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Abstract

For the majority of patients with advanced non-small cell lung cancer (NSCLC), the standard of care remains platinum-based
chemotherapy. However, cisplatin resistance is a big obstacle to the treatment, and elucidation of its mechanism is warranted. In this
study, we showed that there was no difference in intracellular uptake of cisplatin or the removal of platinum-DNA adducts between

a cisplatin-resistant NSCLC cell line (A549/DR) and a cisplatin-sensitive NSCLC cell line (A549). However, the capacity to repair DNA
interstrand crosslinks (ICLs) and double-strand breaks (DSBs) was significantly enhanced in the A549/DR cell line compared to 3
cisplatin-sensitive cell lines. We found that the protein and mRNA expression levels of Pol n, a Y-family translesion synthesis (TLS)
polymerase, were markedly increased upon cisplatin exposure in A549/DR cells compared with A549 cells. Furthermore, intracellular
co-localization of Pol n and proliferation cell nuclear antigen (PCNA) induced by cisplatin or cisplatin plus gemcitabine treatment

was inhibited by depleting ataxia telangiectasia mutated and Rad-3-related (ATR). Pol n depletion by siRNA sensitized A549/DR cells
to cisplatin; co-depletion of Pol n and ATR further increased A549/DR cell death induced by cisplatin or cisplatin plus gemcitabine
compared to depletion of Pol n or ATR alone, concomitant with inhibition of DNA ICL and DSB repair and accumulation of DNA
damage. No additional sensitization effect of co-depleting Pol n and ATR was observed in A549 cells. These results demonstrate that
co-inhibition of Pol n and ATR reverses the drug resistance of cisplatin-resistant NSCLC cells by blocking the repair of DNA ICLs and

DSBs induced by cisplatin or cisplatin plus gemcitabine.

Keywords: non-small cell lung cancer; cisplatin; gemcitabine; resistance; polymerase n (Pol n); ATR; DNA damage repair

Acta Pharmacologica Sinica (2018) 39: 1359-1372; doi: 10.1038/aps.2017.187; published online 31 May 2018

Introduction

Platinum drugs such as cisplatin and carboplatin are the main-
stay of lung cancer chemotherapy. Although the appearance
of “targeted” drugs such as erlotinib and crizotinib have led to
improvement in advanced non-small cell lung cancer (NSCLC)
therapy for a small population of patients!” ?, the majority of
patients are not candidates for treatment with targeted drugs,
and for these patients, the standard of care remains platinum-
based chemotherapy®. The major mechanism of action of
platinum drugs is induction of the formation of crosslinked
DNA adducts to block DNA replication. A major drawback
in the use of platinum, however, is the acquisition of drug
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resistance during the courses of therapy™. This resistance can
be mediated by the DNA damage response (DDR) and DNA
damage tolerance (DDT) pathways, including translesion syn-
thesis (TLS)!*”). TLS is a mechanism naturally used by cells to
prevent common DNA damage from stalling replication forks
and giving rise to high levels of apoptosis, and thus, TLS is
believed to contribute to the development of platinum resis-
tance®™. TLS can be either error-free or error-prone, depend-
ing on the specific lesion being bypassed and the TLS poly-
merases involved in inserting nucleotides opposite the lesion.
For instance, the Y-family TLS polymerase 1) (Pol 1), encoded
by POLH) can bypass a cyclobutane pyrimidine dimer (CPD)
induced by ultraviolet (UV) light with high fidelity®™. TLS
Pol 1 is also capable of bypassing the DNA intrastrand cross-
link formed by cisplatin, accommodating it in a manner simi-
lar to the CPD™.  Among the many TLS polymerases tested
in vitro, Pol 1) is the most efficient and accurate in bypassing
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the platinum-GG adduct (Pt-GG adduct)"™®. Moreover,
some studies showed that Pol rj can also bypass the DNA
interstrand crosslinks (ICLs) induced by platinum, mitomycin
and psoralen in an error-prone fashion in vitro and that Pol r) is
involved in the repair of these drug-induced ICL lesions"**,
although other investigators reported that Pol 1 is dispens-
able for the processing of cisplatin-induced ICLs in vivo™.. In
addition, Pol 1 can efficiently extend from gemcitabine at the
3'-termini of DNA" and replicate across gemcitabine dFdC
sites in the template DNA that was shown to block DNA poly-
merases™, which are thought to be associated with resistance
to gemcitabine.

In addition to triggering the DNA repair pathway, the
stalled replication forks produced by crosslinking agents acti-
vate the ataxia telangiectasia mutated and Rad-3-related (ATR)
signaling pathway. Activated ATR phosphorylates multiple
substrates, including Chk1, which help cells survive replica-
tion stress by inhibiting origin firing, inducing the checkpoint
and regulating cell cycle arrest and DNA damage repair®.
In the absence of ATR, stalled replication forks collapse into
double-strand breaks (DSBs), which can lead to genomic rear-
rangements or cell death® *1. The same signal that induces
the ATR checkpoint also activates the recruitment of TLS
polymerases through monoubiquitination of proliferation cell
nuclear antigen (PCNA)?  Although there is evidence that
ATR inhibition can potentiate cisplatin cytotoxicity to cancer
cells™ and that Pol 1 deficiency sensitizes human cells to cis-
platin and gemcitabine”!, whether the co-inhibition of ATR
and Pol 1 can hypersensitize cisplatin-resistant NSCLC cells
to cisplatin remains unclear. Here, we show that knockdown
of Pol n synergizes with ATR inhibition to further sensitize
A549/DR cells, a cisplatin-resistant NSCLS cell line, to cispla-
tin through the suppression of ICL and DSB repair compared
with Pol 1 knockdown alone. This evidence indicates that the
co-inhibition of Pol n and ATR can be used to improve the effi-
cacy of NSCLC chemotherapy by reversing cisplatin resistance
in drug-resistant NSCLC. Because we found that the A549/
DR cell line was also resistant to gemcitabine compared to
cisplatin-sensitive cell lines in initial experiments and because
some studies showed that Pol n participates in gemcitabine
resistance!'” >, we evaluated the changes in the cytotoxicity
of both cisplatin and gemcitabine to A549/DR cells, as well
as the DNA damage repair response induced by cisplatin and
gemcitabine after the co-inhibition of Pol nj and ATR.

Materials and methods

Cell culture and materials

The NSCLC-derived cell lines A549, A549/DR, LOU-NH91
and HCC4006 were purchased from the Shanghai Institute
for Biological Sciences (China). All cell lines were cultured in
RPMI-1640 medium supplemented with 10% heat-inactivated
fetal calf serum (FCS), L-glutamine, and 5% antibiotics (peni-
cillin/streptomycin). A549/DR cells were routinely main-
tained in culture medium containing 0.5 pg/mL cisplatin and
grown in drug-free medium for seven days before the experi-
ment.
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The antibodies used in this study targeted antigens includ-
ing the following: FANCM, FANC]J, RAD18, RAD51, ATR,
PNCA, cleaved caspase-3 and PARP from Santa Cruz; Pol p,
Pol x, Pol B, Pol p, and Pol v from Abcam; y-H2AX and H2AX
from Cell Signaling Technology; and p-Chkl, p-KAP1, and
p-RPA2 from Calbiochem. The drugs used in this study
included cisplatin from Yangtze River Pharmaceutical Group
(China), carboplatin from Qilu Pharmaceutical Co, oxaliplatin
from Hengrui Medicine Co, Ltd (China), gemcitabine from Eli
Lilly, and VE-822 from YuduoBio.

Detection of cell viability and colony formation

Cell viability was detected by the cell counting kit-8 (CCK-8)
assay according to the manufacturer’s instructions, as previ-
ously described™. For the colony formation assay, cells were
seeded at a density of 500 cells per well onto a 6-well culture
plate in DMEM containing 10% FCS and treated with various
drugs. After two weeks, the cells were fixed with 4% parafor-
maldehyde for 10 min and then stained with 0.05% crystal vio-
let in ddH,O for 15 min. The colonies produced by each cell
group were counted and measured using Image software.

Measurement of cisplatin-DNA adducts

Cells were plated at 6x10° cells per well, and 12 h later, the
cells were exposed to 2.5-15 pmol/L cisplatin for 2 h. DNA
was isolated using a Wizard Genomic DNA Purification Kit
(Promega, Madison, WI, USA) according to the manufacturer’s
instructions, resuspended in 5% HCI, hydrolyzed for 30 min
at 95 °C, and quantified spectrophotometrically based on the
absorbance values at 260 nm relative to those of hydrolyzed
calf thymus DNA standards. The amount of platinum adduct
(Pt-adduct) in the DNA in the hydrolysate (picograms of plati-
num per microgram of DNA) was measured by graphite fur-
nace atomic absorption spectrophotometry (FAAS) with Zee-
man background correction (Perkin-Elmer 4100 ZL, Norwalk,
CT, USA). To assess the time course of the loss of platinum
from DNA, the cells were treated with 5 pmol/L cisplatin for
1 h to obtain quantifiable levels of platinum over the entire
period of the experiment. DNA was isolated at 0, 6, 12, 18 or
24 h after drug exposure.

Immunofluorescence and alkaline comet assay

After transfection with various siRNAs, cells were treated
with cisplatin or cisplatin plus gemcitabine for 2 h and subse-
quently cultured in fresh medium for 48 h. Then, immunoflu-
orescence analysis was performed with the indicated antibod-
ies as previously described®. The modified alkaline comet
assay was performed as previously described®".

BrdU incorporation assay

Cells were cultured in RPMI medium (containing 10% FBS),
and after exposure of the cells to cisplatin or cisplatin plus
gemcitabine, bromodeoxyuridine (BrdU; 10 pmol/L) was added
to the medium. One hour later, BrdU incorporation into DNA
was analyzed with a BrdU incorporation kit (Roche Diagnostics)
according to the manufacturer’s instructions.



siRNA transfection

All siRNA reagents used in this study were purchased from
Guangzhou RiboBio Co, Ltd (China). siRNAs were trans-
fected using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s protocol, as previously described™. Three siR-
NAs against each gene were used for transfection of the experi-
mental cells to minimize the possibility of off-target effects. The
sequences of siRNAs targeting each gene are shown in Table S1.

Western blotting and real-time quantitative PCR

Cells were treated with the indicated drugs, and protein sam-
ples from whole cell lysates were prepared and analyzed using
Western blotting as previously described®™. The antibodies
used to detect proteins in this study are described above.

For real-time quantitative PCR, total RNA was extracted
from various cell samples using Trizol reagent (Invitrogen).
Reverse transcription was conducted using Applied Biosys-
tems Power SYBR Green PCR Master Mix, and the reactions
were run on an ABI 7500 Fast Real-time PCR system, as previ-
ously described®!. For RT-PCR, RNA was reverse-transcribed
using a ReverTra Ace kit (Toyobo, Osaka, Japan) according to
the manufacturer’s instructions. The specific primer sequences
of the genes detected in this study are shown in Table S2.

Sub-G; and cell cycle analysis by flow cytometry

Cells were plated at 6x10° cells per well. After 24 h in culture,
the cells were treated with the indicated drugs and incubated
at 37 °C for 48 h. Then, both adherent and detached cells
were harvested in cold 70% ethanol, centrifuged at 500xg, and
stored at -20 °C for at least 2 h. After washing with PBS, the
cells were resuspended in 200 pL of propidium iodide solution
(200 pg/mL RNase A, 20 pg/mL propidium iodide, and 0.1%
Triton X-100 in PBS) and incubated in the dark for 30 min. The
propidium iodide fluorescence of each sample was measured
on a flow cytometer (Guava, Merck Millipore). Guava Express
Plus Software was used to quantify sub-diploid nuclei (sub-G,
phase), and cell cycle analysis was performed using ModFit LT
software, excluding cells with a DNA content greater than 4N.

Statistical analysis

The ICs, was calculated as the cisplatin concentration that
killed 50% of cells in the untreated control group. All data
were expressed as the mean+SD. Statistical analysis was con-
ducted with 2-tailed unpaired Student’s t tests using SPSS
16.00 version (SPSS Inc., Chicago, IL). The differences between
the compared groups were considered statistically significant
at P<0.05.

Results

Response to platinum and the DNA-bound platinum levels in
cisplatin resistant and sensitive NSCLC cell lines

The cisplatin-resistant cell line A549/DR was generated by
chronic treatment of A549 cells (human lung adenocarcinoma
cell line) with low-dose cisplatin as previously described®".
To determine whether the cisplatin-resistant phenotype is
not specific to cisplatin but rather a phenomenon common
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to platinum agents, the cell viability assay was performed
in A549/DR and A549 cells and two other NSCLC cell lines,
LOU-NH91 (human lung squamous carcinoma cell line)
and HCC4006 (human lung adenocarcinoma cell line), fol-
lowing treatment with cisplatin, carboplatin, oxaliplatin or
gemcitabine. The results showed that A549/DR cells are also
resistant to carboplatin and oxaliplatin in addition to cisplatin,
even though the A549/DR cell line was derived via long-term
treatment of the A549 cell line with cisplatin. The sensitivity
of LOH-NH91 and HCC4006 cells to the three platinum agents
was similar to that of A549 cells. Interestingly, A549/DR cells
were also more resistant to gemcitabine relative to the three
cisplatin-sensitive cell types despite less degree (Figure 1A,
1B, and 1C), suggesting that the mechanism of gemcitabine
resistance at least partially overlaps with that of cisplatin in
these NSCLC cell lines. Similar results were observed in the
colony formation assay (Figure SIA-D).

One of the well-known mechanisms of cisplatin resistance
is decreased drug intracellular uptake, which can result in less
DNA damage and reduced cytotoxicity™™. A comparison of
cellular drug accumulation was carried out after the same time
of exposure (2 h) to cisplatin. As shown in Figure 1E, follow-
ing incubation with cisplatin, intracellular DNA-bound plati-
num levels were similar among all four cell lines and were
increased with increasing drug concentrations. Because the
rate of disappearance of platinum from the DNA accurately
reflects the rate of removal of the most common platinum
adduct®, the rate of disappearance of platinum from total cel-
lular DNA was measured in the four cell lines after exposure
to 10 pmol/L cisplatin. The results showed that there was
no difference in the kinetics of platinum disappearance from
DNA among the four NSCLC cell lines at the time point of
24 h. Although less platinum remained in the A549/DR cells
at 18 and 24 h than in the other three cell lines, this difference
did not reach statistical significance (Figure 1F). These data
indicate that cisplatin resistance in A549/DR cells is not asso-
ciated with the mechanism of the impediment of drug intra-
cellular uptake or the enhancement of platinum DNA adduct
removal.

Cisplatin induced ICLs and DSBs in cisplatin-resistant and
cisplatin-sensitive NSCLC cell lines

Among the mechanisms of cisplatin resistance, the capacity
of ICL and DSB repair is believed to play a main role, which
is mainly carried out by the Fanconi anemia (FA) pathway in
coordination with the TLS and homologous recombination
(HR) pathways™. To investigate differences in DNA repair
capacity, it is necessary to test the degree of damage in terms
of ICLs and DSBs induced by cisplatin in different cell lines.
We used fluorescence staining to determine the formation of
y-H2AX foci, a good indicator of DSBs. As shown in Figure
2A and 2B, the percentage of cells positive for y-H2AX foci
after cisplatin treatment was significantly lower in A549/DR
cells than in the three cisplatin-sensitive cell lines. Moreover,
the number of A549/DR cells with y-H2AX foci declined 36
h after cisplatin treatment and returned to the untreated level

Acta Pharmacologica Sinica
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Figure 1. Cisplatin resistance in A549/DR cells is not associated with the decrease of drug intracellular uptake and the increase of Pt-DNA adduct
removal. (A) Cell viability measurement, A549, A549/DR, LOU-NH91 and HCC4006 cell lines growing in 96-well plates were treated with cisplatin, (B)
carboplatin, (C) oxaliplatin, and (D) gemcitabine at indicated dose. The CCK-8 assay was used to determine cell viability. After treatment with drug
as indicated for 2—4 h, cell proliferation reagent CCK-8 (DOJNDO, Japan) was added into media in each well and the cells were incubated for 2 h at
37 °C. The absorbance of each well was measured with a spectrophotometer reading at a wavelenth of 450 nm. Absorbance is assumed to be directly
proportional to the number of viable cells ("P<0.05, “"P<0.01 vs A549, LOU-NH91 and HCC4006 cell lines). (E) Formation of platinum-DNA adducts
in A549, A549/DR, LOU-NH91 and HCC4006 cell lines after a 2-h exposure to cisplatin as measured by the FAAS. (F) The rate of disappearance of
platinum from total cellular DNA was measured in the four NSCLC cell lines after a 2-h exposure to cisplatin (10 umol/L). Each datum represents the

mean of three experiments.

by 60 h. In contrast, the number of cells with y-H2AX foci in
the three cisplatin-sensitive cell lines persisted at higher lev-
els until 72 h post-treatment with cisplatin (Figure 2C). The
DNA ICLs were determined using an alkaline comet assay at
the single-cell level. Tail moment, a measurement of relative
electrophoretic mobility, was markedly decreased in A549/
DR cells after cisplatin treatment compared with the other
three NSCLC cell lines (Figure 2D and 2E). Concomitant with
the formation of DSBs and ICLs, the A549/DR cell line pre-
sented a slighter replication arrest and more rapid resumption
of replication arrest compared to the three cisplatin-sensitive
cell lines at 24 to 72 h after cisplatin treatment (Figure 2F).
Together, these results indicate that the more effective DNA
ICL and DSB repair in A549/DR cells could be responsible for
their cisplatin resistance.

Acta Pharmacologica Sinica

TLS Pol n expression is markedly up-regulated in the A549/
DR cell line compared to the cisplatin-sensitive cell lines upon
cisplatin exposure

To evaluate the relationship between the expression of DNA
repair pathway factors and the development of cisplatin resis-
tance, we examined the protein and mRNA levels of several
TLS polymerases and FA and HR pathway factors, including
Pol 1), Pol k (encoded by POLK), Pol B (encoded by POLB), Pol
B (encoded by POLM), Pol v (encoded by POLN), FANCM,
FANC], RAD18, RAD51, and ATR, in the A549/DR cell line
and three cisplatin-sensitive NSCLC cell lines. As shown in
Figure 3A-C, A549/DR cells exhibited higher protein and
mRNA levels of TLS Pol 1), Pol  and Pol v as well as all FA
and HR factors examined in this study than the three cisplatin-
sensitive cell lines. It is noteworthy that the elevation in the



DAPI yH2AX Merge

A549

Cisplatin 10 pmol/L

A549/DR

Cisplatin 10 ymol/L
. - . C

LOU-NH91
Cisplatin 10 pmol/L

HCC4006
Cisplatin 10 pmol/L

A549/DR

LOU-NH91

0 umol/L
Cisplatin

10 pmol/L

Cisplatin
F 120 W A549
B A549/DR
< B LOU-NH91
g O HCC4006
9
©
o
Q.
o
&)
£
2
°
o

24 48

Time (h)

72

HCC4006

www.chinaphar.com

LiXQ et al 1363

g 100 | A549
5 ® A549/DR
S 80 = L OU-NH91
8 &0 0 HCC4006
(9]
=
=2 40
g
< 20
S
T 0 5 10 20
Cisplatin (umol/L)
A549/DR
80
—e— A549
60 — LOU-NH91
-+ - HCC4006

YH2AX positive cell/total (%)

40
20 ‘
0 12 24 36 48 60 72
Time (h)
E 100, WA549
BWA549/DR

—~ 80} BLOU-NH91
g OHCC4006
€ 60
Q
5
€ 40
=
F 20

Cisplatin 0 pmol/L

Cisplatin 10 pmol/L

Figure 2. A549/DR cells show decreased y-H2AX foci formation, diminished tail moment, and rapider resumption of replication arrest after cisplatin
treatment. (A) A549, A549/DR, LOU-NH91 and HCC4006 cell lines were treated with 10 umol/L cisplatin for 2 h, fixed and immunostained using anti-
y-H2AX antibody. (B) The percentage of y-H2AX positive cells, defined as cells with a fluorescence intensity>500 units (control value) was quantified
using Metafer software ("P<0.05 vs A549, LOU-NH91 and HCC4006 cell lines). (C) The four cell lines were treated with 10 pymol/L cisplatin, fixed
and immunostained using anti-y-H2A antibody. The percentages of y-H2AX positive cells were quantified at indicated time points ("P<0.05 vs A549,
LOU-NH91 and HCC4006 cell lines). (D) The four cell lines were treated with 10 umol/L cisplatin for 2 h. The alkaline comet assay was performed to
measure ICLs, and the images show detectable comet tails visualized under a fluorescent microscope. (E) Tail moments in the cells were quantified
using Comet Score software version 1.5 ("P<0.05 vs A549, LOU-NH91, and HCC4006 cell lines). (F) DNA replication was measured by BrdU
incorporation assay 24, 48, and 72 h after cisplatin (10 pmol/L) treatment ("P<0.05 vs A549, LOU-NH91, and HCC4006 cell lines).

levels of Pol 1 in A549/DR cells was the most significant
among all TLS polymerases tested. Elevated FA and HR factor
expression in A549/DR cells is expected because these factors

are involved in cisplatin resistanceP?. Next, we evaluated the
time-dependent expression of the TLS polymerases induced

by cisplatin. Increased levels of Pol n protein and mRNA

were observed in A549/DR cells upon cisplatin exposure,
and the Pol n protein and mRNA levels continually increased
during the 24-h post-treatment period (Figure 3D and 3F). At
16 and 24 h, the POLH mRNA levels were markedly higher
than the mRNA levels of other TLS polymerases (Figure 3F).
Conversely, the expression levels of all TLS polymerases

Acta Pharmacologica Sinica
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Figure 3. Expressions of pol n were upregulated in A549/DR cells upon exposure to cisplatin. (A) Whole cell lysate was prepared from A549, A549/DR,
LOU-NH91 and HCC4006 cell lines and subject to Western blotting with specific antibodies as indicated to measure the protein levels of various factors. (B
and C) Total RNA was isolated from the four NSCLC cell lines, and subject to real-time quantitative PCR to measure the mRNA levels of various factors as
indicated ("P<0.05, ""P<0.01 vs A549, LOU-NH91 and HCC4006 cell lines). (D) Protein expressions of TLS polymerases as indicated were analyzed by
Western blotting using specific antibodies in whole cell lysate of A549 and A549/DR cells at different time points after cisplatin (10 umol/L) treatment.
B-actin was used as loading control. (E and F) Real-time quantitative PCR was performed to measure mRNA expression of TLS polymerases as indicated
in A549 and A549/DR cells at different time points after cisplatin (10 pmol/L) treatment. The mRNA expressions of TLS polymerases were normalized
to GAPDH; the untreated control was set to one (*"P<0.01 vs POLK, POLB, POLM and POLN).

tested at both the protein and mRNA levels were only slightly
increased post-treatment with cisplatin in the three cisplatin-
sensitive cell lines (Figures 3D-E and S1E-H). These findings
suggest that Pol ) may play a more important role in the cis-
platin resistance of A549/DR cells .

ATR deficiency affects the cisplatin-induced formation of
Pol n foci and intracellular relocation but does not impede
monoubiquitination of PCNA

The intracellular relocalization of Pol 1 to stalled replication

Acta Pharmacologica Sinica

forks in response to DNA-damaging agents is critical for its
cellular activity™™), which is dependent on the monoubiquiti-
nation of PCNA mediated by RAD18/RAD6 complexes™ *I,
Concomitantly, ATR is also activated by DNA-damaging
agents and facilitates Pol ) recruitment to stalled replication
forks!® 3,

level of PCNA monoubiquitination upon cisplatin exposure

Western blotting showed a markedly increased

in the A549/DR cell line compared to the three cisplatin-sen-
sitive cell lines (Figure 4A). Carboplatin, oxaliplatin and gem-
citabine also induced PCNA monoubiquitination in A549/DR
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Figure 4. PCNA monoubiquitination and intracellular location of Pol n. (A) PCNA monoubiquitination induced by cisplatin. A549, A549/DR, LOU-
NH91 and HCC4006 cell lines were treated with cisplatin (10 umol/L), and ubiquitinated PCNA (Ub-PCNA) from the cell extracts was detected using a
monoclonal anti-PCNA antibody by Western blotting. (B) A549/DR cells were treated with cisplatin (Cis, 10 umol/L), or carboplatin (Car, 10 pmol/L),
or oxaliplatin (Oxa, 15 ymol/L), or gemcitabine (Gem, 10 nmol/L), and Ub-PCNA was detected as described above. (Con: negative control). (C)
Western blotting was performed to verify the efficiency of transfection with siRAD18 or siATR in A549 or A549/DR cells. siCon: control siRNA. (D) After
transfection with siRNAs as indicated, intracellular location of Pol n in the four NSCLC cell lines was analyzed by immunostaining using anti-Pol n body
after treatment with cisplatin at indicated doses. The lower panel shows the quantification of the mean fluorescent intensity of Pol n antibody staining
as calculated by Image software (“'P<0.01 vs A549, LOU-NH91, and HCC4006 cell lines). (E) Intracellular colocalizations of Pol n and PCNA in A549/DR
cells post-transfection with siRNAs as indicated were analyzed by immunostaining using anti-Pol n and anti-PCNA bodies after treatment with cisplatin
and cisplatin plus gemcitabine. (F and G) PCNA monoubiquitinations in A549 and A549/DR cell lines post-transfection with siRNAs as indicated were
analyzed by Western blotting after cisplatin (10 ymol/L) treatment.
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cells, although the PCNA monoubiquitination level induced
by gemcitabine was lower than that induced by carboplatin
or oxaliplatin (Figure 4B). To assess the impact of RAD18
and ATR inhibition on the intracellular relocation of Pol 1),
we depleted RAD18 and ATR using an siRNA transfection
approach. The efficiency of RAD18 and ATR depletion was
verified by Western blotting (Figure 4C). Parallel detection of
immunofluorescence showed that the abundance of Pol n foci
induced by cisplatin in the A549/DR cell line was the greatest
among the four NSCLC cell lines (Figure 4D). Knockdown of
RADI18 and ATR suppressed the cisplatin-mediated intracel-
lular relocalization of Pol 1) foci, especially in A549/DR cells
(Figure 4D). In addition, colocalization of Pol n and PCNA
was observed in A549/DR cells upon exposure to cisplatin or
cisplatin plus gemcitabine, and this colocalization was dimin-
ished by depleting RAD18 or ATR (Figure 4G). Although the
depletion of ATR did not suppress the monoubiquitination
of PCNA (Figure 4E and 4F), which is in accordance with the
reports that PCNA ubiquitination is independent of ATR-
mediated checkpoint activation®, the recruitment and intra-
cellular relocalization of PCNA in ATR-deficient cells were
impeded (Figure 4G), which may result from Pol ) relocaliza-
tion defects.

Depletion of POLH synergizes with ATR inhibition to hypersensitize
A549/DR cells to cisplatin and cisplatin plus gemcitabine

To further investigate the contribution of TLS polymerases
to cisplatin sensitivity, we depleted the expression of POLH,
POLB, or POLN in both the A549 and A549/DR cell lines
using siRNA transfection and examined the changes in their
sensitivity to cisplatin. The transfection efficiency of siRNAs
against POLH, POLB, POLN, and POLH together with ATR
was validated by Western blotting (Figure 5A). As expected,
knockdown of these TLS factors increased the sensitivity of
A549 and A549/DR cells to cisplatin or cisplatin plus gem-
citabine (Figure S2A-D; Tables S3 and S4). Similar results
were obtained using three different siRNA sequences each for
POLH, POLB and POLN in the two cell lines, minimizing the
possibility of off-target effects (Figures S2G and S2H). Impor-
tantly, the degree of drug sensitization inducted by depleting
POLH was greater than that induced by depleting POLB and
POLN (Figure S2A-D; Tables S3 and S4). It is notable that
the sensitization effect of POLH depletion was more signifi-
cant in A549/DR cells than in A549 cells. Depletion of POLH
increased cisplatin sensitivity by up to 1.65-fold in A549 cells
and by up to 6-fold in A549/DR cells, as indicated by analysis
of the ICs, for cisplatin (Tables S3 and S4). Because A549/DR
cells were also more resistant to gemcitabine in our initial
experiments and because the combination of cisplatin and
gemcitabine is one of the first-line chemotherapy regimens
for NSCLC, we tested the impact of gemcitabine combined
with cisplatin on the survival of the two NSCLC cell lines. As
expected, the addition of gemcitabine increased the cytotoxic-
ity of cisplatin, especially in A549/DR cells depleted of POLH
(Figures S2B and S2D; Tables S3 and S4). Co-depletion of
POLH and RAD18 did not produce additional sensitization
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to cisplatin or cisplatin plus gemcitabine compared to deple-
tion of POLH alone (Figure 5B-E; Tables S3 and S4), which
supports the notions that RAD18 is subordinate to Pol r and
that RAD18 and Pol 1) function in the same pathway to confer
tolerance to cisplatin-induced DNA damage®. In contrast,
co-depletion of POLH and ATR further increased the sensitiv-
ity of A549/DR cells to cisplatin or cisplatin plus gemcitabine
compared to depletion of POLH or ATR alone (Figures 5D-E;
Table S4). In addition, we used VE-822, a selective and ATP-
competitive ATR inhibitor™), to further assess the role of ATR
in cisplatin resistance. The results showed that the combina-
tion of POLH knockdown with VE-822 treatment (0.5 pmol/L)
significantly enhanced the cytotoxicity of cisplatin plus gem-
citabine to A549/DR cells compared to POLH knockdown
alone (Figure S2F), which was similar to the effect of co-
depletion of POLH and ATR (Figure 5E). However, in A549
cells, depletion of both POLH and ATR as well as either POLH
or ATR alone induced comparable sensitization to cisplatin
or cisplatin plus gemcitabine (Figure 5B—C; Table S3). These
results suggest that the sensitization produced by co-depleting
POLH and ATR mainly occurs in cisplatin-resistant A549/DR
cells. Taken together, these results suggest that POLH deple-
tion can synergize with ATR inhibition to potentiate A549/DR
cell death by cisplatin and cisplatin plus gemcitabine.

The presence of a sub-G; cell population is indicative of
DNA degradation during cell death via apoptosis. Consistent
with the cell viability assay results, apoptosis analysis showed
that co-depletion of POLH and ATR clearly increased the fre-
quency of A549/DR cells in the sub-G; phase induced by cis-
platin and cisplatin plus gemcitabine compared to depletion of
POLH, POLB, or POLN alone (Figure 5G and 5H). Represen-
tative images of the cell cycle analysis results showed that the
A549/DR cells co-depleted of POLH and ATR displayed not
only marked S/G, phase arrest but also a higher sub-G; peak
in response to cisplatin and cisplatin plus gemcitabine (Figure
5F). Meanwhile, dramatically increased cleaved caspase-3 and
cleaved PARP expression levels were observed in A549/DR
cells co-depleted of POLH and ATR following cisplatin treat-
ment (Figure S3A and S3B), further demonstrating that com-
bined knockdown of POLH and ATR facilitates the cisplatin-
induced apoptotic death of A549/DR cells.

Co-depletion of POLH and ATR impedes the repair of ICLs and
DSBs induced by cisplatin plus gemcitabine

Lastly, we aimed to establish whether the cisplatin sensitiza-
tion of A549/DR cells produced by depleting POLH or co-
depleting POLH and ATR was derived from the impairment
of ICL and DSB repair. ICLs represent a severe barrier to
DNA replication, causing DSBs at blocked replication forks.
To assess the impact of POLH and ATR on DNA replication
and DSB formation, replication was analyzed by the BrdU
incorporation assay, and DSB formation was tested by detec-
tion of y-H2AX foci. The results revealed that depletion of
POLH alone or co-depletion of POLH and ATR markedly
enhanced the inhibition of replication induced by cisplatin
plus gemcitabine (Figure S3C) and dramatically increased



A549/DR A549 A549/DR
siPOLH - + = + siPOLB - + = +
siCon siCon + = + =
Poln | Pol B i dos amean oot
B-Actin B-ACtin e s e an—
A549 A549/DR
SiPOLN - + - + SIPOLH - + + — + +
siCon + — + —~ siATR + - + t =
Polv [ : Poln S
ATR = —

BACHn i ————

B 120 A549 siControl
—+ SIATR
S 100 X - -& - siPOLH
z 80 L —e -siPOLH+siRAD18
NN § —-- SiPOLH+SIATR
8 8 2
Z 40 AN
[0} R P
O 20 }5: D
S -
0 : P I=ei a
0 25 5 10 20
Cisplatin (umol/L)
C 120 A549 siControl
—+ SIATR
g 100 N - & - siPOLH
> 80 '\*:\ —e -siPOLH+siRAD18
g 60 \\\}\ —-- siPOLH+siATR
> D N
. 40 \{‘\ y
© 20 i 19
0 : DS
0 25 5 10 20
Cisplatin (umol/L) [Gemcitabine 6 nmol/L]
G msiControl
50 A549/DR @siPOLH
< 40 msiPOLB
< @siPOLN
g 30 OsiPOLH+SIATR
o 20
S
» 10
0
Cisplatin 10 ymol/L Cisplatin 10 ymol/L+
Gemcitabine 6 nmol/L
H~ msiControl
S 60 A549/DR ## WsiPOLH
o 50 DsiPOLH+sIATR
8 40
2 30
?
5 20
S 10
2 o

0 25 5

10 20
Cisplatin (umol/L) [Gemcitabine 6 nmol/L]

www.chinaphar.com

Li XQ et al 1367
D .
120 ¢ A549/DR siControl
100%# —eo— SIATR
T - -& -siPOLH
= 80 N '\\i\ —e -siPOLH+siRAD18
= RN ——- siPOLH+sSIATR
g 60 N \.il\
= 40} S O
8 <3 TN
20 {\.-s‘i“\?\a‘
0 L 2 L S anil
0 25 5 10 20
Cisplatin (umol/L)
E .
120 A549/DR siControl
100 ¢ —eo— siATR
R - & - SIPOLH
= 80 A\, —e -siPOLH+siRAD18
3 R 3 ——- siPOLH+sIiATR
5 e ' '
> S XL
3 40 X L~
o {“ ~ " T
20 f ~s
i<l =
0 . st o
0 25 5 10 20
Cisplatin (umol/L) [Gemcitabine 6 nmol/L]
F Cisplatin Cisplatin Cisplatin 10 ymol/L
0 pmol/L 10 pmol/L  +Gemcitabine 6 nmol/L
9 1 1
. ~ -
siControl} ] il
4 o o v
b 1
A -
SiPOLH i
g b
1. ‘\ 1,
e E
4 A i
1
B
SiPOLNJ
¢
8 ! 1
. . -
SiPOLH+sIATRg: i i ‘\
N ]
.. o

Figure 5. Co-depletion of POLH and ATR hypersensitize A549/DR cells to cisplatin, and cisplatin plus gemcitabine. (A) Western blotting was performed
to verify the efficiency of the transfections with siPOLH, siPOLB, siPOLN and siATR in A549 and A549/DR cell lines siCon: control siRNA. (B and C)
The viability analysis of A549 cells depleted of POLH or ATR alone, or double depleted of POLH and RAD18, or double depleted of POLH and ATR after
treatment with cisplatin or cisplain plus gemcitabine as indicated doses. (D and E) The viability analysis of A549/DR cells depleted of the genes as
indicated after treatment with cisplatin or cisplatin plus gemcitabine. (G and H) A549/DR cells depleted of POLH, or POLB, or POLN alone, or co-
depleted of POLH and ATR were treated with cisplatin and cisplatin plus gemcitabine for 4 h and apoptotic cells was measured as sub-G1 fraction by
flow cytometry ("P<0.05 vs siPOLB and siPOLN; *P<0.01 vs siPOLH). (F) Representative imagines of cell cycle analysis show that sub-G, peak was
higher in A549/DR cells depleted of POLH alone and co-depleted of POLH and ATR than in the cells depleted of POLB or DOLN alone.
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the number of cells positive for y-H2AX foci (Figure 6A and
6B). Analysis of the kinetics of the formation of y-H2AX foci
showed that 80%-90% of A549/DR cells depleted of POLH
alone or depleted of both POLH and ATR exhibited positiv-
ity for y-H2AX foci 24 h after treatment with cisplatin plus
gemcitabine, and the percentage of cells with y-H2AX foci
remained at elevated levels until 72 h post-treatment. Con-
versely, approximately 50% of the cells depleted of POLB or
POLN were positive for y-H2AX foci 24 h post-treatment with
the same drugs, and this percentage decreased continuously
and returned to the control level at 72 h (Figure 6C). Con-
sistent with the observations regarding y-H2AX foci, A549/
DR cells depleted of POLH or co-depleted of POLH and ATR
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displayed a markedly prolonged tail moment in comparison
with cells depleted of POLB or POLN alone (Figure 6D and
6E). These findings indicate that the impediment of ICL and
DSB repair caused by depleting POLH and ATR is responsible
for the drug sensitization of the cells. To further determine
the effect of POLH and ATR on the DNA damage response
induced by cisplatin and gemcitabine in A549/DR cells, ATR
activity was analyzed by measuring P-Chk1 (S317), and DNA
damage accumulation was assessed by detecting y-H2AX
(5139), P-KAP1 (S824) and P-RPA2 (54/S8). Knockdown of
POLH alone led to elevation of cisplatin-induced P-Chk1
expression and a concurrent increase in y-H2AX, P-KAP1 and
P-RPA2 expression in a concentration-dependent manner (Fig-
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Figure 6A-6C. Co-depletion of POLH and ATR in A549/DR cell resulted in marked impairment of ICL and DSB repair and increase of DNA damage
accumulation. (A) After transfection with siRNAs as indicated, A549/DR cells were treated with cisplatin or cisplatin plus gemcitabine in indicated
doses for 4 h, cultured in fresh medium for another 24 h, fixed and immunostained with an anti-y-H2AX antibody. (B) The percentage of y-H2AX foci
positive cells was quantified using Metafer software (""P<0.01 vs siPOLB or siPOLN; *P<0.05 vs siPOLH). (C) The percentages of y-H2AX positive cells
were quantified at indicated time points. Each time point represents the mean of y-H2AX positive/total cells (%) derived from five independent fields in

each culture ("P<0.05 vs siPOLH).
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ure 6F), implying the activation of ATR/Chk1 signaling and
the accumulation of DNA damage. Knockdown of ATR alone
augmented the phosphorylation of H2AX, KAPI and RPA2,
but not Chk1, which may result from ATR inhibition. Com-
bined knockdown of POLH and ATR resulted in a decrease in
P-Chk1 expression despite cisplatin exposure, but the levels of
y-H2AX, P-KAP1 and P-RPA2 were further increased under
these conditions (Figure 6F), suggesting that ATR knockdown
inhibited the phosphorylation of Chk1 (S317) and ATR/Chk1
signaling and augmented the accumulation of DNA damage.
These results revealed that continuously increased accumula-
tion of DNA damage (ICLs and DSBs) is a contributing mecha-
nism responsible for the sensitization of A549/DR cells with
co-depletion of POLH and ATR to cisplatin and gemcitabine.
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Discussion

Although the mechanisms of cisplatin resistance are not
fully understood, it is generally believed that decreased drug
uptake, increased drug inactivation and removal of Pt-DNA
adducts, and enhanced DNA repair capacity are associated
with cisplatin resistance*®. In this study, however, we found
that the removal of Pt-DNA adducts that are mostly composed
of intrastrand crosslink adducts is not responsible for the cis-
platin resistance of A549/DR cells. Upon cisplatin exposure,
A549/DR cells exhibited significantly enhanced ICL and DSB
repair capacity compared to cisplatin-sensitive NSCLC cell
lines. These results indicate that the effective repair of DNA
damage is involved in the cisplatin resistance of A549/DR
cells.
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Co-depletion of POLH and ATR in A549/DR cell resulted in marked impairment of ICL and DSB repair and increase of DNA damage
(D) A549/DR cells were transfected with siRNAs as indicated, and then treated with cisplatin or cisplatin plus gemcitabine for 4 h. An

Figure 6D-6F.
accumulation.

alkaline comet assay was performed to measure ICLs, and the images show detectable comet tails visualized under a fluorescent microscope. (E) Tail
moments in A549/DR cells were quantified using Comet Score software version 1.5 (""P<0.01 vs siPOLB or siPOLN; *P<0.05 vs siPOLH). (F) Western
blotting for phosphorylated-Chk1, -KAP1, -RPA2, and -H2AX in A549/DR cells depleted of POLH and ATR alone or co-depleted of POLH and ATR following

treatment with cisplatin as indicated doses, GAPDH was used as a loading control.

presented in Figures S4.

The intensity of protein bands was quantified by densitometry and
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It is known that cisplatin-mediated ICLs and DSBs are
repaired by the FA pathway in coordination with TLS and
the HR pathway®™). TLS DNA polymerases, such as Pol
(encoded by POLQ), Pol C (consisting of the catalytic subunit
REV3 and the structural subunit REV7), and Pol 1), are essen-
tial for ICL repair, as cells deficient in any of these factors are
especially sensitive to cross-linking agents™ ' 2" ®] A recent
study reported by our team showed that the expression levels
of Pol 0, Pol ¢ and Pol 1) were up-regulated in A549/DR cells
compared to A549 cells. The cisplatin sensitization effect of
co-depleting POLQ and BRCAZ2, an HR factor, on A549/DR
cells was more significant than that of co-depleting POLH
and BRCAZ2, although A549/DR cells depleted of POLH alone
were more sensitive to cisplatin than cells depleted of POLQ
alone™. Additionally, silencing POLQ in A549/DR cells
increased RAD51 expression and the formation of its foci,
and inhibition of the HR pathway by depleting RAD51 or
BRCA2 increased POLQ expression, suggesting that Pol 0 in
NSCLC cells suppresses HR activity and participates in DSB
repair through an alternative pathway®. Here, we show that
A549/DR cells displayed increased expression levels of TLS
polymerases (such as Pol n, Pol 3, and Pol v) and FA and HR
pathway factors compared with cisplatin-sensitive NSCLC
cells. Moreover, the elevated level of Pol ] expression was
the most evident among all TLS polymerases examined in this
study. Remarkably, the expression of Pol r in the A549/DR
cell line was significantly up-regulated in response to cisplatin
exposure, which was not found in three cisplatin-sensitive
NSCLC cell lines. Furthermore, depletion of Pol 1 increased
cisplatin sensitivity by up to 6-fold in A549/DR cells but by
only 1.65-fold in A549 cells. These data suggest that Pol n may
play a more important role than other TLS polymerases in
mediating A549/DR cell resistance to cisplatin and that inhibi-
tion of Pol 1) is a potential therapeutic strategy for sensitizing
cisplatin-resistant NSCLC cells to cisplatin. The correlation
of high Pol ) expression with cisplatin resistance in NSCLC
was reported in a clinical study, which showed that high
Pol n mRNA levels in tumor tissue were strongly associated
with shorter survival in the group of patients with advanced
NSCLC treated with platinum-based chemotherapy!™’. Pol n
expression levels were correlated with cisplatin sensitivity in
vitro in a panel of NSCLCL cell lines™, which is in accordance
with our results.

The activation of TLS polymerases in response to DNA dam-
age is mainly mediated by monoubiquitination of PCNAP* ¥,
Monoubiquitinated PCNA triggers the translocation of Pol 1) to
stalled DNA replication forks and forms foci in the nucleus,
thereby initiating TLS and DNA damage tolerance?® ¥,
Concomitantly, ATR is activated by DNA-damaging agents
such as cisplatin to phosphorylate Pol n and facilitate Pol
1 recruitment to stalled DNA replication forks™'. In this
study, in accordance with elevated expression of Pol 1 mRNA
and protein, the level of PCNA monoubiquitination and the
abundance of Pol 1) foci induced by cisplatin was higher in
A549/DR cells than in three cisplatin-sensitive cell lines.

Human cells deficient in Pol 1 are sensitive to cisplatin!” "
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Knockdown of Pol n in breast cancer, glioma and melanoma
cells caused marked sensitization to some ICL-inducing
agents, such as fotemustine, mafosfamide and lomustine!®
Given that inhibiting ATR activates origin firing under repli-
cative stress, exhausts RPA and generates fork collapse and
DNA DSBs that result in the induction of death signalsm],
knockdown of Pol | could synergize with ATR inhibition to
hypersensitize cancer cells to cisplatin . Here, we demon-
strate that depletion of Pol 1 combined with suppression of
ATR by siRNA transfection or ATR inhibitor treatment fur-
ther increases the sensitivity of A549/DR cells to cisplatin or
cisplatin plus gemcitabine compared with depletion of Pol 1)
alone. In contrast, the effect of co-inhibition of Pol n and ATR
in sensitizing A549/DR cells to cisplatin or cisplatin plus
gemcitabine was not observed in A549 cells, indicating that
co-inhibition of Pol nj and ATR can reverse the resistance of
cisplatin-resistant NSCLC cells to cisplatin or cisplatin plus
gemcitabine.

ICLs are the most cytotoxic and genotoxic lesions caused by
cisplatin, as they block DNA replication and transcription and,
if unrepaired, lead to the generation of DSBs and chromosomal
rearrangements. TLS polymerases are recognized to be essen-
tial for ICL repair in both S/G, and G, phases by bypassing
an ICL unhooked from one of the two cross-linked strands™.
Pol n can bypass various structurally distinct unhooked
ICLs™ *@ and participate in the repair of interstrand crosslink-
ing agent-induced ICLs?" ). Additionally, the FA pathway
plays an important role in DNA damage sensing and signaling
during S/G, phase of the cell cycle in cells with ICLs®>*1. The
FA and ATR/Chk1 signaling pathways are activated concur-
rently in response to ICL-related damage. Activated ATR
and its downstream kinases phosphorylate proteins upstream
in the FA pathway, including the core complex proteins
FANCA, FANCG, FANCE and FANCM, which are essential
for efficient monoubiquitination of FANCI and FANCD2 as
well as cellular tolerance to ICL-inducing agents™*" *l. ATR
also phosphorylates HR pathway proteins such as XPCCS3,
BRCA1, RAD17, MCM, and RPA, which are prerequisites for
HR-mediated repair of ICL-induced replication-dependent
DSBs!** *l. Therefore, ATR plays a crucial role in the DNA
damage response by relaying and amplifying the DSB damage
signal. One study reported that the ATR/Chk1l pathway is
over-activated in human cells deficient in Pol ) after UV expo-
sure. Inhibition of ATR/Chk1 activity exacerbates replication
fork stalling and S-phase arrest and sensitizes these cells to
UV irradiation, which are not observed in wild-type cells, sug-
gesting that in the absence of Pol n, the ATR/Chk1 pathway
becomes essential for replication resumption by an alternative
pathway via fork stabilization®®.. Thus, one explanation for
our data may be that the resolution of cisplatin-induced fork
blockage leading to ICLs and DSBs in cells depleted of Pol 1)
relies on the FA and HR pathways, which are regulated by
the ATR/Chk1 signaling pathway. Consequently, combined
knockdown of Pol nj and ATR strongly potentiates the cyto-
toxicity of cisplatin and gemcitabine to drug-resistant NSCLC
cells.



We are aware of some limitations of the present study,
including that only one cisplatin-resistant subcellular clone,
A549/DR, was used for investigating sensitization to cisplatin
by co-inhibition of Pol n and ATR. Further studies with sev-
eral cisplatin-resistant subcellular clones from other cancer cell
lines are needed.

In conclusion, we show that the elevated expression of Pol )
is associated with the resistance of NSCLC cells to cisplatin.
Additionally, we demonstrate that although disabling Pol 1|
sensitizes NSCLC cells to cisplatin or cisplatin plus gem-
citabine, co-inhibition of Pol 1] and ATR further increases cis-
platin-resistant NSCLC cell death mediated by cisplatin plus
gemcitabine. These findings indicate that Pol 1 knockdown
synergizes with ATR suppression to reverse the resistance of
NSCLC cells to cisplatin. Therefore, co-inhibition of Pol nj and
ATR may be a potential therapeutic strategy for the treatment
of platinum-resistant NSCLC.
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