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Abstract: Several poly(ADP ribose) polymerase (PARP) inhibitors (PARPi) have been approved for cancer therapy;
however, intrinsic and acquired resistance has limited their efficacy in the clinic. In fact, cancer cells have devel-
oped multiple mechanisms to overcome PARPI cytotoxicity in even a single cancer cell. In this study, we generated
three PARPiI-resistant BRCA2-deficient pancreatic Capan-1 variant cells using olaparib (Capan-1/0P), talazoparib
(Capan-1/TP), and simmiparib (Capan-1/SP). We identified novel mutations in intron 11 of BRCA2, which resulted
in the expression of truncated BRCA2 splice isoforms. Functional studies revealed that only a fraction (32-49%) of
PARPI sensitivity could be rescued by depletion of BRCA2 isoforms. In addition, the apoptosis signals (phosphatidyl-
serine eversion, caspase 3/7/8/9 activation, and mitochondrial membrane potential loss) were almost completely
abrogated in all PARPi-resistant variants. Consistently, overexpression of the anti-apoptotic proteins cyclooxygen-
ase 2 (COX-2) and baculoviral IAP repeat-containing 3 (BIRC3) occurred in these variants. Depletion of COX-2 or
BIRC3 significantly reduced apoptotic resistance in the PARPi-resistant sublines and reversed PARPI resistance by
up to 70-72%. Furthermore, exogenous addition of prostaglandin E2, a major metabolic product of COX-2, inhibited
PARPi-induced apoptotic signals; however, when combined with the BIRC3 inhibitor LCL161, there was significantly
enhanced sensitivity of the resistant variants to PARPI. Finally, PARPi treatment or PARP1 depletion led to a marked
increase in the mRNA and protein levels of COX-2 and BIRC3, indicating that PARP1 is a negative transcriptional
regulator of these proteins. Together, our findings demonstrated that during the chronic treatment of cells with a
PARPI, both BRCA2 intron 11 mutations and COX-2/BIRC3-mediated apoptotic resistance led to PARPi resistance
in pancreatic Capan-1 cells.
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Introduction toration of homologous recombination repair
(HRR) activity due to secondary mutation of BR-

Poly(ADP ribose) polymerase (PARP) inhibitors CA1/2 genes or depletion of the 53BP1-RIF1-

(PARPI) are primarily used as a monotherapy to
treat homologous recombination repair (HRR)-
deficient cancers. Currently, four different PA-
RPi have been approved for the treatment of
ovarian and breast cancers [1-5], and more are
being tested in clinical trials [1, 6, 7]. However,
the emergence of acquired resistance to PARPI
has followed the introduction of therapeutics in
the clinic [8-10]. Several mechanisms of PARPI
resistance have been identified including res-

REV7 pathway, loss of PAR glycohydrolase (PA-
RG) or the drug target PARP1, and upregulation
of P-glycoprotein (P-gp) [1].

HRR restoration has been observed in BRCA2-
deficient pancreatic cancer Capan-1 cells that
have re-established BRCA2 function. Novel
BRCA2 isoforms with partial function are ex-
pressed in PARPi-resistant cells as the result of
secondary revertant mutations of the BRCA2
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gene and restoration of open reading frames
(ORFs) [11, 12]. However, secondary BRCA2
mutations explain only some of the cases of
PARPi resistance. Moreover, a number of re-
ports have shown that resistant cells have
BRCA2 gene mutation without restoration of
HRR function [13-18]. Furthermore, in the
absence of BRCA1, HRR activity can be by-
passed by loss of 53BP1 or REV7 [19, 20]. In
contrast, there is no evidence that HRR can be
rescued in the absence of BRCA2, suggesting
that BRCA2-deficient cancer cells may employ
a novel strategy to overcome PARPI cytotoxicity.
To date, there is only limited information on
HRR-independent mechanisms of PARPI resis-
tance. Therefore, many issues on drug resis-
tance to PARPi remain to be clarified.

Previous studies have shown that PARP inhibi-
tion causes DNA double-strand break (DSB)
accumulation and thus G2/M arrest, apoptosis,
and subsequent cell death in HRR-deficient
cells [6, 7, 21-23]. Activation of caspases 3, 7,
and 9 was induced in concentration- and time-
dependent manners by PARPi, and pretreat-
ment with the cell-permeable pan-caspase
inhibitor Z-VAD-FMK significantly reversed th-
ese effects, suggesting that the caspase-
dependent apoptotic pathway plays a critical
role in the antitumor efficiency of PARPI [6, 7,
21]. Tumor cells can acquire resistance to che-
motherapy and immunotherapy by overexpres-
sion of the inhibitor of apoptosis protein (IAP)
family of proteins (clAP1/BIRC2, clAP2/BIRC3)
to counteract apoptosis [24-26]. Overexpres-
sion of cyclooxygenase 2 (COX-2) in a variety of
cancer cells is associated with apoptotic resis-
tance and is thought to be responsible for resis-
tance to chemotherapy and radiation [27].
Thus, there is no doubt that acquired apoptotic
resistance plays an important role in promoting
drug resistance. However, there have been no
reports on the relationship between apoptosis
and resistance to PARPI.

Cancer cells employ multiple mechanisms, in-
cluding HRR-dependent and HRR-independent
pathways, to overcome cytotoxicity caused by
PARP inhibition. To understand the mechanis-
ms of resistance to PARPi in BRCA2 mutation
cancer, we generated a series of PARPi-re-
sistant cells by separately exposing pancreatic
cancer Capan-1 cells to olaparib (OP), simmipa-
rib (SP), and talazoparib (TP), and obtained
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three PARPI resistance variants denoted as
Capan-1/0P, Capan-1/SP, and Capan-1/TP, res-
pectively. We demonstrated that Capan-1 ce-
lls conferred novel mutations in intron 11 of
BRCA2 and highly expressed COX-2 and BIRC3
to develop cellular resistance to PARPI.

Materials and methods
Antibodies and chemicals

Antibodies against PARP1 (sc-7150), Histone
H3 (sc-8654-R), P-gp (sc-13131), PTIP (sc-
367459), Chk1 (sc-8408), yH2AX (sc-101696),
p-ATM-Ser1981 (sc-47739), DNA-PKcs (sc-
9051), B-Actin (sc-47778) and Rad51 (sc-8349)
were from Santa Cruz Biotechnology (Santa
Cruz, CA). Antibodies against KU8SO (#2753),
NF-kB p65 (#4764), SMC1 (#4802), ATR
(#13934), p-Chk1-Ser345 (#2348), Caspase 3
(#9662), Caspase 9 (#95022), COX-2 (#12282),
BIRC3 (#3130), and C-BRCA2 (#10741) were
from Cell Signaling Technology (Danvers, MA).
Antibodies against PARP2 (ab176330), BCRP
(@b3380), and N-BRCA2 (ab123491) were from
Abcam (Shanghai, China). The anti-PARP3 anti-
body (NBP2-49523) was from Novus (Novus
Biologicals, CO, USA). The anti-PAR polyclonal
antibody (4336-BPC-100) was from Trevigen
(Gaithersburg, MD). The anti-REV7 antibody
(612266) was from BD Biosciences (Franklin
Lakes, NJ). Anti-GAPDH mouse monoclonal an-
tibodies (AGO19) were purchased from Beyo-
time (Shanghai, China). The secondary antibod-
ies used for used for Western blotting included
HRP-conjugated goat anti-rabbit and goat anti-
mouse antibodies (Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA, USA), and
those for indirect immunofluorescence were
goat anti-mouse Alexa 488 and anti-rabbit
Alexa 594 (A21121 and A11012; Invitrogen,
Carlsbad, CA, USA).

Olaparib was purchased from LC Laboratories
(Woburn, MA, USA), and Simmiparib was pro-
vided by Dr. Ao Zhang at Shanghai Institute of
Materia Medica, Chinese Academy of Sciences,
Shanghai, China and prepared as previously
described [7, 28]. Talazoparib, niraparib, ruca-
parib and prostaglandin E2 (PGE2) were pur-
chased from Selleck Chemicals (Shanghai,
China). SN38 was purchased from Melone
Pharmaceutical (Dalian, China). LCL161 was
purchased from MedChemExpress (Shanghai,
China). All of the drugs were dissolved in 100%
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dimethyl sulfoxide (DMSO), aliquoted, and stor-
ed at -20°C. Upon use, inhibitors were diluted
to the desired concentration in normal saline
to a final DMSO concentration not exceeding
0.1%. Of note, 1%o0 and 0.5%0 methyl methane
sulfonate (MMS) were freshly prepared each
time from 99% MMS (Sigma-Aldrich; St. Louis,
MO, USA) in normal saline, and then diluted in
complete culture medium to the desired final
concentration.

Cell culture

Human Capan-1, BxPC-3, SKOV-3, and RD-ES
cells were purchased from the American Type
Culture Collection (Manassas, VA, USA). U251
cells were purchased from the Institute of Cell
Biology (Shanghai, China). A vincristine-select-
ed resistant KB/VCR subline and KB cells was
from the Sun Yat-sen University of Medical
Sciences (Guangzhou, China). All of the cells
were cultured according to the suppliers’ in-
structions.

Establishment of PARPI-resistant variants

PARPi-resistant variants from pancreatic can-
cer Capan-1 cells were generated by treating
parental cells with increasing concentrations of
PARPi as described in the results section.
PARPi-resistant variants U251/0P from glio-
blastoma U251 cells were obtained from our
laboratory [29]. PARPi simmiparib-resistant va-
riants RD-ES/SP from Ewing’'s sarcoma RD-ES
cells were obtained in same way [29], specifi-
cally by the concentrations of PARPi simmiparib
were increased stepwise from 0.1 uM to 5 uM
for 84 days.

Cell viability assays

Cells were exposed to gradient concentrations
of PARPi for 7 days. Cell viability was assessed
using Sulforhodamine B (SRB) assays or CCK-8
assays and recorded with the Spectra-MAX190
Microplate Reader (Molecular Devices, San
Jose, CA, USA) as previously described [30, 31].
The averaged IC, values were determined with
the Logit method from three independent
experiments.

Western blotting

Cells were treated with the indicated drugs for
the indicated times. Western blotting was used
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to measure the cellular levels of the indicated
proteins, as previously described [7]. A Sub-
cellular Protein Fractionation Kit (#78840; Th-
ermo Fisher Scientific, Waltham, MA, USA) was
used to separate and obtain the chromatin
fraction according to the manufacturer’s ins-
tructions for PARP1-DNA trapping assays [7].

Intracellular PAR formation assays

Intracellular PAR formation and inhibition were
analyzed using the In-Cell Analyzer 2000 (GE
Healthcare, Waukesha, WI, USA) as previously
described [31].

Immunofluorescence assays

Cells were seeded onto glass coverslips, cul-
tured overnight, and treated with PARPI or irra-
diated (6 Gy) for the indicated times. The treat-
ed cells were fixed in pre-cooled methanol at
-20°C for 20 min, blocked in 3% bovine serum
albumin for 15 min, incubated with primary
antibodies for 1 h, and then incubated with flu-
orescence-conjugated secondary antibodies
for 30 min. Finally, the cells were counter-
stained with DAPI and imaged with an Olympus
confocal microscope (Olympus, Tokyo, Japan)
at 100 x optical magnification. The percentage
of Rad51 or phosphorylated H2AX (YyH2AX) or
phosphorylated ataxia telangiectasia mutated
(p-ATM) foci-positive cells (>3 foci in one cell)
was calculated based on the analysis of ran-
domly chosen fields that included at least 200
cells.

DNA sequencing

Total RNA was prepared with TRIzol reagent
(Invitrogen) and reverse-transcribed into cDNA
with the PrimeScript RT Reagent Kit (TaKaRa,
Tokyo, Japan). Genomic DNA was collected
using a Genomic DNA Miniprep Kit (Corning,
NY, USA). PCR reactions for amplification of
BRCA2 cDNA and genomic fragments were per-
formed with KOD Plus DNA Polymerase (TO-
YOBO, Tokyo, Japan). Then the amplification
products were sequenced by Majorbio Pha-
rmaceutical Technology Co., Ltd. (Shanghai,
China). The BRCA2 primer sequences were as
follows: B2CDS11-F: 5-AGCACGCATTCACATA-
AGGTT-3’; B2Ex13R1: 5-GATTACCTGTGTACCC-
TTTCG-3’; B2CDS11-F: 5-AGCACGCATTCACA-
TAAGGTT-3’; B2Ex12R1: 5-GGCTTCAAAAAGC-
ACTCCAGA-3’; B2Ex11F1: 5-CAAGGTACTAGTG-
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AAATCACC-3’; B2Ex27R1: 5-TGAAATGCCTTC-
TGTGCAGCC-3’; B2Ex11F2: 5-CAGACTTCATTA-
CTTGAAGC-3’; B2Ex27R2: 5-CTACTCAAGAAA-
TCCAAGGC-3’; B2Ex11F1: 5-CAAGGTACTAGT-
GAAATCACC-3’; B2Ex24R1: 5-CAAGATGGCT-
GAAAGTCTGG-3’; B2Ex11F3: 5-CTGCCCCAAA-
GTGTAAAGAAA-3’; B2Ex24R2: 5-AATTTGCTG-
AAGTGAAGGG-3’; B2Ex11F4: 5-ATGCAGCCAT-
TAAATTGTCC-3’; B2Ex11R1: 5-CTGTCAGTTCA-
TCATCTTCC-3’; B2Ex11F5: 5-AACCCAGAGCAC-
TGTGTAAACT-3’; and B2IN11R1: 5-AAACCAT-
ACTCCCCCAAACTGA-3'.

Sequencing of ATM, BRCA1, BRCA2, PTEN, and
TP53 genes with array-based sequence cap-
ture and next-generation sequencing was per-
formed by BGI Diagnosis Technology Co., Ltd.
(Shenzhen, Guangdong, China).

RNA interference

Knockout of specific genes was accomplished
by RNA interference using small interfering
RNA (siRNA). The following target sequences
were synthesized by GenePharma Co., Ltd.
(Shanghai, China): 5-UUCUCCGAACGUGUCA-
CGU-3’" for scrambled siRNA (siNC); 5-CAA-
CAATTACGAACCAAACTT-3' for N-BRCA2 (CDS2);
5-GAAACGGACUUGCUAUUUA-3" for C10-BR-
CA2 (CDS10); 5-GGGCCGUACACUGCUCAAATT-
3’ for C-BRCA2-1 (CDS25); 5-GCCUUGGAUUU-
CUUGAGUATT-3’ for C-BRCA2-2 (CDS26); 5-GC-
AGCUUCCUGAUUCAAAUTT-3" for COX-2-1; 5™
GCUGUCCCUUUACUUCAUUTT-3" for COX-2-2;
5-GCAGAUUCGUUCAGAGUCUTT-3" for BIRC3-
1; and 5-GCCUUGAUGAGAAGUUCCUTT-3’ for
BIRC3-2.

siRNA transfection was performed with RNA-
iMAX Transfection Reagent (Invitrogen) accord-
ing to the manufacturer’s instructions.

Two-tailed comet assays

Cells were treated with the indicated drugs for
the indicated time. The two-tailed comet assay
was performed as previously described [32].

Trypan blue staining

To estimate the percentage of dead cells, cells
were re-suspended in phosphate-buffered
saline (PBS), washed twice, and stained with
0.4% trypan blue in PBS. After a 10 min incuba-
tion, cells were analyzed using the Countess™
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Il FL Automated Cell Counter (Thermo Fisher
Scientific).

CellTiter-Glo luminescent cell viability assays

Cells (8 x 102 cells in 100 pL/well) were seeded
on 96-well plates. After being incubated for 24
h at 37°C, 100 pL of the CTG reagent (CellTiter-
Glo®, Promega, USA) was added to each well.
The luminescence signal was recorded using
the EnVision® Multilabel Reader (PerkinElmer).

Quantitative PCR

Total RNA was prepared with TRIzol reagent
(Invitrogen) and reverse-transcribed into cDNA
with the PrimeScript RT Reagent Kit (TaKkaRa).
Then it was amplified with the SYBR Premix
EX Taqgll Kit (TaKaRa) in the 7500 Fast Real-
Time PCR System (Applied Biosystems, Foster
City, CA, USA). The primers were from Sangon
Biotech (Shanghai, China) with the following
sequences: COX-2-F: 5-CAGCAAATCCTTGCTG-
TTCCC-3’; COX-2-R: 5'-TGTAGTGCACTGTGTTTG-
GAGT-3’; BIRC3-F: 5-CGCTTTAAAACATTCTTT-
AACTGGC-3’; BIRC3-R: 5-TCTTATCAAGTACTC-
ACACCTTGGA-3’; B-actin-F: 5'-GCTGTCTTGGGT-
GCATTGGA-3’; and B-actin-R: 5-AAGGGACTT-
CCTGTAACAATGCA-3..

Mitochondrial membrane potential detection

Cells were treated with the indicated drugs for
the indicated times. Then the cells were har-
vested, washed, and stained using the JC-1 kit
(Beyotime, Shanghai, China). The mitochondrial
membrane potential (MMP) was analyzed wi-
th the FACSCalibur flow cytometer (BD Bio-
sciences, Franklin Lakes, NJ, USA).

Flow cytometry

Cell cycle and apoptosis assays were analyzed
by propidium iodide staining-based flow cytom-
etry and Annexin V-FITC apoptosis detection-
based flow cytometry as previously described
[7]. The data were analyzed with FlowJo so-
ftware.

Terminal deoxynucleotidyl transferase dUTP
nick end labeling assays

Cells were treated with the indicated drugs for
the indicated times. The terminal deoxynucleo-
tidyl transferase dUTP nick end labeling (TUNEL)
assay was performed with the One Step TUN-
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EL Apoptosis Assay Kit (Beyotime, Shanghai,
China) according to the manufacturer’s in-
structions.

Caspase activity assays

To assay caspase activity, cells were seeded
into 96-well plates (5000 cells in 100 yL per
well), cultured overnight, and then treated with
the indicated concentrations of drugs for 24-72
h. Activity of caspases 8, 9, and 3/7 in the
treated cells was measured using the Caspase-
Glo® 8 Assay, Caspase-Glo® 9 Assay, and Cas-
pase-Glo® 3/7 Assay kits (Promega, Fitchburg,
WI, USA) according to the manufacturer’s in-
structions. The luminescence value of each
sample was measured with the EnVision®
Multilabel Reader (PerkinElmer, Waltham, MA,
USA).

RealTime-Glo™ Annexin V apoptosis assays

Cells were seeded into 96-well plates (5000
cells in 100 pL per well), cultured overnight,
and then treated with the indicated concentra-
tions of drugs for 24-72 h. Exposure of phos-
phatidylserine (PS) on the outer leaflet of the
cell membrane during the apoptotic process
was measured using the RealTime-Glo™ An-
nexin V Apoptosis Assay Kit (Promega) accord-
ing to the manufacturer’'s instructions. The
luminescence value signal of each sample was
measured with the EnVision® Multilabel Reader
(PerkinElmer).

Stable knockout of BRCA2 or PARP1 with the
CRISPR/Cas9 technique

Lentiviral transfection of cultured cells with
pLentiCRISPRv2 vectors encoding BRCA2 or
PARP1-specific CRISPR or control vectors (OBIO
Technology, Shanghai, China) were performed
according to the supplier’s instructions. The oli-
gonucleotide single guide RNA sequence for
BRCA2 was 5-ACCGtttacaggagattggtacag-3’,
and for PARP1 was 5-CACCGcttgggaccgg-
gatttcatc-3". Transduced Capan-1 cells were
selected with 1 yg/mL puromycin for 2 weeks
and downregulated BRCA2 or PARP1 expres-
sion was identified by Western blot analysis.

Plasmid and lentivirus infection

The plasmid pLenti-EF1a-EGFP-P2A-Puro-CMV-
MCS and lentiviral packaging plasmids were
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obtained from (OBIO Technology, Shanghai,
China). Briefly, COX-2 expression plasmid was
created by ligating the full-length coding region
of human PTGS2 into the vector; then lentivi-
ruses were packaged in 293T cells co-trans-
fected with a plasmid with or without PTGS2
and a cocktail of the packaging plasmids pGAG,
pREV and pVSVG. Lentiviral infection was per-
formed at approximately multiplicity of infec-
tion (MOI) = 5.

Statistical analyses

All of the data, if applicable, were presented as
the mean * standard deviation (SD). Com-
parison between two groups was performed
with the Student’s t test. P values less than
0.05 were considered to be statistically
significant.

Results

Establishment of PARPI-resistant variants from
pancreatic cancer Capan-1 cells

To investigate the molecular mechanisms un-
derlying the acquired resistance to PARPI, the
pancreatic cancer Capan-1 cells, which harbor
the truncated protein c.6174delT frameshift
mutation of BRCA2, were separately exposed
to increasing concentrations of simmiparib,
olaparib and talazoparib. As shown in Figure
1A, the concentrations of simmiparib, olaparib,
and talazoparib were increased stepwise from
0.5 uM to 5 uM, 1 uM to 60 uM, and 0.025 uM
to 0.5 pM, respectively. After exposure of cells
to simmiparib, olaparib, and talazoparib for
136, 246, and 169 days, respectively, cells
were subcloned, and three PARPi-resistant
variants were obtained that were denoted as
Capan-1/SP, Capan-1/0P, and Capan-1/TP
(Figure 1A). The resistant variants acquired
1916-, 46-, and 70-fold resistance to the cor-
responding PARPI, respectively (Figures 1B, 1C
and S1A). Moreover, all three variants show-
ed cross-resistance to other PARPI, including
olaparib, simmiparib, talazoparib, rucaparib
and niraparib, with resistance factor ranges of
12-46, 789-1921, 71-118, 8-9, and 7-10,
respectively (Figure 1D). Notably, the resis-
tance of these resistant variants was much
higher to simmiparib and talazoparib than
olaparib, niraparib and rucaparib. Resistance
to the PARPI did not significantly change after 1
year of drug withdrawal, indicating that the

Am J Cancer Res 2020;10(9):2813-2831
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Figure 1. BRCA2-deficient Capan-1 cells develop drug resistance to PARPI, independent of PARP activation and
PARP1-DNA trapping. (A) Schematic representation of the generation of PARPi-resistant cells. BRCA2-deficient pan-
creatic cancer Capan-1 cells were separately exposed to increasing concentrations of simmiparib (SP), olaparib
(OP) and talazoparib (TP), and the resistant monoclones were denoted Capan-1/SP (/SP), Capan-1/0P (/OP), and
Capan-1/TP (/TP), respectively. (B and C) Cells were treated with simmiparib (B) or olaparib (C) for 7 days and sub-
jected to SRB assays. (D) Cross-resistance of PARPi-resistant variants. Cells were exposed to olaparib (OP), talazopa-
rib (TP), simmiparib (SP), niraparib (NP) or rucaparib (RP) for 7 days and assessed by SRB assays. The resistance
factor was calculated as the ratio of the averaged IC, value of the indicated PARPI in the given resistant cells to
that of the same PARPI in the parental Capan-1 cells. (E and F) Protein levels of the drug transporters P-gp, BCRP
(E) and PARP1, PARP2, PARP3 (F) detected by Western blotting in PARPi-resistant variants and parental Capan-1
cells. A stable vincristine (VCR)- resistant variant (KB/VCR) was a positive control of P-gp. (G and H) Cell lysates were
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analyzed by Western blotting to determine PAR formation (G) and chromatin-bound PARP1 (H) triggered by MMS.
Histone 3 was used as the positive control for the chromatin-bound fractions. TP, talazoparib. MMS, methyl meth-
anesulfonate. (I and J) Simmiparib reduced H,O -triggered PAR formation in both Capan-1/SP and Capan-1 cells.
(I) Representative images of PAR formation. Nuclei were stained with DAPI. Scale bar, 100 ym. (J) Inhibitory curves
and IC_, values of PAR formation inhibited by simmiparib in Capan-1/SP and Capan-1 cells. Data are presented as

the mean + SD from three independent experiments.

PARPi-resistant variants were consistently and
irreversibly resistant to PARPi once established

(Figure S1B).

Acquired resistance is not associated with
P-gp, PARP activity, or PARP1-DNA trapping

Overexpression of drug transporters such as
P-gp contributes to PARPi resistance [33].
However, the protein levels of BCRP and P-gp
did not change in the PARPi-resistant variants
relative to Capan-1 cells (Figure 1E). There was
also no difference in the expression of PARP
family members, particularly PARP1, PARP2,
and PARP3, between the resistant and parental
cells (Figure 1F). Moreover, there were no sig-
nificant differences in PAR formation, PARP1-
DNA trapping complexes driven by MMS, or the
suppression of PAR formation by PARPI (Figures
1G-J, S1C, S1D). These data suggest that P-gp,
PAR formation/inhibition, or PARP1-DNA trap-
ping did not contribute to the acquired resis-
tance in these PARPiI-resistant variants.

Next-generation sequencing (NGS) identi-
fies novel mutations in intron 11 of BRCA2 in
PARPI-resistant sublines

Secondary intragenic mutations in mutated
BRCA2 are potential mechanisms underlying
PARPiI or cisplatin resistance in BRCA2-mutated
cancers [11, 12]. First, we examined whether
secondary mutations in the BRCA2 gene, which
result in the expression of a novel BRCA2 iso-
form, also occurred in our system. Capan-1
cells harbor a c.6174delT frameshift mutation
at one of the alleles, which results in the expres-
sion of a truncated BRCA2 protein (recognized
by Ab-1 of BRCA2; see Figure 2A). We used an
antibody recognizing the C-terminal region of
BRCA2 protein to detected possible new bands.
As expected, a new BRCA2 isoform with a
C-terminus (C-BRCA2 isoform) was identified in
all three PARPi-resistant cells but not in paren-
tal cells (Figure 2A).

Next, mutational analysis of the BRCA2 gene by
genomic DNA sequencing and whole-exome
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sequencing were performed in all resistant and
parental cells. Previous studies have revealed
that secondary mutations resulting in a >2000
base pair (bp) intragenic deletion surrounding
the ¢.6174delT mutation or exon 11/intron 11
junction restore the BRCA2 ORF [11, 12]. How-
ever, we did not identify any mutations sur-
rounding the original ¢.6174delT mutation in
the three resistant variants by NGS technology.
Instead, we identified novel mutations in intron
11 of BRCA2 with ¢.6841+2T>C or c.6841+
1G>A in PARPi-resistant variants (Table S1).
Concordance of the NGS results, mutations in
intron 11 were also obtained with Sanger
sequencing (Figure 2B). We also sequenced
other genes commonly related to PARPi sensi-
tivity including PTEN, BRCA1, ATM, and TP53
and did not find de novo mutations in these
genes (Table S1). In order to further determine
the sequence of new isoforms found in Figure
2A, a seminested PCR using a panel of primers
designed to amplify exon 11-containing iso-
forms was performed on exon 11-27 comple-
mentary DNA (cDNA) amplicons from parental
and PARPi-resistant cells. The seminested PCR
produced several electrophoretic bands in
most of lanes, and sequencing of the cDNA
from these bands revealed novel transcripts
with in-frame deletions, corresponding in size
to each of the BRCA2 isoforms (shown in Figure
2B, 2C). The Capan-1/TP transcript 1 had an
original ¢.6174delT frameshift mutation that
encoded a truncated protein of BRCA2, similar
to the parental cells; transcript 2 had a 4042-
bp deletion and 83-bp insert; transcript 3 had a
4012-bp deletion and encoded a protein lack-
ing amino acids 1722-3059; and transcript 4
had a 679-bp deletion (Figure 2B, 2C). Capan-
1/0P and Capan-1/SP also expressed BRCA2
alleles harboring deletions of up to 4012 bp
or 4009 bp. In all three resistant variants, the
most prevalent transcripts with a 4012/4009-
bp deletion corresponded in size to the C-ter-
minal BRCA2 truncated protein, and these tran-
scripts were not present in the parental Capan-
1 or wild type BxPC3 cells. Therefore, tran-
scripts with a 4012/4009-bp deletion were
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Figure 2. PARPi-resistant variants harbor secondary mutations in intron 11 of BRCA2. (A) Cell lysates from indicated
cells were immunoblotted with anti-BRCA2 antibodies recognizing N-terminal BRCA2 (residues 450-500 (Ab-1))
or C-terminal BRCA2 (residues 3319-3418 (Ab-2)) epitopes. FL, full length. BxPC3 and SKOV-3 cells are shown as
a positive control of full length BRCA2. (B) Representative validation of NGS data by Sanger sequencing and two
BRCAZ2 transcripts in Capan-1/TP cells. In genomic DNA (upper), a homozygous exon mutation (c.6174delT) and a
heterozygous intron mutation (c.6841+1G>A) were identified. In complimentary DNA (cDNA, lower), a homozygous
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0.5 means that mutant allele frequencies are 0.5. (C) Schematic presentation of BRCA2 full-length protein and new
isoforms. BRCA2 isoforms were predicted from the cDNA and genomic sequences. Open boxes represent the cDNA
of BRCA2. The filled boxes represent the BRC Repeats (1-8) region in the cDNA of BRCA2. And dotted lines repre-
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siRNA, and BRCA2 expression was evaluated by Western blotting. Upper panel: regions that the BRCA2 antibodies
(Ab-1 and Ab-2) recognize and the siRNA (siN-BRCA2 and siM-BRCA2) targets are depicted. (E, F) Olaparib sensitiv-
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specific to C-terminus of BRCA2, and knockdown of BRCA2 isoform by siC-BRCA2 was confirmed by western blotting
(F). Depletion of BRCA2 with siM-BRCA2, siN-BRCA2 (E) and siC-BRCA2 (F) sensitized cells to Olaparib. Data are
presented as the mean + SD from three independent experiments. **P<0.01; ***P<0.001.
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predicted to produce the new C-BRCA2 iso-
forms lacking 1337 or 1338 amino acids (Fi-
gure 2C). Although at least three distinct splice
forms of BRCA2 have been found, only a promi-
nent truncated protein was detected by We-
stern Blot (Figure 2A), suggesting that most
of the secondary mutations result in a splic-
ing defect. Therefore, it is possible that novel
BRCA2 isoforms arose from secondary muta-
tions in intron 11 of the BRCA2 gene, which
resulted in a variable cleavage of BRCA2 pre-
RNA during transcription.

To determine the function of the novel BRCA2
isoforms or ¢.6174delT truncated BRCA2 pro-
tein detected in the PARPi-resistant lines, we
knocked down BRCA2 expression with siRNA
targeting the N-terminus (siN-BRCA2), coding
sequence (CDS)10 region in the middle (siM-
BRCA2), and C-terminus (siC-BRCA2) of BRCA2
(Figure 2D, upper panel). The new isoform of
BRCA2 was only downregulated by siN-BRCA2
but not by siM-BRCA2 (Figure 2D, lower band).
Surprisingly, the ¢.6174delT truncated BRCA2
protein was knocked down by both siM-BRCA2
and siN-BRCA2, indicating that the CDS10
region may be important for the stability of this
truncated protein (Figure 2D, upper band).
Interestingly, blocking the c.6174delT truncat-
ed BRCA2 or new BRCA2 isoform using siN-
BRCA2 and siM-BRCA2 significantly increased
sensitivity to olaparib, simmiparib and tala-
zoparib in both the parental and resistant cells
(Figures 2E and S2A, S2B). Furthermore, the
novel BRCA2 isoform was successfully knocked
down with two pairs of siC-BRCA2 (Figure 2F).
Consistently, interference with the C-BRCA2
isoform partially restored sensitivity of the
PARPi-resistant variant but not the parental
cells to the PARPi (Figures 2F and S2C). The
resistance factors decreased from 24 to 16
and 12, respectively; in other words, silencing
of the novel C-BRCA2 isoform caused de-
creased resistance to 32-49%. Next, we ass-
essed the function of the new C-BRCA2 protein
in the resistant cells by evaluating Rad51 foci
formation after DNA damage. As previous
reported, lonizing radiation (IR) induced Rad51
foci formation was impaired in parental Capan-
1 cells. In contrast, Capan-1/SP subline with
restored C-BRCA2 expression, the IR-induced
Rad51 foci formation was significant increased,
suggesting that these novel C-BRCA2 isoform
are functional. More importantly, knockdown of
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these C-BRCA2 isoforms apparently abrogated
IR-induced Rad51 foci formation in Capan-1/
SP cells (Eigure S2D, S2E). Similarly, depletion
of BRCA2 using the CRISPR/Cas9 technique,
which truncated BRCA2 and led to almost com-
plete disappearance of the new BRCA2 iso-
form, partially reversed resistance to the PARPI
(Figure S2F, S2G). However, these functional
studies revealed that only a fraction (32-49%)
of the PARPi sensitivity could be rescued by
depletion of the novel BRCA2 isoform. Coll-
ectively, these data suggest that the new BR-
CA2 isoform is one of key factors that mediate
the resistance of cancer cells to PARPI, but the
mechanisms underlying PARPi resistance are
not fully understood.

PARPI-resistant variants accumulate a large
amount of DSBs

DSBs are one of the most toxic lesions in
human cells, and lead to genomic instability
and cell death if left unrepaired [34]. Un-
expectedly, we observed significantly higher
levels of yH2AX and p-ATM in all three resistant
cells compared to Capan-1 cells (Figure 3A and
3B). The comet assay and the TUNEL assay
showed that the DSBs were significantly higher
in the resistance cells than in the parental cells
(Figure 3C-F), indicating that the resistant ce-
lls harbors more spontaneous or unrepaired
DSBs. The accumulation of unrepaired DNA da-
mage can result in cell death or cellular senes-
cence. Surprisingly, there were no apparent dif-
ferences in cell survival rates between the
parental and PARPi-resistant Capan-1 cells, as
determined by Trypan Blue staining (Figure 3G,
3H) and CellTiter-Glo cell viability assays (Figure
3l). In conclusion, although a higher amount of
DSBs accumulated in the PARPi-resistant vari-
ants, there were no apparent effects on cell
growth and survival.

However, when treated with an equivalent dos-
age of PARPI, all of the resistant variants failed
to induce DNA damage, with apparent reduc-
tion of yH2AX accumulation and phosphorylat-
ed checkpoint kinase 1 (p-CHK1, Ser345)
(Figure S3A and S3B). Similarly, treatments
with simmiparib resulted in G2/M arrest, in-
creased percentage of apoptotic population
and activated caspase 3/9 in parental cells,
but had no significant effects on Capan-1/SP
cells (Figure S3C-E). In addition, no significant
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Figure 3. PARPi-resistant variants accumulate more intrinsic DNA damage
than parental cells. (A) Levels of yH2AX protein were determined by Western
blotting from PARPiI-resistant variants and Capan-1 cells. (B) p-ATM and
YH2AX staining of Capan-1/SP and Capan-1 cells. Scale bar, 5 um. (C and D)
DNA DSBs were detected by the two-tailed comet assay. Representative im-
ages (C), and quantitative data (D). Scale bar, 5 um. Data are expressed as
the mean £ SD from three independent experiments, n>250. (E and F, TU-
NEL staining of PARPi-resistant variants and Capan-1 cells. Representative
images (E), and quantitative data (F). (G and H) Trypan blue staining of PARPI-
resistant variants and Capan-1 cells. Trypan blue-positive cells are identified

by a red circle mark. Representa-
tive images (G), and quantitative
data (H). Scale bar, 30 um. (l)
Measuring cell viability using the
CellTiter-Glo assay. Data are pre-
sented as the mean £ SD from
three independent experiments.
***pP<0.001; ****P<0.0001.

change in the levels of pro-
teins associated with DNA
damage repair was observed

(Figure S3F).

PARPI-induced apoptosis is
almost completely abrogated
in the PARP-resistant cells

As mentioned above (Figure
S3), low concentrations of
PARPI, such as 1 uM olaparib
or simmiparib, failed to induce
DNA damage, cell cycle arrest
and apoptosis in the resistant
variants. To further investigate
the relationship between DSB
accumulation and cell death
in PARP-resistant cells, equiv-
alent effective concentrations
were calculated and used for
their treatment. As the IC,,
reflects the cytotoxicity of
PARPI, we used corresponding
concentrations of 1 x IC_ or 2
x IC,, of olaparib to treat
Capan-1/SP and parental ce-
lls (1 x1C,,and 2 x IC_: 1.21
UM and 2.24 pM in Capan-1;
10.92 uM and 21.84 uM in
Capan-1/SP). As expected,
the use of equivalent olapa-
rib concentrations caused an
equal or even slight increase
of yH2AX accumulation or
p-Chk1 (Ser345) in Capan-1/
SP-resistant sublines com-
pared to the parental cells
(Figure 4A). To exclude the in-
terference of spontaneous DS-
Bs, we quantified the amount
of YH2AX- and p-ATM-positive
cells, and found that the con-
centrations equivalent to re-
spective IC,. of olaparib re-
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sulted in almost the same per-
centage of yH2AX- and p-ATM-
positive cells in both Capan-1/
SP and Capan-1 cells (Figures
4B and S4A, S4B). Similarly,
G2/M phase arrest induced
by each IC, -equivalent con-
centration of olaparib was
almost the same in Capan-1/
SP and Capan-1 cells (Figure
4C, 4D). PARPi are known to
Kill tumor cells through induc-
tion of apoptosis [7, 23]. Next,
we used the Realtime-Glo™
Annexin V Apoptosis Assay to
monitor the progression of
apoptosis induced by olaparib
in Capan-1/0P, Capan-1/TP
and Capan-1 cells. Surpri-
singly, the relative apoptosis
signal quickly reached its pe-
ak at a very low concentration
in Capan-1 (<20 pM), whereas
there was almost no ch-
ange in Capan-1/0P and Ca-
pan-1/TP cells at the concen-
trations as high as 100 uM
(Figure 4E). Consistently, a
2-4 fold increase of apoptotic
signals in concentration- and
time-dependent manners was
detected in the parental cells,
but a much lower signal in
Capan-1/SP cells was detect-
ed with treatments with the
corresponding concentration
of olaparib (Figure 4F). Fur-
thermore, activation of cas-
pases 8 and 9 was signifi-
cantly higher in the parental
cells than in Capan-1/SP cells
treated with IC -equivalent
concentrations of olaparib (Fi-
gure 4G). Similar results were
revealed with regard to cas-
pase 3 and 7 activation and
loss of the mitochondrial me-
mbrane potential (MMP) (Fi-
gures 4H and S4C and S4D).
Taken together, these data
suggest that the apoptosis
signals, including activation
of caspases 3, 7, 8, 9 and
depolarization of the MMP, are
almost abrogated in the PARP-
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resistant cells, although a large amount of
DSBs remained upon spontaneous endoge-
nous DNA damage or PARPI treatments.

Overexpression of COX-2/BIRC3 confers re-
sistance to apoptosis in the PARPI-resistant
variants

To investigate the molecular basis underlying
apoptotic resistance in the PARPi-resistant
variants, the expression patterns of the whole
transcriptome were profiled using RNA sequenc-
ing (RNA-seq) to compare Capan-1/SP and
Capan-1/0P cells with parental Capan-1 cells.
Based on Gene Ontology functional analysis,
several components of the anti-apoptotic com-
plexes such as COX-2 and BIRC3 showed
increased transcription levels in the PARPI-
resistant variants (Table S2). COX-2 is involved
in drug resistance and the poor prognosis of
many neoplastic diseases and cancers [35].
BIRC3 (c-IAP2), a type of IAP protein, promotes
cell survival and prevents activation of apopto-
sis by interfering with caspase activation [25].
We validated that all three resistant variants
expressed much more COX-2 (9-52 fold) and
BIRC3 (4-8 fold) mRNA (Figure 5A) and proteins
(Figure 5B) than the parental cells. Importantly,
knockdown of COX-2 or BIRC3 by RNAi (Figure
5C) significantly restored the sensitivity of
Capan-1/SP to olaparib with the resistance fac-
tors decreasing from 19 to 5-14 or 6-12 and
caused a reduction in drug resistance up to
72% or 70%, respectively (Figure 5D and 5E).
Similar results were observed using simmiparib
(Figure S5A). Interestingly, siRNA co-targeting
COX-2 and BIRC3 did not produce additive
effects on the re-sensitivity of Capan-1/SP to
PARPi (Figures BE and S5A), indicating that
there was certain overlapping in the functions
between these two proteins. Unexpectedly,
simultaneous depletion of the BRCA2 mutant
and suppression of COX2/BIRC3 did not
caused additive effects of restoration (Figure
S5B). We previously generated a PARPi-re-
sistant glioblastoma U251/0P cells by olaparib
exposure [29]. Indeed, COX-2 levels were found
to be significantly increased in U251/0P cells
when compared to parental cells (shown in
Figure 6F). A similar effect of COX-2 inhibition
that restored the sensitivity to PARPi was also
observed in U251/0P cells (Figure S5C and
S5D). Depletion of COX-2 and BIRC3 significant-
ly increased the apoptosis signaling triggered
by olaparib (Figure 5F). Thus, targeting COX-2
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and BIRC3 may overcome apoptotic resistance
in PARPi-resistant variants. PGE2 is a major
metabolic product of COX-2 [36]. Exogenous
addition of 10 uM PGE2 significantly reduced
the apoptotic signals increased by olaparib in
Capan-1 cells (Figure 5G). As expected, the
ectopic expression of COX2 significantly re-
duced the sensitivity of Capan-1 or U251 cells
to PARPi (Figures 5H, S5E and S5F). Com-
bination of the BIRC3 inhibitor LCL161 with the
PARPI led to a clear decrease in viability of the
Capan-1/SP cells, and up to 2.98-fold re-sensi-
tivity compared with olaparib or simmiparib
alone (Figure S5G and S5H). These data sug-
gest that COX-2 and BIRC3 appear to jointly
regulate the apoptosis pathway and promote
the cell survival of resistant sublines, whereas
silencing COX-2 or BIRC3 results in the re-sen-
sitization of PARPi-resistant cells to the PARPI.
Therefore, we conclude that the overexpression
of COX-2 and BIRC3 may contribute to the
decreased PARPi response and confer apop-
totic resistance in PARPi-resistant variants.

PARP1 negatively regulates COX-2 and BIRC3
expression

Accumulating evidence has suggested that
PARP1 plays an important role in the regulation
of gene expression, although the mechanisms
still remain unclear [37]. To determine whether
the overexpression of COX-2 and BIRC3 in
PARPiI-resistant variants may also be linked to
transcriptional regulation via ADP-ribosylation
of PARP1, we measured the mRNA levels of
these genes in Capan-1 cells upon depletion or
chemical inhibition of PARP1. As expected,
olaparib, simmiparib and talazoparib caused a
concentration-dependent increase in the
MRNA expression of COX-2 and BIRC3 (Figure
6A), and upregulation of the protein levels
(Figure 6B). The expression of COX-2 and BIRC3
was upregulated with a peak at 72 h PARPi
treatments but decreased after washing off
PARPi for 3 or 6 days (Figure S6A). The increased
MRNA or protein expression of COX-2 and
BIRC3 was also observed in RD-ES Ewing’s sar-
coma cells (Figure S6B and S6C) and U251
cells (Figure S6D). Furthermore, after genetic
depletion of PARP1, we observed a significant
increase in the mRNA (Figure 6C) and protein
levels (Figure 6D) of COX-2 and BIRC3 in PARP1
/-~ cells of Capan-1 and RD-ES [31]. Similar
results were obtained in PARPi-resistant vari-
ants of RD-ES and U251 cells (Figures 6E, 6F
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dent experiments. F. Knockdown of COX-2 or BIRC3 partially rescued the
apoptosis signaling of Capani-/SP cells to olaparib. After transfection with
the indicated siRNA, cells were treated with olaparib for 72 h and then the
relative apoptosis signal was detected using the RealTime-Glo™ Annexin V
Apoptosis Assay. G. Capan-1 cells were treated with olaparib alone or com-
bined with 10 uM PGE2 for 72 h, followed by subsequent detection of the
relative apoptosis signal by RealTime-Glo™ Annexin V Apoptosis Assay. H. Ex-
ogenous expression of COX-2 in Capan-1 cells reduced olaparib sensitivity.
Cells were infected by MOI = 5, the levels of COX-2 protein were determined
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by Western blotting, then cell vi-
ability was assessed by SRB as-
says with olaparib for 7 days.
Data are presented as the mean
+ SD from three independent ex-
periments. *P<0.05; **P<0.01;
***pP<0.001.

and SG6E), suggesting that
their expression was negative-
ly regulated by PARP1 in vari-
ous tumor cells. These data
indicate that PARP1 is a novel
negative transcriptional regu-
lator of COX-2 and BIRC3. We
proposed that depletion or
chemical inhibition of PARP1
triggers the upregulation of
COX-2/BIRC3 mRNA and pro-
tein, and subsequent develop-
ment of resistance to PARPI-
induced apoptosis.

Discussion

Studies on PARPi agents have
initially focused on BRCA1/2-
mutated tumors defective for
HRR in the clinic, and restora-
tion of HRR appears to be the
predominant mechanism of
resistance to PARPi [1]. In th-
is study, we generated three
different PARPi-resistant ce-
lls (Capan-1/0P, Capan-1/SP,
and Capan-1/TP) by chroni-
cally treating Capan-1 cells
with increasing concentra-
tions of olaparib, simmiparib
or talazoparib. Our data dem-
onstrated that even derived
from different PARPI, second-
ary mutations were found in
the intron 11 of BRCA2 and
resulted in expression of a
novel BRCA2 isoform in all
three resistant cells. How-
ever, depletion of this novel
C-BRCA2 isoform only res-
tored partial resistance to the
PARPi. Our study further re-
vealed that apoptotic resis-
tance driven by COX-2 and
BIRC3 overexpression also
played an important role in
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Figure 6. PARPi or PARP1 depletion induces upregulation of COX-2/BIRC3
expression. (A) Capan-1 cells were treated with olaparib (OP), simmiparib
(SP) and talazoparib (TP) for 48 h, and then relative mRNA levels of COX-2
and BIRC3 were determined by qPCR. (B) Protein levels of COX-2 and BIRC3
were detected by western blotting after 72 h olaparib (OP) and talazoparib
(TP) treatment in Capan-1 cells. (C and D) PARP1 was stably knocked down
by CRISPR/Cas9 or TALEN in Capan-1 or RD-ES cells [31], and the mRNA lev-
els (C) and protein levels (D) of COX-2 and BIRC3 were determined by qPCR
and Western blotting. (E and F) PARPi-resistant variants of RD-ES or U251
[29], and the mRNA levels (E) and protein levels (F) of COX-2 and BIRC3
were determined by qPCR and Western blotting. Data are presented as
the mean = SD from three independent experiments. *P<0.05; **P<0.01;
**%*P<0.001. (G) Schematic model to show formation of PARPI resistance
in pancreatic cancer Capan-1 cells. When chronically treated with increas-
ing concentration of PARPI, cancer cells develop two distinct pathways to
overcome PARPI cytotoxicity. Under selective pressure of PARPi exposure,
BRCA2-mutated cancer cells acquired new mutations in intron 11 of BRCA2,
which restored expression of the functional novel BRCA2 protein. Mean-
while, PARPI treatment significantly increased anti-apoptotic gene (COX-2
and BIRC3) expression by inhibiting PARP-1, thereby suppressing apoptosis
by COX-2/PGE2/BIRC3 and promoting cell survival under DSBs. As a result,
cells with secondary mutations and apoptotic resistance were significantly
resistant to PARPI.
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PARPI resistance, as COX-2 or
BIRC3 knockdown significant-
ly increased the sensitivity of
resistant variants to PARPI. In
addition, PARP1 negatively re-
gulated COX-2 and BIRC3
expression. Therefore, we hy-
pothesized that the BRCA2
isoform caused by new muta-
tions in intron 11 of BRCA2,
and apoptotic resistance me-
diated by COX-2/BIRC3 over-
expression each uniquely con-
tributed to the chronic PARPI
resistance (Figure 6F).

In BRCA1/2-mutated tumors,
regaining BRCA function th-
rough back mutation, reading
frame restoration, or loss of
promoter methylation is con-
sidered the primary resistance
mechanism [1, 38]. Loss of
53BP1-RIF1-REV7, bypassing
the need of BRCA1 for HR
activity, is another well-de-
scribed mechanism of resis-
tance to PARPi [19, 20, 39].
Among these, novel truncated
BRCA2 isoforms caused by
intragenic deletions in BRCA2
are frequently associated wi-
th resistance to PARPi in BR-
CA2-deficient cells. In Capan-
1 or HCC1428 cells, second-
ary genetic changes include
in-frame deletions (2135 bp)
surrounding the original 6174-
delT mutation site and the
exon 11/in intron 11 junction
[12], large deletions of up to
58 kb [11], and a small dele-
tion (~5 bp) [40] at sites close
to the original mutation. We
speculated that new muta-
tions may occur in the original
mutation site and intron 11
regions, and mutations in th-
ese two genetic susceptibility
regions may lead to spliced or
truncated BRCA2 isoforms.
In our in vitro system, all three
Capan-1 PARPi-resistant vari-
ants did not harbor deletions
surrounding the 6174delT mu-
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tation or at the exon 11/intron 11 junction as
previously reported [11, 12]. Instead, they har-
bored new mutations in intron 11 of BRCA2; for
example, Capan-1/SP and Capan-1/0P har-
bored the ¢.6841+2T>C mutation, but Capan-
1/TP harbored the ¢.6841+1G>A mutation. The
first two base sequences G and T at the &
splice site of the intron are key intron splicing
signals, and mutations at this region can affect
pre-mRNA splicing and other RNA processing
reactions [41, 42]. We proposed that new muta-
tions at the first two sites of intron 11 result in
the expression of novel splice transcripts with
in-frame deletions, and subsequently produ-
ce new C-terminal BRCA2 isoforms. However,
additional studies are needed to determine
how intron 11 mutations cause the formation
of new BRCA2 alternative spliceosomes and to
elucidate the underlying regulatory mecha-
nisms. In this study, because Capan-1 cells
were similarly exposed to increasing concentra-
tions of PARPi for several months to obtain
resistant sublines with a resistance factor up to
>1000 fold, we were interested in determining
why the secondary genetic mutations identified
in our system were different from previous
studies. We speculated that first, the second-
ary mutations caused by different DNA-da-
maging drugs may vary e.g., BRCA2 mutation or
deletion caused by KUO058948 differ with cis-
platin, talazoparib, olaparib and simmiparib
treatment [11, 12]. Second, investigators have
selected different exposure times to PARPi. We
showed that depletion of novel isoforms par-
tially restored sensitivity of the PARPi-resistant
variants to PARPi by only approximately 32.22-
49.03%, although depletion of novel isoforms
of BRCA2 apparently abrogated its function.
This strongly suggesting that additional pro-
teins that function in PARPI resistance remain
to be identified.

YH2AX is a well-characterized early marker of
DNA damage and is frequently used as a mark-
er reflecting PARPI cytotoxicity [7, 29, 43]. We
previously reported that the PARPi inhibitors
olaparib and simmiparib, induced DNA lesions,
cell cycle arrest, and caspase-dependent apop-
tosis of BRCA-deficient cells in vitro [6, 7,
21-23]. Surprisingly, we found that the accumu-
lation of DSBs was significantly higher in PARPi-
resistant variants than in parental cells, but did
not affect cell survival. These data indicated
that PARPi-resistant variants showed tolerance

2827

to DSBs. ATM-deficient cells harboring large
numbers of DSBs have demonstrated resis-
tance to apoptosis, and apoptosis-resistant
spermatogonial stem cells accumulate DNA
damage [44-46]. Apoptotic resistance might
also occur in PARPi-resistant variants. We fur-
ther observed that in the presence of equiva-
lent concentrations of olaparib, the induced
apoptosis signals (PS eversion, caspase 3/
7/8/9 activation, and MMP loss) were almost
completely abrogated in the resistant variants,
although yH2AX and G2/M phase arrest was
comparable between Capan-1/SP and parental
cells. Apoptosis resistance is thought to be
responsible for resistance to chemotherapy
[47], but its role in PARPI resistance remains
unknown. The observations from our study
raise the possibility that apoptotic resistance
contributes to the drug resistance of PARPI.

PARP1 plays important roles in both DNA repair
and transcriptional regulation, but little is
known about how one process affects the other
[1, 37]. Yan Lin et al. [48] reported that PARP1
negatively regulates the transcriptional expres-
sion of COX-2 via binding to the inhibitory ele-
ment. Whether this transcriptional regulation
by PARP1 facilitates cytotoxicity or resistance
to PARPI remains to be clarified. COX-2 overex-
pression-mediated apoptotic resistance can
lead to resistance to multiple anticancer thera-
py, such as imatinib [49], cisplatin [50], cetux-
imab [51], ursolic acid [52], ultraviolet B [53],
and radiation [54], which is usually associated
with increasing levels of Mcl-1 or inhibition of
the p53 pathway [49, 53]. In addition, overex-
pression of other anti-apoptotic proteins, such
as BIRC2, BIRC3 and Bcl-2, are associated with
resistance to DNA-damaging agents [24, 55],
suggesting the possibility of negative crosstalk
between DNA lesions and apoptosis. In this
study, we demonstrated that chronic PARP inhi-
bition resulted in a marked increase in the
mRNA and protein levels of COX-2 and BIRC3.
Most importantly, interfering with COX-2 or
BIRC3 significantly re-sensitized Capan-1/SP to
olaparib by up to 72% or 70%, but did not pro-
duce additive effects when both were co-tar-
geted. Surprisingly, when simultaneous deple-
tion of BRCA2 mutant and suppression of
COX2/BIRC3, there was no additive effect of
restoration. We proposed that these two
causes may be a partly overlapping in function
and contribute to PARPi resistance. Similarly,

Am J Cancer Res 2020;10(9):2813-2831



BRCA2 and COX-2/BIRC3 mediate PARPI resistance

knockdown of these two genes significantly res-
cued the apoptotic signaling trigged by the
PARPI. Further evidence showed that the mRNA
levels of COX-2 and BIRC3 significantly in-
creased in a concentration-dependent manner
upon PARPi treatment or PARP1 depletion, sug-
gesting the presence of a negative feedback
loop which limits the cytotoxicity of long-term
PARP inhibition. Our data revealed that PARP1
is a novel negative transcriptional regulator of
COX-2 and BIRC3. A previous study demonstrat-
ed that PARP1 suppresses the transcriptional
expression of COX-2 through binding to the
repressor element in the promoter region of
COX-2 [48]; however, the processes involved in
the transcriptional regulation of BIRC3 remain
unknown. We propose that COX-2 and BIRC3
cooperate to drive tumor growth, survival, and
apoptotic resistance to PARP inhibition. Thus,
drug combinations co-targeting COX-2 and
BIRC3 may offer valid therapeutic approaches
for overcoming resistance to PARPi. Consistent
with this notion, the combination of PARPi and
the BIRC3 inhibitor LCL161 has been shown
to significantly improve the antitumor effect.
Upregulation of COX-2 and BIRC3 expression
upon PARPi treatments was observed in resis-
tant sublines of BRCA2-mutant Capan-1 pan-
creatic cells, RD-ES Ewing’s sarcoma cells and
PTEN-deficient U251 glioblastoma cells (Figure
6). These data strongly suggest that overex-
pression of COX-2 and BIRC3 is a relatively uni-
versal mechanism responsible for PARPiI
resistance.

However, several important issues remain to be
clarified, such as what are the heritable genetic
changes, how the persistent PARPi exposure
causes them and how they lead to upregulation
of COX-2 and BIRC3 expression. PARP1-me-
diated transcriptional regulation is complicated
and unpredictable. Previous studies revealed
that PARP1 regulated gene transcription in sev-
eral ways, including dependent on or indepen-
dent of its polymerase activity and varies in dif-
ferent gene or cell type [56]. In this study, PARPI
caused upregulation of COX-2 and BIRC3 in
both cells after long-term (>100 days) or rela-
tive short-time (48 h) exposure to PARPI.
Moreover, knockout of PARP1 markedly in-
creased COX-2 and BIRC3. These data indicat-
ed that COX-2 and BIRC3 may be regulated by
PARP1 directly in a manner of polymerase-
activity dependence. Recently, a new PARP1-
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gene promoter binding mode has been clarified
in our lab [57]; and applying the similar tech-
niques, how PARP1 represses the transcrip-
tional expression of COX2/BIRC3 would be fur-
ther explored.

In conclusion, we demonstrate that novel
BRCA2 intron 11 mutations and COX-2/BIRC3-
mediated apoptotic resistance jointly promote
the survival of Capan-1 cancer cells upon
chronic PARPi exposure. The results also reveal
that different PARPi have similar drug resis-
tance characteristics, leading to cross-resis-
tance to other PARPI. These findings provide
novel insights into how to overcome resistance
to PARPI.
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Figure S1. Characteristics of the PAR inhibition in PARPi-resistant variants. (A and B) Cells were treated with simmi-
parib for 7 days and subjected to SRB assays. (C and D) Inhibitory curves and IC values of PAR formation inhibited
by olaparib (C) and talazoparib (D) Capan-1/SP and Capan-1 cells. Data are presented as the mean + SD from three
independent experiments.
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Table S1. Sequence analysis of the full-length sequences of PTEN, BRCA1, BRCA2, ATM, and TP53

Cell Gene Nucleotide Amino acid changes Geng heterozygosity Function
changes subregion change
Capan-1 BRCA2 c.6174delT p.Ser1982Arg fsX22  CDS10 Hom Frameshift
Capan-1/SP#01 BRCA2 c.6174delT p.Ser1982Arg fsX22  CDS10 Hom Frameshift
Capan-1/SP#03 BRCA2 c.6174delT p.Ser1982Arg fsX22  CDS10 Hom Frameshift
Capan-1/0P#01  BRCA2 c.6174delT  p.Ser1982Arg fsX22  CDS10 Hom Frameshift
Capan-1/0P#03  BRCA2 c.6174delT  p.Ser1982Arg fsX22  CDS10 Hom Frameshift
Capan-1/TP#01 BRCA2 c.6174delT  p.Ser1982Arg fsX22  CDS10 Hom Frameshift
Capan-1/TP#02 BRCA2 c.6174delT  p.Ser1982Arg fsX22  CDS10 Hom Frameshift
Capan-1 BRCA2 - - - - -
Capan-1/SP#01 BRCA2 ¢.6841+2T>C - Intron 11 Het Splice
Capan-1/SP#03 BRCA2 ¢.6841+2T>C - Intron 11 Het Splice
Capan-1/0P#01  BRCA2 ¢.6841+2T>C - Intron 11 Het Splice
Capan-1/0P#03 BRCA2 ¢.6841+2T>C - Intron 11 Het Splice
Capan-1/TP#01 BRCA2 ¢.6841+1G>A - Intron 11 Het Splice
Capan-1/TP#02 BRCA2 ¢.6841+1G>A - Intron 11 Het Splice
Capan-1 TP53 c.476C>T p.Alal59Val CDs4 Hom Missense
Capan-1/SP#01 TP53 c.476C>T p.Ala159Val CDs4 Hom Missense
Capan-1/SP#03 TP53 c.476C>T p.Alal59Val CDs4 Hom Missense
Capan-1/0P#01 TP53 c.476C>T p.Ala159Val CDs4 Hom Missense
Capan-1/0P#03 TP53 c.476C>T p.Alal159Val CDhs4 Hom Missense
Capan-1/TP#01 TP53 c.476C>T p.Ala159Val CDs4 Hom Missense
Capan-1/TP#02 TP53 c.476C>T p.Alal59Val CDs4 Hom Missense
Capan-1 BRCA1 c.4837A>G p.Ser1613Gly CDS14 Het Missense
Capan-1/SP#01 BRCA1 c.4837A>G p.Ser1613Gly CDS14 Het Missense
Capan-1/SP#03  BRCA1 c.4837A>G p.Ser1613Gly CDS14 Het Missense
Capan-1/0P#01  BRCA1 c.4837A>G p.Ser1613Gly CDS14 Het Missense
Capan-1/0P#03 BRCA1 c.4837A>G p.Ser1613Gly CDS14 Het Missense
Capan-1/TP#01 BRCA1 c.4837A>G p.Ser1613Gly CDS14 Het Missense
Capan-1/TP#02 BRCA1 c.4837A>G p.Ser1613Gly CDS14 Het Missense
Capan-1 PTEN - - - - -
Capan-1/SP#01 PTEN - - - - -
Capan-1/SP#03 PTEN - - - - -
Capan-1/0P#01 PTEN - - - - -
Capan-1/0P#03 PTEN - - - - -
Capan-1/TP#01 PTEN - - - - -
Capan-1/TP#02 PTEN - - - - -
Capan-1 ATM c.5557G>A p.Asp1853Asn CDS36 Het Missense
Capan-1/SP#01 ATM c.5557G>A p.Asp1853Asn CDS36 Het Missense
Capan-1/SP#03 ATM c.5557G>A p.Asp1853Asn CDS36 Het Missense
Capan-1/0P#01 ATM c.5557G>A p.Asp1853Asn CDS36 Het Missense
Capan-1/0P#03 ATM c.5557G>A p.Asp1853Asn CDS36 Het Missense
Capan-1/TP#01 ATM ¢c.5557G>A p.Asp1853Asn CDS36 Het Missense
Capan-1/TP#02 ATM c.5557G>A p.Asp1853Asn CDS36 Het Missense
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Figure S2. Knockdown or genetic depletion of BRCA2 partially restores the sensitivity of PARPi-resistant variants to
PARPI. (A and B) BRCA2 silencing by siM-BRCA2 and siN-BRCA2 partially restored simmiparib (A) and talazoparib
(B) sensitivity. (C) Depletion of the novel BRCA2 isoform partially restored simmiparib sensitivity. (D and E) the foci
formation of Rad51 was reduced in Capan-1/SP-siBRCA2 (siN-B2 equal siN-BRCA2, siC-B2 equal siC-BRCA2-2)
cells exposed to irradiated (6 Gy) and fixed 6 h after ionizing radiation and then detected by confocal microscopy.
Representative images (D), and quantitative data (E). Scale bar: 5 um. Cells that contained three or more Rad51
per nucleus were considered as Rad51-positive cells. At least 200 cells were analyzed in each group. (F) Deple-
tion of BRCA2 by CRISPR/Cas9 in Capan-1/SP and Capan-1 cells was confirmed by western blotting. (G) Depletion
of BRCA2 partially restored olaparib sensitivity. Cells were treated with olaparib for 7 days and then subjected to
SRB assays. Data are presented as the mean + SD from three independent experiments. *P<0.05; **P<0.01;

*%**p<0.01.
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Figure S3. Characteristics of the DNA-damage checkpoint, cell cycle distribution, and apoptosis in PARPi-resistant
variants. (A-C) Cells were treated with PARPI for 72 h, and then subjected to Western blotting for yH2AX(A), p-Chk1
(B) and caspase 3/9 cleaved (C). (D and E) G2/M arrest (D) and apoptosis (E) induced by simmiparib (SP) was de-
termined by flow cytometry in Capan-1/SP and Capan-1 cells. (F) Protein levels of DNA repair proteins detected by
Western blotting in PARPi-resistant variants and Capan-1 cells.
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Figure S4. Apoptosis signals triggered by PARPi are almost completely abrogated in the resistant cells. (A and B)
DNA damage accumulation was similar in parental and resistant cells. Cells that contained three or more p-ATM or
YH2AX foci per nucleus were considered p-ATM- or yH2AX-positive cells. At least 500 cells were analyzed in each
group. Representative images are presented in (A) and Data are presented as the mean + SD from three indepen-
dent experiments in (B). **P<0.01; ***P<0.01. (C and D) Capan-1/SP and Capan-1 cells were treated with olapa-
rib for 72 h, after which loss of the MMP was analyzed by flow cytometry. Representative images are presented in (C)
and the data from eight independent experiments are presented as the mean + SD in (D). **P<0.01; ***P<0.001.
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Table S2. RNA-Seq analysis revealed significantly changed expression of apoptotic-related genes

Capan-1/0P  Capan-1/SP

Number  GeneSymbol Number GeneSymbol Capan-1/0P logfFC  Capan-1/SP logFC

logFC logFC

1 C8orf4 8.67119973 6.34007946 20 BIRC3 3.18848667 2.53976708
2 ccL2 7.3801593 8.06208195 21 RAG1 3.15924835 3.69354776
3 S100A9  6.96982487 4.70832958 22 FAM3B 3.14862168 2.95635614
4 CD74 6.20152693 3.02632197 23 TGM2 3.14707622 3.13123618
5 XDH 5.4780187 4.61886523 24 MEIS3 3.14058891 3.66545116
6 CD40 5.46523938 4.90039259 25 PNMA2 3.06575162 2.93463579
7 PTGS2/COX-2 5.31852361 4.54395214 26 ANGPT1 3.01090861 458405441
8 ANGPTLA  4.26991154 247176894 27 PRKCQ 2.85623179 3.66038871
9 NKX3-2 410245607 4.38643162 28 ZC3H12A 2.8527399 2.74651
10 VNN1 4.04710727 4.30092591 29 ADAMTSL4 2.74472207 3.46029737
11 ITGB2 4.01454589 2.72805418 30 RPSGKA2 2.72959674 4.6416808
12 NOD2 3.80267656 4.60463131 31 H1FO 2.37207868 2.35853867
13 SGK1 3.75379542 4.15928223 32 LGALS1 2.35083066 31223118
14 LCN2 3.64564842 2.39242894 33 SMO 2.32037672 2.64962465
15 NFATC4 3.64200656 2.45288506 34 TNFSF9 2.2412297 3.4284267
16 IGFBP3 3.63673407 4.68700318 35 ADAMS 2.21738405 3.51488591
17 KCNIP3 3.43696737 3.20034259 36 NFKBIA 2.15052187 2.6423121
18 TNFAIP3 ~ 3.35226266 4.04392761 37 EPHA7 -5.566474017 -2.631839336
19 TNFSF12  3.28172862 2.69191197 38 ROBO2 -3.280592355 -8.634681447
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Figure S5. Depletion of COX-2 or BIRC3 or combination with BIRC3 inhibitor LCL161 partially restores the sensitivity
of PARPi-resistant variants to PARPI. (A) After transfection with the indicated siRNA, cells were treated with simmi-
parib for 7 days and then subjected to SRB assays. (B) Knockdown of BIRC3 or COX-2/BIRC3 or COX-2/BIRC3/C-BR-
CA2 re-sensitized Capanl-/SP cells to olaparib. After transfection with the indicated siRNA, cells were treated with
olaparib for 7 days and then subjected to SRB assays. (C and D) Knockdown of COX-2 re-sensitized U251/0P cells
to olaparib (C) and simmiparib (D). U251/0P cells were transfected with siCOX-2 for 24 h, then treated with PARPi
for 7 days and assessed by SRB assays. (E and F) Exogenous expression of COX-2 reduced the sensitivity of PARPi
in U251 cells. U251 cells were infected with lentiviral (MOl = 5) of COX-2 or control vector for 48 h, and confirmed by
Western blotting. Cells were treated with talazoparib (E) and simmiparib (F) for 7 days and subjected to SRB assays.
(G and H) Capan-1/SP cells were treated with olaparib alone or in combination with 1 uM LCL161 for the indicated
time, and then the cell viability (IC, values) was assessed by SRB assays. All of the data are presented as the mean
+ SD from three independent experiments. *P<0.05; **P<0.01; ***P<0.001.
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Figure S6. COX-2/BIRC3 overexpression was observed in PARPi treatment cells or PARPi-resistant variants. (A) Pro-
tein levels of COX-2 and BIRC3 were detected by western blotting after 3-day olaparib (OP) treatment, and 3 days or
6 days after washing off olaparib in Capan-1 cells. (B) Relative mRNA levels of COX-2 and BIRC3 were determined
by qPCR in RD-ES cells. (C and D) Protein levels of COX-2 and BIRC3 were detected by western blotting after olaparib
(OP) and talazoparib (TP) treatment in RE-ES cells for 24 h (C) and U251 cells for 72 h (D). (E) PARPi-resistant vari-
ants of RD-ES resistant to PARPi simmiparib, cells were treated with simmiparib for 3 days and then subjected to
CCK-8 assays. Data are presented as the mean + SD from three independent experiments. *P<0.05; **P<0.01;
***pP<0.001.





