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Abstract
Treatment options for patients with pancreatic ductal adenocarcinoma (PDAC) remain limited. Therapeutic

targets of interest includemutatedmolecules that predispose to pancreatic cancer such as KRAS and TP53. Here,
we show that an element of the homologous recombination pathway of DNA repair, the PARP-binding protein
C12orf48/PARI (PARPBP), is overexpressed specifically in pancreatic cancer cells where it is an appealing
candidate for targeted therapy. PARI upregulation in pancreatic cancer cells or avian DT40 cells conferred DNA
repair deficiency and genomic instability. Significantly, PARI silencing compromised cancer cell proliferation in
vitro, leading to cell-cycle alterations associated with S-phase delay, perturbed DNA replication, and activation of
the DNA damage response pathway in the absence of DNA damage stimuli. Conversely, PARI overexpression
produced tolerance to DNA damage by promoting replication of damaged DNA. In a mouse xenograft model of
pancreatic cancer, PARI silencing was sufficient to reduce pancreatic tumor growth in vivo. Taken together, our
findings offered a preclinical proof-of-concept for PARI as candidate therapeutic target to treat PDAC.Cancer Res;
73(8); 2529–39. �2013 AACR.

Introduction
Pancreatic cancer is a devastatingly lethal disease that will

be diagnosed in an estimated 43,920 men and women in the
United States in 2012. Unfortunately patients with pancreatic
cancer have few viable treatment options, and it is predicted
that 37,390 people will die from the disease this year (1). The
most common form of pancreatic cancer, pancreatic ductal
adenocarcinoma (PDAC), has the gravest prognosis of any
major solid tumor, with a predicted 5-year survival rate of less
than 5% (2). Only few patients present with localized poten-
tially resectable cancers. Metastatic disease is intensely resis-
tant to conventional chemo- and radiotherapy.
Progression of PDAC from preneoplastic lesions has been

closely studied. Adenocarcinomas of the pancreas progress
along the pancreatic intraepithelial neoplasia (PanIN) cascade,
with discrete histopathologies that define the 3 grades of
precursor neoplasia: PanINI, PanINII, and PanINIII. Advance-

ment into invasive carcinoma is concomitant with several
distinct genetic alterations. Activating mutations in the KRas
proto-oncogene occur in approximately 90% of PDACs and are
usually accompanied by the loss of cardinal tumor suppressors
TP53 (50%–75%) and CDK2NA/Ink4a/p16 (95%; ref. 2). Abnor-
malities in DNA repair mechanisms are also seen in PDAC. In
particular, mutations in homologous recombination DNA
repair factors were found to be associated with pancreatic
cancer. Inactivation of the tumor suppressor BRCA2, an essen-
tial homologous recombination factor, which catalyzes the
loading of RAD51 at double-strand breaks (DSB; ref. 3), has
been implicated in both familial (4) and sporadic PDAC (5).
Similarly, upstream pathways that regulate homologous
recombination are important for suppressing pancreatic can-
cer. ATM is a kinase involved in recruiting repair factors to
DNA strand breaks (6); ATM mutations have been associated
with pancreatic cancer (7, 8). The Fanconi anemia pathway
coordinates the recognition and repair of DNA cross-links by
activating homologous recombination and other repair
mechanisms (9). BRCA2 itself is a Fanconi anemia factor,
corresponding to the FANCD1 complementation group (10).
Mutations in other Fanconi anemia genes including PALB2/
FANCN, FANCC, and FANCG have been identified in familial
clustering of pancreatic cancer (4, 11, 12). Finally, single-
nucleotide polymorphisms in homologous recombination fac-
tors XRCC2, XRCC3, RecQ1, and Rad54 have also been reported
to contribute to pancreatic cancer risk (13, 14).

A number of murine models have been developed over the
past decade, offering a valuable system for studying the biology
of pancreatic cancer. Mice that harbor pancreas-specific acti-
vatingmutations in Kras develop PanINwith 100% penetrance.
Given the long latency for PDAC formation in these mice,
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additional genetic events are likely necessary for tumor pro-
gression. Indeed, conditional deletion of Trp53 in these mice
promotes the rapid development of advanced murine PDAC
with 100% penetrance (15). Strikingly, heterozygosity for a
pathogenic germline truncation in BRCA2 can also promote
Kras-driven carcinogenesis in the murine model (16).

The necessity for novel and effective therapies has under-
scored the search for crucial biomarkers in pancreatic cancer.
Recently, microarray expression analyses of human tumors
have identified several genes trans-activated in PDAC, includ-
ing KIAA0101/PAF (17), C2orf18/ANT2BP (18), and C12orf48/
PARI (19). These factors have been proposed to be important
for pancreatic cancer tumorigenesis.

We recently identified PARI as an inhibitor of homologous
recombination in human cells (20). PARI is recruited to rep-
lication forks during S-phase, by interacting with small ubi-
quitin-related modifier (SUMO)-modified proliferating cell
nuclear antigen (PCNA). PARI interferes with the formation
of RAD51-DNA structures to suppress unwanted recombina-
tion events of replicating chromosomes.

Here, we interrogated the role of PARI in PDAC. We show
that PARI is overexpressed in PDAC cell lines, leading to
homologous recombination inhibition, DNA damage hyper-
sensitivity, and genomic instability. Furthermore, we show that
PARI depletion from PARI-overexpressing pancreatic cell lines
reduces their proliferation in vivo and in vitro by interfering
with S-phase progression.We propose that PARI inhibitors can
be used as targeted therapy for pancreatic cancer.

Materials and Methods
Cell culture and protein techniques

8988T, CAPAN2, HeLa, U2OS, and 293T cells were grown in
Dulbecco's Modified Eagle's Medium (Invitrogen), supplemen-
ted with 15% FBS. PDAC cells were previously described (21).
Cell lines were obtained from the American Type Culture Col-
lection or the German Collection of Microorganisms and Cell
Cultures. They are stored in our central cell bank and routinely
checked for Mycoplasma contamination and for changes in
morphology. Whole cell extracts were prepared by lysing cells
in radioimmunoprecipitation assay buffer (50mmol/L Tris, pH
7.3, 150 mmol/L NaCl, 1 mmol/L EDTA, 1% Triton X-100, 0.5%
Na-deoxycholate, and 0.1% SDS) with complete protease inhib-
itor, NaVO4, and NaF. RAD51 immunofluorescence was con-
ducted as previously described (20), using anti-RAD51 anti-
body (Santa Cruz Biotechnology). A list of antibodies used for
Western blot analysis, siRNA sequences, as well as additional
Materials and Methods information, are available in Supple-
mentary Data.

Functional cell-based assays
For survival assays, cells were transfected with siRNA and 48

hours later, seeded in 96-well plates and exposed to specified
drugs. Viability was assessed after 3 days using CellTiterGlo
(Promega). For clonogenic assays, cells were transfected with
siRNA for 48 hours then seeded at low densities in 6-well plates
and allowed to form colonies. The cells werefixed inmethanol/
20% acetic acid and stained with 1% crystal violet. For fluo-
rescence-activated cell sorting (FACS) analysis, cells were fixed

overnight at 4�C in 70% ethanol, stainedwith propidium iodide
(PI) for 1 hour, and analyzed for DNA content using a FACS-
Calibur (BD Biosciences) machine. SupF mutagenesis assay
(22) and chromosomal aberration detection in mitotic spreads
(10) were conducted as previously described.

BrdUrd incorporation
For S-phase quantification by bromodeoxyuridine (BrdUrd)

incorporation, 5� 105 human 8988T cells were incubated with
20 mmol/L BrdUrd for 45 minutes, washed, and fixed overnight
at 4�C in 70% ethanol. Cells were subsequently incubated with
2NHCl/0.5%TritonX-100 for 30minutes and 0.1mol/L sodium
tetraborate pH 8.5 for 1 minute. Cells were washed and
successively incubated with anti-BrdUrd antibodies (Pierce)
and Alexa-Fluor 488–conjugated anti-mouse secondary anti-
bodies (Invitrogen) for 30 minutes each and analyzed using a
FACSCalibur (BD Biosciences) machine.

Quantitative real-time PCR
For mRNA purification, the TRIzol Reagent (Invitrogen)

was used. Next, cDNA was amplified using the Transcriptor
Reverse Transcriptaze Kit (Roche) with oligo dT primers.
Finally, mRNAquantificationwas donewith QuantiTect SYBR-
Green (Qiagen), using an iCyclermachine (Bio-Rad). The cDNA
of GAPDH gene was obtained and analyzed in parallel for
normalization.

DT40 methods
Standard DT40 methods were used (23). DT40 PARI-

knockout cells were previously described (20). For over-
expression of human PARI in DT40 cells, human PARI cDNA
was cloned with a Myc tag into pcDNA expression plasmid.
DT40 cells were electroporated with 30 mg of linearized
vector using Gene Pulser (BioRad) at 950 V and 25 mF. Cell
extracts were obtained by boiling cells in 100 mmol/L Tris,
4% SDS, and 0.5 mol/L b-mercaptoethanol. For survival
assays, chicken cells analyzed after 4 days incubation with
the respective drug, using CellTiterGlo (Promega). For
BrdUrd incorporation, 3 � 106 logarithmically growing DT40
cells were incubated with 20 mmol/L BrdUrd for 20 minutes
and analyzed as described earlier.

In vivo xenograft studies
PARI and nontargeting (control) short hairpin RNA (shRNA)

were transduced into 8988T cells by lentiviral transduction
using pTripZ (Open Biosystems) and selected with puromycin.
Cells were then amplified and reselected for expression of red
fluorescent protein after doxycycline induction. For xenograft
tumor formation, 1.5 � 106 sorted cells suspended in growth
media and mixed 1:1 with Matrigel Basement Membrane (BD
Biosciences) were then injected into both flanks of athymic
nude mice (obtained from Charles River Laboratories). When
tumors reached 200 mm3 in volume, mice were administered
500 mg/mL doxycycline in their drinking water.

Results
PARI overexpression in pancreatic cancer cell lines

We recently identified PARI as a homologous recombination
regulator in human cells. We hypothesized that PARI may be
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upregulated in PDAC resulting in a decrease in homologous
recombination repair, a phenotype of many pancreatic can-
cer cells. To explore this possibility, we investigated PARI
protein levels, using an antibody raised against PARI (20), in
a panel of 40 human breast, ovarian, and pancreatic cancer
cell lines. As previously reported (20), human cell lines such
as cervical cancer HeLa cells, transformed embryonic kidney
293T cells, and osteosarcoma U2OS cells, expressed PARI at
very low levels; PARI protein is undetectable by Western blot
analysis. In our protein expression screen we found that, out
of the 40 cell lines investigated, 3 of them exhibited a specific
band at 72 kDa when lysates were probed with anti-PARI
antibodies in Western blot analysis. These 3 cell lines are: the
ovarian cancer cell line PA-1 (24), and the pancreatic cancer
cell lines 8988T (25) and CAPAN2 (ref. 26; data not shown).
Focusing on the pancreatic cell line 8988T, we showed that
knockdown of PARI with 3 different siRNA oligonucleotides
reduced the intensity of the 72-kDa band, confirming the
identity of this band as PARI (Fig. 1A). Similar results were
obtained when knocking down PARI in CAPAN2 and PA-1
cells (data not shown).
Intrigued by the increased representation of pancreatic

cancers among the cell lines we found to overexpress PARI,
we collected 15 more pancreatic tumor lines and analyzed
them for PARImRNA expression by quantitative real-time PCR
(qRT-PCR). We found that most of them have significantly
higher PARI mRNA levels than control HeLa and 293T cells;
a few of them, including mPANC96, Panc3.27, CAPAN2, HPAF
II, PANC-1, and 8988T had particularly high PARI expression
(Fig. 1B). Thus, we concluded that PARI is upregulated in
pancreatic cancers. A recent study similarly found that PARI
(also named C12orf48 and PARPBP1) mRNA is upregulated
in a number of pancreatic cancer cell lines (19). Our results
thus correlate with this study and raise the intriguing possi-
bility that PARI upregulation is an important event in pancre-
atic tumor progression.

PARI inhibits homologous recombination and alters
DNA repair in pancreatic cancer cell lines

We previously showed that PARI inhibits homologous
recombination in human cells. We next tested whether
pancreatic cancer cell lines overexpressing PARI have
reduced homologous recombination due to PARI upregula-
tion. We examined the number of RAD51 foci—a surrogate
marker of homologous recombination efficiency. As predict-
ed, both spontaneous and ionizing radiation (IR)-induced
RAD51 foci were significantly reduced in PARI-overexpres-
sing CAPAN2 and 8988T compared with control HeLa and
U2OS cell lines; PARI knockdown in 8988T cells restored
RAD51 foci to the levels found in nonoverexpressing cells
(Fig. 2A and Supplementary Fig. S1). RAD51 focus formation
is not always a reliable indicator of homologous recombi-
nation proficiency (27); thus, we also investigated cellular
sensitivity to PARP-1 inhibitors, a hallmark of homologous
recombination deficiency (28, 29). 8988T cells were found to
be hypersensitive to PARP-1 inhibitor ABT-888 (Supplemen-
tary Fig. S2). We conclude that PARI overexpression results
in reduced homologous recombination in pancreatic cancer
cell lines.

Inhibition or loss of one DNA repair pathway can cause a
compensatory increase in the activity of other DNA repair
pathways. To investigate if this is the case in PARI-overexpres-
sing pancreatic cancer cell lines, we measured the efficiency of
an alternative DNA repair pathway, translesion synthesis
(TLS), using the SupF shuttle plasmid mutation assay (22).
TLS is a damage tolerance mechanism, which involves bypass
of DNA lesions in S-phase by specificDNApolymerases that are
able to replicate through damaged DNA, albeit frequently
inserting the wrong nucleotides, and thus leading to point
mutations. TLS is an alternative to homologous recombination
repair in S-phase and the 2 pathways can often compensate for
each other (30). The pancreatic cancer cell line 8988T exhibited
a specific increase in pointmutation frequency, asmeasured by

Figure 1. PARI is overexpressed in
PDAC. A, Western blot analysis
using anti-PARI antibodies, showing
that endogenous PARI can be
detected in 8988T cells but not in
293T and HeLa cells. Three siRNA
oligonucleotides can efficiently
downregulate PARI in 8988T cells.
The arrow indicates the full-length
protein; asterisks indicate cross-
reactive bands. B, qRT-PCR
analysis for PARI mRNA expression
showing that PARI is overexpressed
in a number of PDAC cell lines,
compared with control HeLa
(cervical cancer) and 293T
(transformed human embryonic
kidney) cells. Expression is
normalized to 8988T PDAC cells.
The average of 3 independent
experiments is shown. Error bars
represent SEM.
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the SupF assay (Fig. 2B and Supplementary Fig. S3). Thus,
homologous recombination deficiency in pancreatic cancers
overexpressing PARI results in TLS hyperactivation. Another
recent study found that some pancreatic cancer cell lines

including 8988T and CAPAN2 show increased nonhomologous
end joining (NHEJ) activity (21). Overall, these results suggest
that PARI overexpression in pancreatic cancers results in
reduced homologous recombination and a compensatory
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Figure 2. PARI overexpression in PDAC cells is associated with genomic instability, reduced homologous recombination, and altered DDR. A, PARI-
overexpressing PDAC cells 8988T and CAPAN2 show reduced homologous recombination asmeasured by RAD51 foci. PARI depletion restores RAD51 foci
in 8988T cells. Shown is a quantification of spontaneous (left) and IR-induced (6 hours after treatment with 5 Gray IR; right) RAD51 foci in pancreatic
cancer cell lines CAPAN 2 and 8988T compared with control cells. The average of 2 to 3 independent experiments is shown. For each condition, 40 to
100 cells were counted. Error bars represent SEs. Representative micrographs are shown in Supplementary Fig. S1. B, TLS is increased in PARI-
overexpressing PDAC cells. 8988T cells have higher UVC-induced mutation frequency than 293T cells as quantified using SupF mutagenesis assay.
Data represent average of 2 independent experiments. Error bars show SDs. Overexpression of Myc-PARI in 293T cells also increased mutagenesis
(Supplementary Fig. S3). C–E, PARI-overexpressing pancreatic cancer cell lines show hypersensitivity to DNA damage. C, 8988T cells have increased
cytotoxicity when exposed to mitomycin C (MMC). Survival was measured after 3 days exposure to indicated concentrations of mitomycin C. Average
of 2 independent experiments is shown. Error bars represent SDs. D, 8988T and CAPAN2 cells show elevated mitomycin C–induced chromosomal
damage in metaphase spreads. Quantifications of radial chromosomes (left) and total chromosomal aberrations (right) following treatment with 20 ng/mL
mitomycin C for 3 days is shown. For each condition, 30 to 50 cells were analyzed. Data are shown as the average of 2 independent experiments. Error bars
represent SDs. E, representative metaphase spreads of 8988T and CAPAN2 cells treated with 20 ng/mL mitomycin C. Arrows indicate radial chromosomes
and arrow heads indicate chromatid breaks.
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increase in other DNA repair pathways, including TLS and
NHEJ.
Unlike homologous recombination, both TLS and NHEJ are

error-prone pathways. Their activities often result in point
mutations, or, in the case of NHEJ, deletions, translocations,
and chromosomal rearrangements. NHEJ is also involved in the
formation of radial chromosomes in response to DNA cross-
links (9). 8988T cells were hypersensitive to the DNA cross-
linking drug mitomycin C (Fig. 2C), as well as to other DNA-
damaging agents (data not shown), consistent with the cellular
defect in homologous recombination. Moreover, cytologic
analysis of chromosomes in metaphase spreads showed an
accumulation of chromosomal abnormalities, in particular
radial chromosomes, in PARI-overexpressing pancreatic can-
cer cell lines 8988T and CAPAN2 treated with mitomycin C
(Fig. 2D and E). PARI knockdown partially suppressed the
mitomycin C hypersensitivity and chromosomal aberrations of
8988T cells (Fig. 2C and Supplementary Fig. S4). Thus, we
conclude that PARI-overexpressing pancreatic cancer cells
have defective homologous recombination, causing genomic
instability and chromosomal aberrations.

PARI downregulation blocks proliferation of pancreatic
cancer cell lines in vitro
During our studies, we noticed that 8988T, CAPAN2, and

other PDAC cells overexpressing PARI showed reduced viabil-
ity when treated with PARI-targeting siRNA oligonucleotides.
Wenext quantified clonal viability and cellular survival of these
cells following PARI downregulation. Both 8988T (Fig. 3A and
B) andCAPAN2 (Fig. 3C andD) cells showed a 50% reduction in
survival in vitro, when PARI was suppressed. Importantly, cells
that do not overexpress PARI, including PDAC CAPAN1 cells,
as well as HeLa and 293T cells, are not affected by PARI
knockdown (Fig. 1B and Supplementary Fig. S5). Taken togeth-
er, these results show that pancreatic cancers depend on PARI
overexpression for their growth and raise the possibility that
targeting PARI may be a viable strategy in pancreatic cancer
treatment.

PARI is required for S-phase progression in pancreatic
cancer cells
To further understand the mechanism of PARI-induced

proliferation of pancreatic cancers, we investigated the effect
of PARI depletion on cell-cycle progression in PARI-overex-
pressing 8988T cells. 8988T cells, treated with siRNA-targeting
PARI, showed a specific induction of p21 protein (Fig. 3E).
Upregulation of p21 is normally associated with S-phase arrest
and replication defects (30). Indeed, we observed a specific
accumulation of 8988T cells in S-phase upon PARI knockdown,
both when analyzing the FACS profile (Fig. 3F and Supple-
mentary Fig. S6) as well as in BrdUrd incorporation experi-
ments (Fig. 3G). These results suggest that PARI upregulation
promotes S-phase progression of pancreatic cancer cells.
To test this model, we investigated the response of PARI-

overexpressing cancer cell lines when DNA replication is
hindered by addition of hydroxyurea. Hydroxyurea causes
depletion of nucleotide pools and early S-phase arrest. We
found that control and PARI-knocked-out 8988T cells similarly

arrested in early S-phase upon hydroxyurea treatment (Fig. 4A
and Supplementary Fig. S7). We then released the cells in
hydroxyurea-free fresh media and monitored cell-cycle pro-
gression. Control cells readily reinitiated replication, and 3
hours later a significant proportion were already in G2; in
contrast, PARI-depleted cells were slower to recover and enter
G2 (Fig. 4A). Accordingly, PARI-depleted pancreatic cancer
cells were also hypersensitive to hydroxyurea (Fig. 4B and
Supplementary Fig. S8). These results suggest that PARI over-
expression promotes S-phase progression following replica-
tion blockade.

To further investigate how PARI downregulation contri-
butes to S-phase accumulation in pancreatic cancer cells, we
studied the activation of the DNA damage response (DDR), a
phosphorylation-based signaling cascade that triggers DNA
repair and cell-cycle arrest upon DNA damage (6). In the
absence of exogenous DNA damage, PARI knockdown in
8988T cells causes a specific increase in phosphorylation of
several DDR factors, including CHK1, CHK2, ATRIP, and H2AX
(Fig. 4C). Thus, PARI depletion leads to DDR activation even in
the absence of DNA damage. The activation of the DDR
accounts, at least in part, for the delayed S-phase progression
of PARI-depleted 8988T pancreatic cancer cells.

DT40 cells overexpressing PARI show reduced DNA
damage-induced replication arrest

Wepreviously generated a complete PARI knockout in DT40
cells and showed that PARI�/� cells are hyper-recombino-
genic. We corrected this phenotype by complementing these
cells with human PARI, showing that the human protein is
functional in chicken cells (20). To test the model that PARI
overexpression promotes S-phase progression following rep-
lication hindering, we attempted to mimic the situation in
pancreatic cancer cell lines by overexpressing human PARI in
wild-type chicken DT40 cells (Fig. 5A). Similar to their human
pancreatic cancer cell counterparts, DT40 cells overexpressing
PARI showed hypersensitivity to DNA-damaging agents
including camptothecin and cisplatin (Fig. 5B and C). These
results confirm that PARI upregulation affects DNA repair
efficiency.

To further investigate the effects of PARI overexpression on
DNA replication following DNA damage, we compared BrdUrd
incorporation by PARI-knockout versus PARI-overexpressing
cells after either hydroxyurea or IR exposure. In both cases,
PARI-knockout cells showed a severe reduction in BrdUrd
incorporation after damage. In contrast, BrdUrd incorporation
by PARI-overexpressing cells was less affected by both
hydroxyurea and IR (Fig. 5D and E). Wild-type cells showed
an intermediate phenotype (data not shown). These results
show that PARI overexpression renders cells less sensitive to
replication perturbations and suggests that PARI promotes
replication of damaged DNA, perhaps resulting in further
mutagenesis.

PARIdepletion reducespancreatic tumorgrowth inan in
vivo xenograft model

Because PARI knockdown reduces the in vitro proliferation
of PARI-overexpressing pancreatic cancer cells, PARI may be a
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target for blocking pancreatic tumor growth in vivo. To test this
hypothesis, we evaluated whether PARI overexpression is
required for tumor formation in an in vivo model. To stably
knockdown PARI, we created 8988T cells expressing a doxy-
cycline-induced shRNA targeting PARI. A nontargeting shRNA
was used as control. qRT-PCR analysis confirmed that PARI
mRNA levels were downregulated upon addition of doxycy-
cline to the growth media (Fig. 6A). As expected from the
earlier-described experiments with siRNA, these cells also
showed reduced proliferation in vitro, with a doubling time
of 23 hours compared with 19 hours for control cells (Supple-
mentary Fig. S9).
8988T cells readily form xenograft tumors when injected

subcutaneously in athymic nudemice (31). Upon implantation,
the tumors were allowed to grow until the reached a volume of
200 mm3. At this stage, mice were given doxycycline in the
drinking water to induce shRNA expression and PARI deple-
tion and monitored for up to 70 days. Compared with shCon-

trol tumors, shPARI tumors showed a statistically significant
(P < 0.0001) growth defect, as measured by tumor volume (Fig.
6B). Analysis of biopsied tumors by hematoxylin and eosin
staining showed significant levels of necrotic tissue in shPARI
tumors, compared with control tumors (Supplementary Fig.
S10). These results show that PARI overexpression promotes
the growth of tumors formed by pancreatic cancer cells in vivo.

Discussion
Pancreatic cancers and genomic instability

Homologous recombination promotes error-free DNA
repair of strand breaks in S-phase and G2 by using the sister
chromatid as repair template (32). Thus, homologous recom-
bination is essential for maintaining genomic stability. Our
study reveals that PDAC cells overexpressing PARI are defec-
tive in the assembly of RAD51 foci (Fig. 2A), indicating a
deficiency in homologous recombination repair. In addition,
these cells have hallmark features of genomic instability, as

Figure 4. PARI knockdown
sensitizes pancreatic cancer cells to
replication stress and activates the
DNA damage checkpoint response.
A, PARI-depleted 8988T cells
recover slower from hydroxyurea
(HU) arrest. Cells were arrested
by treatment with 2 mmol/L
hydroxyurea for 24 hours, then
washed, and allowed to recover for
indicated time points. PI-stained
cellswere then analyzedby FACS for
DNA content. Arrows at 3-hour time
point indicate emergence of the G2

peak; quantification of this peak was
conducted using Modfit software.
B, depletion of PARI by 2 different
siRNAs confers hypersensitivity
to hydroxyurea in 8988T cells.
The average of 2 independent
experiments is shown. Error bars
represent SDs. C, PARI knockdown
results in strong activation of the
DDR in the absence of exogenous
DNA damage. The levels of
phosphorylated CHK1, CHK2,
ATRIP, and H2AX are shown.
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evidenced by elevated chromosomal breakage (Fig. 2D and E).
Interestingly, mutations in BRCA2, or other homologous
recombination factors such as RAD54, XRCC2, XRCC3, and
RECQ1 (4, 13, 14) have also been associated with pancreatic
cancer. Similar to those mutations, PARI overexpression
reduces homologous recombination. Thus, we propose that
pancreatic cancers can use 2 differentmechanisms to suppress
homologous recombination: inactivating mutations in homol-
ogous recombination pathway members, or overexpression of
homologous recombination–negative regulators. Upregula-
tion of PARI is likely to constitute an alternate to BRCA2
inactivation in pancreatic cancers.

How a reduction in homologous recombination contri-
butes to PDAC transformation is not clear. Genetic insta-
bility is a hallmark of most cancers (33), and it is likely to be
important for generating a pool of mutations from which
transforming mutations can be selected. NHEJ, which lacks a
homologous template, is error-prone, as it involves end
resection and subsequent ligation of DNA ends, a process
that often results in loss or addition of nucleotides (34). It
has recently been shown that PDAC cells have hyperactive
NHEJ (21). Similarly, we show here that PDAC cells have
increased TLS. TLS is also an error-prone mechanism,

involving mutagenic polymerases to bypass DNA lesions
(35). Thus, it is possible that PARI overexpression in pan-
creatic cancers reduces homologous recombination, result-
ing in a compensatory increase in error-prone pathways
such as NHEJ and TLS, and thus favoring genomic instability
and accumulation of mutations. This feature of PARI over-
expression is reminiscent of the BRCA1-deficiency pheno-
type, which is also characterized by reduced homologous
recombination and increased TLS (36). We predict that
pancreatic cancer genome sequencing studies may reveal
a hypermutation phenotype.

PARI overexpression suppresses replication arrest by
DNA damage

PARI knockdown in the human pancreatic cancer cell line
8988T confers S-phase arrest and hypersensitivity to replica-
tion stalling and activates the DDR pathway even in the
absence of exogenous DNA damage (Fig. 4). Thus, PARI may
function to promote replication through damaged DNA, per-
haps resulting from endogenous stresses. This damage toler-
ance function ensures the suppression of the DDR when PARI
is overexpressed in cancer cells. Following PARI knockdown,
PDAC cells seem unable to progress through S-phase, perhaps
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because increased homologous recombination results in
slower DNA damage processing, and/or in accumulation of
a particular intermediate, eventually activating the DDR (Sup-
plementary Fig. S11). Indeed, TLS and NHEJ are simpler, and
presumably faster mechanisms for repairing DNA lesions (37,
38). Interestingly, the yeast recombination inhibitor Srs2 (39),
which shares significant structural and functional homology to
PARI was similarly shown to terminate the DNA damage
checkpoint (40). Although PARI-overexpressing cells replicate
faster through damaged DNA, they do this by sacrificing
mutation-suppressing mechanisms. This results in genomic
instability, DNA damage sensitivity, and accumulation of
mutations. It was recently shown that stalled replication forks
are salvaged by a BRCA2-RAD51–dependent mechanism, res-
cuing them fromdegradation by theMRE11 nuclease (41, 42). It
will be interesting to investigate if the PCNA–SUMO–PARI
pathway plays any role in replication fork protection against
MRE11 activity.
As detailed earlier, it is possible that PARI overexpression

is essential in pancreatic cell transformation because of its
ability to inhibit homologous recombination. Alternatively,
it is possible that yet another, so far unindentified function
of PARI is involved in promoting S-phase progression and
suppressing the DDR in pancreatic cancer cells. In this
context, PARI was recently found as a substrate of the
cell-cycle kinase CDK2 in a proteomic approach (43). Per-
haps CDK2 phosphorylation of PARI regulates its putative
replication promoting function. A single protein that can
regulate both DNA repair, and S-phase transition would
ensure that cells have the means to quickly alter their
cell-cycle progression in response to DNA damage. Interest-
ingly, yeast Srs2 and human BRCA2 were also shown to be

phosphorylated by CDK kinases to coordinate homologous
recombination with cell-cycle progression (44, 45).

PARI overexpression and cancer therapy
In this study, we show that pancreatic cancer cells over-

expressing PARI have DNA repair defects and are hypersen-
sitive to DNA-damaging agents (Fig. 2). This raises the possi-
bility that PARI expression is a potent biomarker for predicting
the response of pancreatic and other tumors to genotoxic
cancer treatment, including radiation and platinum-based
chemotherapy. Consistent with this notion, PARI-overexpres-
sing, homologous recombination–deficient pancreatic cancer
cells are hypersensitive to PARP inhibitors (Supplementary
Fig. S2).

Importantly, we show that PARI knockdown greatly affects
the proliferation of PARI-overexpressing pancreatic cancer
cells in vitro (Fig. 3). Furthermore, we show that PARI over-
expression in pancreatic cancer cells is required for tumor
growth in a xenograft tumor mouse model (Fig. 6). Thus, we
propose that small-molecule inhibitors of PARI could be used
as novel-targeted therapy for patients harboring PARI-over-
expressing pancreatic tumors. Because PARI inhibition also
restores DNA repair in pancreatic cancer cells, PARI inhibitors
would be used as single therapeutic agents and not in com-
bination with DNA-damaging therapy. Our results strongly
suggest an important function for PARI in pancreatic cancer;
further research is required to understand exactly why pan-
creatic cancers become addicted to PARI overexpression.
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