a single target.

Ola and NU Synergistically Inhibit VP-16-Induced
DNA Repair. NU and Ola, which are the small-molecule
inhibitors of DNA-PKcs and PARP1/2, respectively,30,31 were
used to validate the mechanism underlying the positive
interaction between PARP1 and DNA-PKcs, and the possibility
of clinical translation. We found that 4 μM VP-16 promoted
DNA repair (Figure 1). Unexpectedly, Ola treatment only
slightly decreased HR and NHEJ, whereas 1 μM NU treatment
significantly reduced HR and NHEJ (Figure 3A−D). We also
evaluated the PAR expression in NPC cells exposed to VP-16
and various concentrations of Ola (0−20 μM). PARylation was
induced by VP-16 in NPC cells but was inhibited by both Ola
and NU (Figure 3E,F). The quantification of PAR is shown in
Figure S3.
The combination of Ola and VP-16 was unable to effectively

inhibit DNA repair in NPC cells. However, cotreatment with
(10 μM) Ola and (1 μM) NU significantly disrupted HR and
NHEJ and inhibited the PARylation induced by VP-16.
Ola increases the accumulation of DNA damage in NPC cells,

consistent with previous reports.32,33 NU promotes the
accumulation of DNA damage by blocking DNA repair. Thus,
we monitored the clearance of γ-H2AX in NPC cells and found
that coadministration of Ola and NU remarkably induced the
accumulation of VP-16-induced DNA damage in NPC cells
(Figure 3G−I). These findings are consistent with the comet
assay results (Figure 3J−L). Collectively, our study indicates
that pharmacological inhibition of DNA-PKcs and PARP1 can
jointly block DNA repair.

Cotreatment with Ola and NU Significantly Inhibits
NPC Cell Proliferation and Promotes VP-16-Induced
Apoptosis. Because the inhibition of PARP1 or DNA-PKcs
increased DNA damage, MTT assays were performed to
measure changes in CNE-2 and C666-1 cell proliferation after
treatment with different concentrations of VP-16, Ola, and NU
and to determine whether the combination of Ola and NU
sensitizes NPCs to VP-16. Cotreatment with Ola and NU
dramatically potentiated the effect of VP-16 on NPC cell growth
inhibition (Figure 4A,B). The cytotoxicity of VP-16, Ola, NU,
VP +Ola, and VP +NU toward NPC cells is shown in Figure S2.
Next, we validated these observations using colony-formation
assays. Ola combined with NU markedly increased the
inhibitory effect of VP-16 on colony formation, whereas VP-
16 alone only exerted slight effects on both cell lines after 5 d of
exposure. These results indicated the synergistic effects of
concurrent Ola and NU treatment on NPC cell proliferation
(Figure 4C−E).
Annexin V-FITC/PI staining and western blot analysis were

conducted to ascertain whether the increased response to VP-16
observed in vitro was associated with apoptosis. Annexin V-
FITC/PI staining showed that both Ola andNU alone increased
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VP-16-induced apoptosis, whereas the combined treatment
further elevated the apoptotic rate at 48 h after DSB induction
(Figure 4F−H). Furthermore, the western blotting results were
consistent with the results from this experiment, as indicated by
the increased CC3 and CC9 levels (Figure 4I−L).
Dual Inhibition of DNA-PKcs and PARP1 Potentiates

the Antitumor Effect of VP-16 in Mouse Xenograft
Models. Based on the in vitro observation, we further
investigated whether the dual inhibition of DNA-PKcs and
PARP1 can improve the anticancer efficacy of VP-16 in vivo. We
established a mouse xenograft model using CNE-2 cells.
Xenograft tumor growth was slightly inhibited in the VP-16
treatment group compared to the control group, and only a
slight change in the response to VP-16 (10 mg/kg, i.p., n = 6)
was observed upon the addition of Ola (50 mg/kg, i.p., n = 6) or
NU (10mg/kg, i.p., n = 6). In the group treated with VP-16, Ola,
and NU (i.p., n = 6), the antitumor effect was significantly
increased (Figure 5). After treatment for 15 d, no obvious
difference in body weight was noted (Figure 5A). Tumor
volume was measured three times a week during treatment.
CNE-2 xenograft tumor could grow rapidly in the untreated

group. VP-16 treatment alone and in combination with either
Ola or NU slightly reduced tumor growth. On the contrary, the
combination of VP-16, Ola, and NU markedly reduced tumor
volume and weight (Figure 5B,C). The tumor inhibition rate
was consistent with the results described above (Figure 5D).
The survival time analysis showed that VP-16 alone exerted a
slight effect on median survival (50 vs 43 d), whereas
combination treatment with Ola (53 vs 50 d) or NU (58 vs
50 d) increased the efficacy of VP-16 somewhat. Furthermore,
the simultaneous administration of all three drugs showed a
significant survival benefit compared to the administration of
two-drug combinations (62 vs 58/53 d; Figure 5E).

■ DISCUSSION
Here, we provide evidence of a mutual interaction between
DNA-PKcs and PARP1 in the presence of a DNA-damaging
agent. Moreover, to identify the mechanism underlying the
regulation of these two enzymes, NPC cells were transfected
with shRNA control (vector), DNA-PKcs-RNAi (shDNA-
PKcs), or PARP1-RNAi (shPARP1) to knockdown DNA-
PKcs and/or PARP1. Ariumi et al. clarified that DNA-PK could

Figure 5.Ola plus NU enhances the antitumor effects of VP-16 on a CNE-2 xenograft model in mice. A mouse xenograft model was established with
CNE-2 cells. Themice were treated with 10mg/kg VP-16 (injected i.p., n = 6), 10mg/kg VP-16 plus 50mg/kgOla (injected i.p., n = 6), 10mg/kg VP-
16 plus NU (injected i.p., n = 6), 10 mg/kg VP-16 plus 50 mg/kg Ola, and 10 mg/kg NU (injected i.p., n = 6), or CTL (injected i.p., n = 6) daily for 15
d. (A) Relative body weights of recipient mice in each group during treatment for 15 d. (B) Tumor volume in each mouse was measured three times a
week during treatment for 15 d. (C) Tumor weight was measured in mice with CNE-2 xenografts, and the statistical significance of differences among
the four groups was analyzed using one-way ANOVA and the Tukey−Kramer method. (D) Tumor inhibition rate (%) in different drug treatment
groups. (E) Kaplan−Meier survival analysis of each group of mice. Survival times: CTL (40 d), VP-16 (50 d), VP-16 +Ola (53 d), VP-16 +NU (58 d),
and VP-16 + Ola + NU (62 d).
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suppress PARP activity, possibly through direct binding and/or
sequestration of DNA ends.17 However, DNA-PKcs knockdown
or inhibition reduced PARylation in DNA-damaged NPC cells
in our study, perhaps at least in part due to the modulation of
PARP1 gene transcription. Conversely, PARP1 knockdown
reduced DNA-PKcs activity and expression, as evidenced by
decreased levels of the DNA-PKcs mRNA and the DNA-PKcs
protein phosphorylated at Ser2056 (Figure 2). Based on these
results, DNA-PKcs and PARP1 engage in a positive feedback
mechanism during DNA repair. This new interaction comple-
ments the DNA damage and repair mechanisms involving DNA-
PKcs and PARP1 after exposure to a DNA-damaging agent.
These findings, which we validated in NPC cell lines, could
translate into improved NPC treatment strategies.
Much effort has been devoted to solving problems relating to

tumor recurrence and drug resistance. Alterations in DNA repair
have been observed in drug-resistant tumor cells.7,34 BER,
through PARP1 activity, is responsible for the repair of DNA
single-strand breaks (SSBs). The suppression of PARP1 activity
markedly delays SSB repair, which leads to the formation of
DSBs upon collision with an ongoing replication fork. These
DSBs are mainly and efficiently repaired by HR and NHEJ.7,33

An understanding of the activities of various DNA repair
pathways in each tumor and the association of DNA repair
functions with drug responses is crucial to patient selection for
treatment with agents targeting DNA repair.3,30 In the present
study, the HR and NHEJ repair pathways and PARylation were
induced by VP-16 (Figure 1). Therefore, blocking only one of
these pathways may not be sufficient to prevent VP-16
resistance. However, an elucidation of multiple DNA repair
pathways and mechanisms can provide an effective strategy for
sensitizing cancer cells to drug treatment. The mechanisms of
intracellular repair are relatively complex, and the disruption of
one repair pathway can induce the compensatory activation of
other repair pathways, which in turns lead to an incomplete
DNA repair inhibition. Similar to other targeted therapies, the
majority of with advanced cancer develop acquired resistance to
PARPis.35 Several PARPis resistance mechanisms have been
determined via in vitro experiments, including the inactivation of
DNA repair proteins.35 Several studies have also indicated that
dysfunctional NHEJ is crucial for forming genomic instability in
PARPi-treated cells,11 and DNA-PKcs inhibition can lead to HR
functional recovery and PARPi resistance in vitro.12

In our study, we used Ola (a specific inhibitor of PARP1/2)
and NU (a specific inhibitor of DNA-PKcs)30,31 to verify the
mechanisms of the positive feedback between DNA-PKcs and
PARP1, and their potentials for clinical translation. Therefore,
only the simultaneous inhibition of multiple pathways will
obtain superior therapeutic effects. Ola in combination with VP-
16 inhibited BER-mediated DNA repair by suppressing
PARylation in our study. Nonetheless, the HR and NHEJ repair
efficacy was only slightly decreased when PARP activity was
inhibited by Ola (Figure 3). Notably, HR and NHEJ were
significantly blocked by the combination of Ola and NU. This
phenomenonmay be due to the significant interaction, crosstalk,
and overlap among DNA repair pathways in response to various
types of DNA damage.36 The interplay between DNA-PK and
PARP1 appears quite complex. Several studies have demon-
strated an interaction between the two enzymes;37−40 while
other studies imply the distinct roles of these proteins in
regulating a NHEJ DNA repair pathway.41,42 Laura, et al.
reported that DNA-PK and PARP1 lack additivity in the cellular
response to clinically relevant radiation doses by assessing DNA

DSB repair.43 Recently, AZD7648 was identified as a DNA-PK
inhibitor that promotes the activities of radiotherapy, chemo-
therapy, and olaparib to achieve better responses to current
therapies.44 The study by Zeng et al. also revealed that the
combination of PARP and DNA-PK inhibitors with IR
suppresses the growth of HPV-negative head and neck cancer
squamous carcinoma in vitro and in vivo.45 The combined
inhibition of PARP and DNA-PK without IR is currently being
evaluated in a clinical trial (NCT03907969). According to Han
et al., the synergistic inhibition of PARylation and DNA-PK
activity promotes cell death.27 In the present study, a positive
feedback regulation of PARP1 and DNA-PKcs altered the
sensitivity of NPC cells to VP-16, and the efficacy of PARP1 and
DNA-PKcs inhibitor therapies was modulated by these
relationships among DNA repair pathways during VP-16-
induced DNA repair. Therefore, cotreatment with Ola and
NU simultaneously inhibits HR and NHEJ.
Finally, the simultaneous administration of these three drugs

inhibited NHEJ, HR, and PARylation (Figure 3A−F), increased
DNA damage accumulation (Figure 3G−L), decreased DNA
repair, and induced apoptosis. All of these changes subsequently
resulted in reduced NPC cell proliferation (Figure 4), increased
survival, and delayed disease progression in a NPC xenograft
tumor model (Figure 5).

■ CONCLUSIONS

In summary, elucidating the molecular mechanisms of cancer
resistance to VP-16 is of great importance because the
effectiveness of VP-16 therapy is limited by its high dose and
subsequent adverse events in patients with recurrent disease.46

This study provides consistent evidence that DNA repair
contributes to VP-16 resistance. The findings inspired us to use
DNA-PKcs and PARP1 inhibitors to potentiate the effect of VP-
16. Moreover, we found that NPC cells exhibit different
responses to Ola and NU when administered alone or in
combination. Combined treatment with PARP1 and DNA-PKcs
inhibitors significantly inhibited cell growth by blocking
multiple DNA repair pathways. The combination of PARP1
and DNA-PKcs inhibitors leads to cell apoptosis, thereby
promoting the cytotoxic effect of VP-16. This combination may
help to reduce the doses of both compounds and therefore
diminish the side effects associated with these agents. Our
investigation provides new insights into combination drug
therapies for NPC. Finally, this concept may broaden the
application of Ola in cancer treatment.

■ MATERIALS AND METHODS

Reagents. Ola and VP-16 were purchased from Shanghai
Biobond and Qilu Pharmaceuticals (Shanghai, China),
respectively. NU7441 (NU) was supplied by Selleck (TX,
USA). Ola and NU were dissolved in dimethyl sulfoxide
(DMSO) to prepare stock solutions (10 mmol/L).

Transfection. shRNAs were constructed by GenePharma
(Shanghai, China). CNE-2 cells were transfected with the
shRNA control (Vector), DNA-PKcs-RNAi (shDNA-PKcs), or
PARP1-RNAi (shPARP1) using LipoFiter3 (Hanbio #HB-LF3-
1000) as per the manufacturer’s instructions. After transfection
for 48 h, the cells were harvested for subsequent experiments.

Cell Lines and Culture. Human NPC cells (C666-1 and
CNE-2) authenticated by short tandem repeat analysis were
provided by Fujian Provincial Cancer Hospital. All cells were
stored and passaged for <2 months prior to the experiments and
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maintained in RPMI 1640 (Thermo Fisher Scientific Inc., MA,
USA) containing 10 μg/mL gentamicin (Cellgro, VA, USA) and
10% FBS (Welgene Inc., Daegue, South Korea) at 37 °C and 5%
CO2.
MTT Assay.CNE-2 and C666-1 NPC cells (3000 cells/well)

were grown in 96-well plates. The cytotoxicity of the test
compounds was assessed by the MTT assay. After treatment for
72 h, the MTT solution was added and incubated at 37 °C for 4
h. The resulting formazan crystals were dissolved in DMSO, and
the absorbance wasmeasured using amultifunctional microplate
reader at 570 nm.
Colony-Formation Assay.The effect of NU on CNE-2 and

C666-1 cell viability in the presence of VP-16 and Ola was
measured using a colony-formation assay. CNE-2 and C666-1
cells (500 cells/well) were inoculated into 12-well plates. After
overnight incubation, the control and experimental groups
(0.125 μM VP-16, 0.125 μM VP-16 plus 1 μM Ola, and 0.125
μM VP-16 plus 0.5 μM NU with or without Ola) were further
incubated for 5 d, followed by crystal violet (0.1%) staining.
Colonies withmore than 50 cells were counted. The survival rate
was determined relative to the number of colonies in the control
group.
Western Blot Analysis. The levels of PAR, PARP1, DNA-

PKcs, Caspase 3 (C3), Caspase 9 (C9), Cleaved C3 (CC3),
Cleaved C9 (CC9), γ-H2AX, and β-actin in NPC cells were
examined using western blotting. The following primary
antibodies were used as follows: anti-PAR (Calbiochem
#AM80, 100 μL); anti-PARP1 (Abcam #ab194586, 100 μL);
anti-DNA-PKcs (Abcam #ab1832, 100 μg); anti-pSer2056
DNA-PKcs (Abcam #ab18192, 100 μg); anti-C3 (CST #9662,
100 μL); anti-C9 (CST #9508, 100 μL); anti-CC3 (CST #9661,
100 μL); anti-CC9 (CST #7237, 20 μL); antiγ-H2AX (CST
#9718, 100 μL); and anti-β-actin (Abcam #ab227387, 100 μL).
Goat anti-mouse (Proteintech #SA00001-1, 100 μL) or anti-
rabbit (Proteintech #SA100001-2, 100 μL) secondary antibod-
ies were used. The cells were lysed on ice for 20 min in NP-40
lysis buffer containing 1× PMSF, phosphatase inhibitors, and
protease inhibitors. Protein lysates were separated on Bis−Tris
gels and then transferred onto PVDF membranes (Millipore,
USA). After blocking with 5% milk for 1 h, the membranes were
incubated with diluted antibodies overnight at 4 °C, and then
with secondary antibodies (Abcam, Cambridge, UK) at room
temperature before the protein bands were visualized with
enhanced chemiluminescence (Beyotime Biotechnology, MA,
USA). Data analysis was conducted using ImageJ software.
Annexin V-FITC/PI Double Staining. The cells (1 × 106

cells/mL) were grown in 6-well plates and treated with 4 μM
VP-16, 1 μMNU, and/or 10 μMOla for 48 h. After staining with
an annexin V-FITC/PI dual fluorescence apoptosis detection kit
(BioUniquer Technology), the samples were detected using a
FACSCalibur flow cytometer (FACSAria II, Becton Dickinson)
within 1 h of staining.
Comet Assay. A total of 2.5 × 105 NPC CNE-2 and C666-1

cells were exposed to 4 μMVP-16, 1 μMNU, and/or 10 μMOla
for 12 h. Subsequently, the cells were collected and analyzed
with a CometAssay kit from #ADI-900-166, Trevigen
Gaithersburg, MD, USA. Approximately 100 images of nuclei
from cells on each slide were captured, and the tail moments and
relative % DNA in the comet tail were measured with CASP
software.
γ-H2AX Foci Assay.NPC cells were grown and treated with

drugs (4 μM VP-16, 1 μM NU and/or 10 μM Ola) for 12 h.
After fixing, rupturing, and blocking sequentially, the cells were

incubated with primary and secondary antibodies. To identify γ-
H2AX foci, the anti-H2AX mouse monoclonal antibody
(1:1000, Abcam) were detected using a high content imaging
system (Thermo Fisher, USA). Hoechst 33342 (#BB-4135-1,
BestBio, Shanghai, China) was used to counterstain the nuclei.
Quantification was performed with quantitative software for an
inverted fluorescence microscope.

HR/NHEJ Assay. The NHEJ and HR assays were carried out
as described in a previous publication with some modifica-
tions.23 The pDR-GFP, EJ5-GFP, and pCBASceI plasmids were
obtained from Addgene (Seoul, South Korea). Transient
expression of the rare homing restriction enzyme I-SceI in
NPC cells that carry the pDR-GFP plasmid produced a DSB in
one of two mutant GFP genes (SceGFP and iGFP) (Figure 1A).
DSBs can be repaired by HR between the two mutant GFP
genes, thus leading to the recovery of the GFP gene and
expression of the GFP protein. As shown in Figure 1B, EJ5-GFP
consists of a promoter separated from the GFP coding
sequences by the puromycin (puro) gene. The promoter can
be linked to the remaining part of the cassette to restore GFP
gene when the puro gene is removed by NHEJ-mediated repair
of the two I-SceI-induced DSBs. Thus, the quantification of the
percentage of GFP-positive cells can determine the efficiency of
HR- and NHEJ-mediated DSB repair. The pDR-GFP and EJ5-
GFP plasmids were transfected into CNE-2 and C666-1 cells,
which were infected with the pCBASceI plasmid 2 d later. After
transfection for 6 h, the cells were exposed to 4 μM VP-16, 10
μMOla, or 1 μMNU. If the cells were able to activate the HR/
NHEJ pathways, GFP was expressed, and the rate of GFP
positivity was detected with ImageJ software (NIH, Bethesda,
MD, USA).

qRT-PCR. Total RNA was extracted from cultured cells using
a BIOzol reagent (#BSC52M1, BioFlux). Reverse transcription
was performed with an Advantage RT-for-PCR Kit (Takara,
Dalian, China). A two-step PCR system (Applied Biosystems,
NY, USA) was used for qRT-PCR (SYBRGreen was supplied by
Sigma-Aldrich, MO, USA), and a quantitative comparative
analysis of the threshold cycle (Ct) was performed.24 The
following thermal cycling conditions were used: 30 s at 95°,
followed by 35 cycles of 10 s at 95 °C, 32 s at 60 °C, 15 s at 95 °C,
60 s at 60 °C, and 15 s at 95 °C. All primer sequences used for
qRT-PCR are presented in Table S1.

DNA-PKcs ELISA. A DNA-PKcs Cell-Based ELISA Kit
(#LS-F1945, LSBio) was employed by following the manu-
facturer’s protocol. The protein content of DNA-PKcs was
assessed by measuring the absorbance values at 570 nm using
the multifunctional microplate reader.

Immunoprecipitation. First, 10−30 μL of a 50% protein A
agarose bead suspension was added to 200 μL of the cell lysate
(1 mg/mL), and this mixture was incubated at 4 °C for 0.5−1.0
h. Then, 5 μg of DNA-PKcs antibody, PARP1 antibody, or
normal rabbit IgG was added to the cell lysate mixture and
incubated overnight at 4 °C. After washing four times with 500
μL of cell lysis buffer, the pellets were resuspended in 20 μL of
the 3× SDS sample buffer, vortexed, centrifuged, and denatured.
Finally, the samples were analyzed using western blotting
according to the detailed procedure described above.

In Vivo Study. All animal experiments complied with the
Animal Research: Reporting In Vivo Experiments Guidelines
and were conducted at the Experimental Animal Center of
Fujian Medical University (Fuzhou, China) in compliance with
the guidelines after obtaining approval from the Institutional
Animal Care and Use Committee (no. 2017-046).
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Thirty BALB/c athymic nude mice (female, 5 weeks old)
were supplied by the Experimental Animal Center of Shanghai
Shrike. NPC cells (1 × 106) were injected subcutaneously into
the right flanks of the mice. After the transplanted tumors grew
to at least 100 mm3, the animals were randomly assigned to five
different groups for drug administration (n = 6 per group): the
CTL group (PBS); the VP-16-only group (10 mg/kg in PBS,
i.p.); the VP-16 plus Ola group (Ola, 50 mg/kg in PBS, i.p.); the
VP-16 plus NU group (NU, 10mg/kg in PBS); and a three-drug
combination group (10 mg/kg VP-16, 50 mg/kg Ola, and 10
mg/kg NU). When the tumors of the mice in the control group
reached 2000 mm3, the experiment was terminated. The mice
were treated daily for 15 d. The tumor volume was measured
using the equation [(width) 2 × (height)]/2. Tumor size and
mouse body weight were measured three times weekly. The
survival time was recorded and analyzed using the Kaplan−
Meier approach and log-rank test (GraphPad Prism software).
Statistical Analysis. All values are shown as mean ±

standard error (SD). Significant differences were determined by
Student’s t-test (parametric) for in vitro studies to compare two
groups of independent samples. ANOVA for in vivo studies was
employed to assess the statistical significance among multiple
groups. Level of statistical significance was set at P < 0.05,
indicated by *. All statistical tests were conducted with
GraphPad Prism software (GraphPad, CA, USA).
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