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Pancreatic ductal adenocarcinoma (PDAC) remains one of the poorest prognosis neoplasms. It is typified by high
levels of genomic aberrations and copy-number variation, intra-tumoural heterogeneity and resistance to
conventional chemotherapy. Improved therapeutic options, ideally targeted against cancer-specific biological
mechanisms, are urgently needed. Although induction of DNA damage and/or modulation of DNA damage
response pathways are associated with the activity of a number of conventional PDAC chemotherapies, the
effectiveness of this approach in the treatment of PDAChas not been comprehensively reviewed. Here,we review
chemotherapeutic agents that have shown anti-cancer activity in PDAC andwhosemechanisms of action involve
modulation of DNA repair pathways. In addition, we highlight novel potential targets within these pathways
based on the emerging understanding of PDAC biology and their exploitation as targets in other cancers.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) remains one of the poorest
prognosis cancerswith a very highmortality, accounting for ~2%of cancer
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).
cases worldwide [1]. The common symptoms of PDAC include abdominal
or back pain, obstructive jaundice, andweight loss. However, these usual-
ly appear towards the later stages of the disease and the vast majority of
patients thus present with advanced inoperable, metastatic disease with
a median survival of 4–11 months [2,3]. For patients who present with
operable disease (b15% of cases) tumour resection (Whipple procedure)
is the treatment of choice, and optimal surgery can result in a cure,
although the median overall survival (OS) remains low at 15-19 months.
Even in operable cases of PDAC the overall 5-year survival rate is only 11%
without adjuvant chemotherapy, and 21% with [1,2]. The use of adjuvant
chemotherapyhas consistentlydemonstratedOSbenefits above resection
alone and may delay disease recurrence; thus it is recommended for all
patients [4]. However, as PDAC is more prevalent amongst the elderly,
with amedian age of diagnosis of 72 years, additional medical conditions
may contraindicate surgical procedures [5,6].
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PDAC originates in the pancreatic ductal epithelium and evolves in a
step-wise manner from pre-malignant lesions to fully invasive cancer
[7]. PDAC development has been linked to a number of environmental
factors such as tobacco smoking, which increases risk by ~2-fold [8].
In addition, advanced age and chronic medical conditions such as
diabetes and pancreatitis are associated with increased risk [9,10].
Familial PDAC accounts for ~10% of cases and is associated with
germline mutations in a number of genes including BRCA2 and PALB2
[11]. A characteristic set ofmolecular aberrations for PDACdevelopment
has been identified, with the genetic aberrations and associated cellular
events underlying disease progression (e.g. cell growth and prolifera-
tion, apoptosis, migration) defined as early (KRAS, ERBB2), intermediate
(CDKN2A) or late (TP53, SMAD4, BRCA2) occurrences during the process
[12]. Extensive heterogeneity in the genetic aberrations detected both
between PDAC patients [13,14] and within multiple clonal populations
of individual tumours [15] have been documented. As such, a common
specific molecular initiator of PDAC, if one exists, has yet to be defined.
However, PDAC-associated genomic aberrations can be classified into
core signalling pathways – including KRAS signalling, cell invasion and
adhesion, DNA damage control, apoptosis [13,14,16] – thereby identify-
ing key processes with the potential for therapeutic targeting.

For over 15 years, gemcitabine, either as single agent or in combi-
nation with other cytotoxic drugs, has been the standard chemother-
apeutic agent for PDAC. However, while combining gemcitabine
with other cytotoxic agents has improved progression-free survival
(PFS) in some trials, a significant increase in OS, compared with
gemcitabine monotherapy, has not been convincingly demonstrated
in the majority [17–19]. Recently the gemicitabine-free FOLFIRINOX
protocol (5-fluorouracil (5-FU), folinic acid, irinotecan, oxaliplatin)
has demonstrated an increased overall survival to 11.1 months, from
6.8 months for gemcitabine alone [20]. However, toxicity and safety
issues limit the routine administration of this regime to less than half
of the advanced cases [20,21]. A more tolerable chemotherapy recently
developed is the combination of gemcitabine with albumin-bound
paclitaxel (nab-paclitaxel, Abraxane®) [22] which has demonstrated
efficacy in patients with advanced PDAC [23–25], with a phase 3 clinical
trial showing an improvement in median OS to 8.5 months, compared
with 6.7 months for gemcitabine alone [23].

Irrespective of the regimen used, low response rates and a lack
of sustained therapeutic efficacy remain a fundamental problem and
feature of PDAC. Uncertainty continues to exist about the optimal use
of combination chemotherapy regimens and sequencing in the treat-
ment of this malignancy. Recent advances in themolecular understand-
ing of PDAC suggests that targeting the DNA repair capacity of PDAC, in
combination with DNA damaging agents, may represent an effective
therapeutic strategy. Consistent with this, a number of studies have
demonstrated the therapeutic potential of chemotherapy regimens incor-
poratingDNAdamaging agents, in particular platinum-based compounds,
in PDAC [17–19]. The induction of DNA damage and/or modulation of
DNA damage response (DDR) pathways has also been associated with
the activity of a number of other chemotherapeutic agents proposed for
use in PDAC. This review aims to discuss translational research progress
in this area and highlights potential targets and strategies for improving
outcome in PDAC.

2. DNA damage response/repair (DDR) pathways as
chemotherapeutic targets in PDAC

Damage to the DNA of a cell can occur spontaneously, for example
due to replication errors, or may be induced by exogenous factors
such as radiation and environmental chemicals. As such, accurate repair
mechanisms are crucial in order tomaintain genome integrity, and con-
sequently all cells are equippedwith a number of DDR pathways. If cells
are unable to repair thedamage, theymay undergo apoptosis in order to
prevent replication of abnormal cells. DDR pathways are therefore vital
to cell survival, and the presence of multiple repair processes ensures
that if one is lost, an alternative mechanism may compensate. The
importance of understanding DDR pathways in the context of cancer
biology is evident as the mechanism of action of a number of chemo-
therapeutic drugs is via induction of DNA damage. DNA lesions induced
by chemotherapeutic drugs include bulky adduct formation, base dam-
age or misincorporation, DNA crosslinks, and DNA breaks, either single
strand (SSB) or double strand (DSB). The key pathways which repair
these lesions are the nucleotide excision repair (NER), base excision
repair (BER), mismatch repair (MMR), homologous recombination
(HR), and non-homologous end joining (NHEJ) pathways. The principal
processes and proteins involved in these pathways, as well as the com-
mon types of damage they recognise and repair, are listed in Table 1 (for
detailed reviews of pathway mechanics see Jiricny [26]; Caldecott [27];
Leiber [28]; Cleaver et al. [29]; Moynahan and Jasin [30]).

Aberrant or dysregulated activation of DDR pathways are associated
both with susceptibility to cancer, the tumourigenic process and resis-
tance to chemo- and radio-therapy [31]. As such, disruption of these
pathways has been identified as a strategic approach to increase thera-
peutic responses to DNA damaging agents in a number of cancer types
(for excellent reviews see Al-Ejeh et al. [32]; Bouwman and Jonkers
[33]; Lord and Ashworth [34]. The clinical relevance of targeting DDR
pathways to enhance PDAC response to DNA damaging agents is
highlighted by Jones et al., who identified DNA damage control as a
core signalling pathway disrupted by PDAC-associated genetic aberra-
tions. Additionally, polymorphisms within genes encoding DDR pro-
teins have been associated with PDAC development and resistance to
gemcitabine [35–38].

In addition to their application as enhancers of response to cytotoxic
chemotherapy, the clinical development of DDR targeting drugs as anti-
cancer agents has been designed around the concept of synthetic lethal-
ity, in which effectiveness is dependent on the genetic background of
the cells with respect to competency in DDR pathways (Fig. 1). Poly-
ADP-ribose-polymerase (PARP) inhibitors represent the most well
known paradigm of synthetic lethality. PARPs are a family of nuclear
enzymes, of which PARP-1, -2 and -3 are activated following binding
to broken DNA ends. Subsequent to their activation, these proteins
catalyse the formation of poly-ADP-ribose polymers which attract
repair proteins, including XRCC1 and LIG3, to the sites of DNA damage.
The best characterized member of this family is PARP-1, which is
predominantly associated with BER-mediated repair of SSBs [39–42].
PARP-1 inhibition has been shown to be most effective in tumour cells
with defective HR pathways, due to mutations in the BRCA1 and/or
BRCA2 genes [43]. Conventionally, it has been understood that under
these conditions PARP-1 inhibition prevents BER-mediated repair
of SSBs, while DSB repair cannot occur due to inherent defects in HR
pathways. The net result of this is accumulation of lethal levels of DNA
damage [44,45]. BRCA2 mutations have been associated with both spo-
radic and familial cases of PDAC [46–50]. Defects in other HR genes,
namely PALB2 (a BRCA protein binding protein) and ATM have been
associated with PDAC [16,51]. The presence of such aberrations is likely
to affect chemotherapy response, and as will be discussed later, should
be a consideration when developing therapies incorporating DDR-
targeting agents.

3. Gemcitabine and platinum compounds

Gemcitabine was established as the standard of care for PDAC
following the pivotal phase III clinical trial in 1997 demonstrating its
greater efficacy compared with 5-FU [52]. Conventionally, the mecha-
nism of action of gemcitabine has been attributed to inhibition of DNA
synthesis: as a nucleoside analogue, it is incorporated into replicating
DNA in place of cytidine molecules. The position of the gemcitabine
moiety as the penultimate nucleotide at the 3′ end of the nascent DNA
strand is important in preventing its recognition and removal by DDR
exonucleases, and its presence results in termination of the synthesis
process. Additionally, gemcitabine actively inhibits DNA polymerase



Table 1
Key process and proteins involved in cell response to DNA lesions.

Process Key mediators

Nucleotide excision repair (NER)— recognises and repairs bulky- and helix-distorting adducts
Adduct recognition DDB1, DDB2, ERCC1, ERCC4, RAD23B, RPA1, XPA, XPC
DNA unwinding ERCC2, ERCC3, ERCC6, ERCC8, RPA1
Adduct removal; damaged DNA excision ERCC1, ERCC4, ERCC5, XPA
Gap repair - DNA synthesis and ligation LIG1,PCNA, POLD, POLE, RFC1

Base excision repair (BER) — recognises and repairs non-helix-distorting base lesions and SSBs
Lesion recognition PARP1, XRCC1
Damaged 3′ and 5′ DNA end processing APE1, APTX, FEN1, LIG3, PNKP, POLB, TDP1, XRCC1
Gap repair— DNA synthesis FEN1, PARP1, PCNA, POLB, POLD, POLE, POLG, POLL, RFC, XRCC1
Gap repair— DNA ligation LIG1, LIG3, PCNA, XRCC1

Mismatch repair (MMR) — recognises and repairs incorrect insertion, deletion and misincorporation of bases
Base mismatch recognition MSH2, MSH3, MSH6, MLH1, PMS2
Base mismatch removal EXO1, RPA1, RFC, PCNA
Gap repair— DNA synthesis and ligation LIG1, POLD

Non-homologous end joining (NHEJ)— recognises and repairs DNA DSBs
DSB recognition XRCC6 (Ku70), XRCC5 (Ku80)
Repair protein recruitment XRCC6, XRCC5, H2AX
Repair protein activation ATM, ATR, PRKDC
DSB end processing DCLRE1C, FEN1, MRE11, NBN,PRKDC, RAD50
Gap repair— DNA synthesis and ligation LIG4, XRCC4

Homologous recombination (HR)— recognises and repairs DNA DSBs
DSB recognition; repair protein recruitment RAD51, RAD52, H2AX
Repair protein recruitment/activation ATM, ATR, MRE11, NBN, RAD50
DSB end processing and resection BLM, BRCA1, BRCA2, BRIP1, EXO1, MRE11, NBN, PALB2, RAD51, RAD52, RAD54, RBBP8, RPA1
DSB resection — strand invasion/exchange BLM, RPA1, RAD52, XRCC2, XRCC3, RAD51
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and ribonucleoside reductase activity. This latter activity depletes
the available cytidine pool, thereby favouring the incorporation of
gemcitabine nucleotides [53]. Over the past few years, there has been
an increase in the use of gemcitabine/cisplatin combination in the treat-
ment of PDAC. This choice of combination was based on lack of overlap-
ping dose-limiting toxicities and results of cell line model experiments
[54]. The synergy between gemcitabine and cisplatin compounds has
been related to increased induction of DNA damage and inhibition of
DNA repair. The presence of gemcitabine nucleotides has also been sug-
gested to facilitate structural changes in theDNA, thereby increasing the
availability of platinum-binding sites [55,56]. Cisplatin preferentially
forms adducts with DNA at the N-7 position of guanine and adenine,
Fig. 1. Synthetic lethality: pharmacological inhibitor activity is dependent ongenetic backgr
two genes. Under normal conditions both genes are functional, however in a cancer cell where t
tein product, cell survival is possible through the action of the other genealone. Targeting of both
result in a synthetically lethal outcome.
and the presence of these platinum-DNA adducts prevents or interferes
with replication and transcription, leading to cell cycle arrest and cell
death [57]. Recognition and removal of platinum-DNA adducts is medi-
ated by theNER pathway,whichmay also directly activate the apoptotic
programme [58]. However, where NER fails, or if apoptosis is not initiat-
ed, unrepaired adducts can progress to DNA strand breaks, either SSBs
or DSBs (Fig. 2), whose repair and recognition are dependent on intact
BER, HR and NHEJ pathways (see Table 1 for list of key steps and pro-
teins in these pathways). Gemcitabine has been found to stabilise
platinum-DNA adducts and DNA strand crosslinks (mediated by the
adducts), indicating lack of removal and repair [56–63]. Additionally,
direct inhibition of the NER and HR pathways by gemcitabine have
ound. The concept of synthetic lethality is based on compensatory survivalmechanisms of
he function of one is lost, either throughmutation or pharmacological inhibition of its pro-
genes results in cell death. Pharmacological inhibition of both geneproductsmay similarly



Fig. 2. Sequence of DNA lesion progression. The chemotherapeutic activity of DNA damaging compounds is partly based on the generation of DNA lesions. The initial lesions formed in
response to platinum treatment are bulky platinum-DNA adducts. These may be removed by the NER pathway. However, if this fails and the adducts persist, more severe lesions are
generated when DNA replication/transcription machinery encounter the adduct. Recognition and response to these lesions is regulated by activation of other DDR pathways shown.
guanine, cytosine, adenine,□ thymine.
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been suggested as mechanisms underlying gemcitabine/platinum
synergy [60,61,64].

NER is the primary process which functions to remove bulky
platinum-DNA adducts [65]. This pathway also recognises and repairs
helix-distorting DNA damage caused by other factors, including 6-4
photoproducts produced by UV light. Defects in NER are associated
with a number of clinical conditions including the inherited disorder
xeroderma pigmentosum, which is characterized by extreme UV
sensitivity and predisposition to skin cancer [29]. Expression levels
of ERCC1, an NER protein which functions in the excision of bulky
adduct-DNA lesions, have been found to correlate inversely with re-
sponse to gemcitabine/platinum chemotherapy, particularly in non-
small cell lung cancer (NSCLC) [66–73] and testicular cancer [74–76].
In addition, polymorphisms within this gene, and that for another NER
mediator ERCC2, have been associated with an improved response to
gemcitabine/platinum treatment [71,77–81]. With regards to PDAC,
the role of ERCC1 as a prognostic marker is ambiguous: increased
ERCC1 expression has shown negative [82], positive [83] and neutral
[84] association with survival following tumour resection. Although
the patients in these studies received different adjuvant treatments
(radiation + gemcitabine or 5-FU, none, or gemcitabine, respectively),
the administration of chemotherapy was not found to correlate with
ERCC1 expression levels. However, a small number of studies have
agreed on a correlation, in ~40% of patients, between a polymorphism
resulting in decreased translation of ERCC1 in PDAC tumours and a bet-
ter response to platinum-based salvage chemotherapy [85,86]. A recent
study however, has shown an association between ERCC2 polymor-
phisms and PDAC response to gemcitabine/platinum treatment, but
not to gemcitabine alone [81]. Together, these studies suggest that the
expression/polymorphism status of NER proteins may be useful bio-
markers for stratifying PDAC patients who will benefit the most from
treatment with gemcitabine/platinum chemotherapy. Additionally,
they suggest that PDAC resistance to cisplatin is partly due to NER-
regulated DDR.

Loss of HR function has been found to prevent synergism between
cisplatin and gemcitabine [61]. This suggests that HR competency
should be considered when selecting for treatment with this combina-
tion. This may be particularly relevant for PDAC, as abnormalities
in HR-related genes are associated with both sporadic and familial
forms of the disease (see Section 2 for more details). HR is a process
by which DSBs are repaired through the alignment of homologous
sequences of DNA (see Table 1 for key steps and proteins). It requires
an intact sister chromatid and occurs primarily during the S and G2

phases of the cell cycle [30]. Polymorphisms in XRCC3, whose protein
product functions in the final stages of HR, have been suggested to be
predictive of response to gemcitabine/platiunum chemotherapy in
lung and breast cancers [78,87]. With regards to PDAC, XRCC3 polymor-
phisms have only been assessed in relation to response to radiotherapy
[88]. However, the sensitivity of PDAC cells to gemcitabine alone has
been shown to be increased, both in vitro and in vivo, following inhibi-
tion of HR activating proteins, namely ATR (ATM-Rad3-related) or
Chk1 (checkpoint kinase 1) [89,90]. As such, HR competency status
may also beuseful in stratifyingpatients for treatmentwith gemcitabine
alone, as well as selecting those who may benefit from additional HR-
targeted therapies. A number of Chk1 inhibitors have been evaluated
in clinical trials, and importantly they have shown activity in p53 defi-
cient tumours, which account for the majority of PDAC cases [91].
PARP inhibitors have also been shown to sensitise HR-deficient PDAC
cells to gemcitabine [92], and this class of agents will be discussed in
the next section.

TheNHEJ pathwaymay also be a target for increasing PDAC response
to DNA damaging agents. Like HR, NHEJ functions in the repair of DSBs,
but in comparison does not require homologous sister chromatids and
therefore is error prone, but can be active at any stage of the cell cycle
[28]. DNA-dependent protein kinase catalytic subunit (DNA-PKcs) is a
key component of NHEJ [93], and its inhibition has been shown to
resensitise PDAC cell lines to cisplatin-induced apoptosis [94]. Inhibition
of DNA-PKcs has also demonstrated potential as a radio-sensitising
strategy for PDAC, and will be further discussed in the next section.

4. Targeting DNA repair directly: exploiting DDR deficiencies

As discussed previously, the therapeutic potential of DDR proteins is
dependent on DDR pathway competency: the basis for this synthetic
lethality is that the cells compensate for loss of one pathway by relying
on the activity of another. Asmentioned previously, defects in a number
of HR genes have been associatedwith PDAC, in particular BRCA2, PALB2
(a BRCA binding protein), and ATM [16,46,51,95,96]. Additionally, poly-
morphisms in the HR genes RECQ1, RAD54L, XRCC2, and XRCC3 have
been associated with decreased survival [88]. A deficiency in HR iden-
tifies a number of potential therapeutic and chemo-sensitisation strate-
gies for PDAC, which will be discussed below.

4.1. PARP inhibition

Similar to ovarian and breast cancers, germline mutations in BRCA2
are associated with familial PDAC. Such patients represent b 15% of
this subpopulation of PDAC [46–49,95,96] suggesting limited, but

image of Fig.�2
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important therapeutic potential of PARP inhibitors in the treatment of
PDAC. Although a small number of cases have been reported in which
chemotherapy incorporating PARP inhibitors have been initially effec-
tive in PDAC patients harbouring BRCA2 mutations, this response was
not found to be sustained [97,98]. However, there are conflicting reports
regarding the specificity of BRCA2 mutational status as a predictor of
PARP inhibitor response in PDAC: although reconstitution of BRCA2
protein expression, following restoration of the open reading frame
via deletion of a frameshift mutation, in the Capan-1 PDAC cell line
has been found to result in acquired resistance to PARP inhibition [99],
a number of pre-clinical studies have shown PARP inhibitors to have
a chemo- and radio-sensitizing effect in both BRCA2 mutant and wild-
type expressing PDAC cell lines, albeit to a greater extent in the former
[92,100–103]. It has also been suggested that the effect of PARP inhibi-
tors on BRCA2 deficient PDAC cells is limited only to highly potent com-
pounds [104]. However, it is possible that biomarkers other than, or in
addition to BRCA2 mutational status, may be required to predict re-
sponse, and defects in other HR-related genes are likely candidates.

Although defects in BRCA1 have also been associated with PDAC
[47–49,96,104–107], there are few studies assessing its role in
predicting response to PARP inhibitors. In comparison, cells deficient
in PALB2 – a BRCA protein binding partner, which is reported to be the
second most commonly mutated gene associated with familial PDAC
[51] – have been shown to exhibit greater sensitivity to PARP inhibitors
[108]. In breast cancer and lymphoma cells, low levels of the HR protein
ATM have also been associated with increased response to PARP inhibi-
tion [109–111]. This is particularly noteworthy as a recent study has
reported ATM gene defects in 8% of sporadic PDAC cases [16], thereby
suggesting that the therapeutic potential of PARP inhibitorsmay extend
to a larger cohort of patients that initially indicated.

In addition to their roles in BER, PARPproteins have also been shown
to be involved in coordination of the HR (PARP-1/2) and the NHEJ
(PARP-1/3) pathways [42]. As such, the overall DNA damage repair
competency of a tumour may affect the response to PARP-1 inhibitors,
and may direct the most effective choice of chemotherapy/inhibitor
combination. Of particular importance in this regard, the conflicting
reports regarding the role of PARP in regulation of NHEJ must be
considered: in HR-deficient cells, activation of the NHEJ mediator
DNA-PKcs has been associated bothwith PARP-1 activity and treatment
with PARP-1 inhibitors [42,112]. In the latter study, PARP inhibition
in HR-deficient cells was linked to enhanced NHEJ activity, leading to
an alternative model for PARP inhibitor toxicity whereby NHEJ-driven
genomic instability leads to cell death. Under these circumstances,
PARP inhibition would be of limited therapeutic use in NHEJ deficient
tumours.

PARP inhibitors may also be effective in non-HR deficient PDAC
when combined with direct inhibition of HR, for example using ATR or
Chk1 inhibitors which have been found to sensitise PDAC cells to
chemo- and radio-therapies [89,90,113–115]. PARP-1 binding protein
(PARPBP) which has been established as an inhibitor of HR, has also
been suggested as a therapeutic target due to its overexpression in
PDAC [116–118]. PARBP overexpression is associated with increased
genomic instability, likely due to compensatory action of other DDR
pathways including NHEJ [117,118]. Somewhat paradoxically, knock-
down of PARPBP in PDAC cells has been found to decrease viability
and proliferation, while overexpressing cells have demonstrated in-
creased sensitivity to DNA damaging agents, including PARP inhibitors
[116–118]. Thus, PARPBP may represent both a therapeutic target and
a biomarker for predicting response to DNA damaging agents.

Overall, it is clear that a greater understanding of the basis of PARP
inhibitor response in PDAC is required for translational and clinical de-
velopment of these agents, and in order to establish which patients
may derive most therapeutic benefit from this class of inhibitors. This
is particularly emphasized by conflicting data regarding the association
between PARP-1 expression and survival: a recent study suggested that
an association between high nuclear PARP-1 expression and longer
survival indicates increased ability of the cells to respond to and repair
genomic aberrations which might otherwise promote disease progres-
sion [119]. If this holds true, it would imply PARP-1 inhibition should
be avoided where expression levels are high. However, a previous re-
port has demonstrated no association between PARP-1/2 expression
levels and survival [120].

4.2. DNA-PKcs inhibition

As mentioned previously, DNA-PKcs plays a crucial role in the re-
pair of DSBs via the NHEJ pathway [93]. DNA-PKcs is a nuclear serine/
threonine protein kinasewhich complexeswith Ku70/80 heterodimers
at DSB ends, forming the DNA-PK holoenzyme. This complex recruits
the additional repair proteins required for the processing and ligation
of the damaged DNA. Unlike DSB repair via HR, NHEJ does not rely on
extensive homologies between the damaged DNA ends; therefore it
can be active during any stage of the cell cycle. NHEJ is often prone to
error, resulting in insertion or deletion of nucleotides at the ligated
DSB junction (for a review of the NHEJ process see Lieber [28]).

Recently, inhibition of DNA-PKcs has been found to be synthetically
lethal in ATM-deficient lymphoma [121]. However, we have found that
inhibition of DNA-PKcs restores cisplatin sensitivity in HR competent
ovarian cancer cell lines [94], and therefore it appears that HR status
alone is insufficient to predict DNA-PKcs inhibitor response. The activity
of DNA-PKcs inhibitors in both HR deficient and competent tumours
may be due to crosstalk between DNA-PKcs and the AKT survival signal-
ling pathway. Using a series of matched clinically platinum-sensitive/
resistant paired ovarian cancer cell lines and lung and PDAC cell lines
to assess the role of DNA-PKcs in the activation of AKT in response to
cisplatin, we have shown that DNA-PKcs phosphorylates AKT at S473
in response to cisplatin-induced DNA damage in cells with clinically
acquired-resistance to cisplatin but not in matched sensitive cells [94].
Furthermore we demonstrated co-localisation of DNA-PKcs and AKT
in the nuclei of resistant but not sensitive tumour cells, and that inhibi-
tion of DNA-PKcs prevents AKT activation and enhances sensitivity
to cisplatin in platinum-resistant cancer cells. We also showed that
activation of AKT by DNA-PKcs occurs in response to cisplatin, but not
insulin, across a range of tumour types, suggesting a nuclear, DNA-
damage-mediated pathway distinct from canonical cell-surface phos-
phatidylinositol 3-kinase/AKT activation. Inhibition of DNA-PKcs has
also been found to sensitise PDAC cells to radiation, and additionally,
results in the prolonged accumulation of DSBs eventually leading to
cell death [122]. We suggest therefore that inhibition of DNA-PKcs is a
strong candidate for further development as a therapeutic strategy for
PDAC.

5. Topoisomerase Inhibition

Topoisomerases are enzymes that catalyse the breaking and
rejoining of the phosphodiester DNA backbone during unwinding of
the DNA structure in preparation for transcription and replication.
Their action is required to prevent the accumulation of supercoiled
and tangled DNA structures during these processes. The anti-cancer
activity of both topoisomerase I inhibitors (e.g. Topotecan, irinotecan)
and topoisomerase II inhibitors (e.g. etoposide, doxorubicin) is well
established, and conventionally these compounds function by “trapping”
the enzyme in complex with the DNA — for this reason they are com-
monly referred to as topoisomerase poisons. The presence of these com-
plexes prevents the re-ligation activity of the topoisomerase, resulting in
the generation of DNAbreakswhich can affect genome integrity and lead
to induction of apoptosis [123].

Irinotecan is a topoisomerase I inhibitor which is included in the
FOLFIRINOX chemotherapy regimen that has shown efficacy in patients
with advanced PDAC [20]. Although irinotecan as a single agent has
demonstrated marginal efficacy in PDAC patients [124–127], improved
efficacy, in terms of longer PFS, is found when it is combined with
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gemcitabine, compared to the single agents alone [128–130]. Irinotecan
is synergistic with 5-FU and is the standard of care in colorectal cancer
but has never been tested formally in PDAC (except in FOLFIRINOX
with the addition of oxaliplatin). Interestingly, a direct role for
gemcitabine in topoisomerase I inhibition has also been suggested
[131]. Thus, the therapeutic application of irinotecan for PDAC lies
predominantly in its combination with other agents.

Topoisomerase II poisoning has been associated with the cytotoxic
activity of anthracyclines such as doxorubicin and danorubicin, both of
which are primarily used for the treatment of haematologicalmalignan-
cies. Combination of doxorubicin with carboplatin has also been show
to be effective in epithelial ovarian cancer, both as a first line treatment
and for recurrent disease in platinum-sensitive patients [132]. However,
the activity of these agents may also be due to DNA intercalation and
the generation of reactive oxygen species. In comparison, etoposide is
considered a specific topoisomerase II inhibitor, and is used in the treat-
ment of a number of solidmalignancies [123]. Two studies reported that
the gene encoding topoisomerase II, TOP2A, is amplified in 60–90% of
PDAC cases where it is frequently co-amplified with ERBB2 which is
found on the same chromosome [133,134]. However, the theranostic
value of this is uncertain, and clinical trials involving topoisomerase II
poisons have focused on their combination with other cytotoxic agents
[124,135–139] but have not been found to bemore effective or less toxic
compared with other chemotherapeutic treatment approaches for
PDAC. A number of novel compoundswhich inhibit the catalytic activity
of topoisomerase II proteins have demonstrated single agent anti-
cancer activity against PDAC cells in vitro [140–142], and the clinical
efficacy of this approach remains to be investigated.

Given the generation of DNA breaks in response to topoisomerase
inhibitiors, a rational therapeutic approach would be to combine them
with DDR inhibitors. The choice of inhibitor is likely to depend greatly
on DDR competency: topoisomerase II inhibitor-induced damage can
be repaired by both HR and NHEJ, with NHEJ suggested as the more
important mechanism [143,144]. Thus, where both pathways are func-
tional, inhibition of one may not be sufficient to prevent repair of
topoisomerase inhibitor-induced damage. Delay of HR has been sug-
gested as the mechanism underlying the synergy observed in PDAC
cells treated with both topoisomerase II and murine double minute 2
(Mdm2) inhibitors— however, it should be noted that the NHEJ capac-
ity of these cells was not reported [145]. AlthoughMdm2 is best known
for its role as a negative regulator of p53 function, a p53-independent
interaction with the nibrin protein, which functions in the early stages
of the HR pathway, links it with DSB responses [146]. This may also
account for the synergy reported in PDAC cells co-treated with Mdm2
inhibitors and platinum compounds [147,148]. Further development
of a therapeutic strategy combining topoisomerase inhibitors with
DDR inhibitors will require clarification of which DDR pathway is the
optimal target, and whether response is affect by repair competency
status.

Another important consideration regarding the use of topoisimerase
inhibitors in PDAC is clearly the genetic background of the tumour. The
response of PDAC cells to combination treatment with topoisomerase II
and Mdm2 inhibitors was found to be independent of p53 mutation
status — this is of note as TP53 mutations are detected in ~50–75% of
PDAC cases [2] and thus, this strategy may represent a broad treatment
option. However, the efficacy of topoisomerase inhibitor-based chemo-
therapy in PDAC is likely to vary with other genetic aberrations. For
instance, PDAC cell lines harbouring inactivating defects of Smad4, a
component of TGF-β signalling, have been found to be more sensitive
to irinotecan compared with wild-type counterparts [127]. In contrast,
overexpression of HDAC2 is associated with PDAC resistance to
etoposide [149]. Characterisation of such biomarkers of response will
allow the design of rational combination chemotherapy regimens
incorporating targeted agents: for example, a synergistic increase in
apoptosis has been shown in PDAC cell lines treated with etoposide
and valproic acid, which depletes HDAC2 [149], suggesting that a
combination of these agents may be more beneficial in patients
harbouring amplifications/mutations in HDAC2.

In addition to direct targeting of topoisomerases, inhibition of
topoisomerase-induced DNA damage repair pathways also represents
a potential therapeutic strategy for PDAC. As previously mentioned,
the formation of topoisomerase-DNA complexes is an essential prepara-
tory stage of DNA transcription and replication. In order for these
processes to proceed, however, these complexes must be removed by
tyrosyl-DNA-phosphodiesterases (TDP1 or TDP2), which are also
involved in the repair of topoisomerase-mediated DNA damage [123].
Inhibitors of TDP1 have been shown to be most effective in cells
deficient in the ERCC1/4 endonuclease pathways, due to redundancy
between these repair mechanisms [150]. As discussed previously, the
role of ERCC1 expression as a predictive marker in PDAC is unclear
and is based on a small number of studies. Within these, low ERCC1 ex-
pression was reported in 15–50% of samples [82–86], suggesting a pos-
sible rationale for assessing TDP1 inhibitors as a novel therapeutic
approach in PDAC.

6. Potential novel therapeutic targets for PDAC

The influence of genetic alterations in DDR genes on chemotherapy
response has been described in a number of cancers, including PDAC.
However, upregulated DDR proteins, whose increased expression in
PDAC results from amplifications or mutations, may represent novel
targets with therapeutic potential. As mentioned, Jones et al. [13], iden-
tified theDDR as a core signalling pathway dysregulated in PDAC. Of the
9 DDR-related genes identified as altered in PDAC in this study, 5 have
previously been described as valid therapeutic targets in other cancer
types: VCP, CUL4B, DOT1L, ERCC4 and TIM. However, it must be noted
that these genetic aberrations were detected in single patient cases
within the study by Jones et al. [13]. In addition, their functional effects
are unclear, and will determine whether or not direct targeting of the
encoded proteins represent viable therapeutic approaches.

• TheVCP gene encodes the valosin containing protein (VCP), anATPase
with functions in transcriptional regulation, proliferation, apoptosis,
and protein degradation [151] was reported to be amplified by Jones
et al. [13]. Elevated VCP serum levels were reported in 8/12 PDAC
cases in another study [152], and increased VCP protein levels have
been associated with progression of hepatocellular carcinoma and
NSCLC [152–155]. siRNA-mediated or pharmacological inhibition of
VCP has been found to reduce tumour proliferation and progression,
and induce apoptosis.

• A missense mutation in CUL4B was detected in one sample by Jones
et al. [13]. The product of this gene, cullin 4B, is an E3-ubiquitin ligase
subunit, which plays a role in NER-mediated DNA repair [156]. Cell
lines derived fromhuman lymphoblastoid cells with CUL4Bmutations
have shown increased sensitivity to camptothecin, and this pheno-
type was recapitulated following siRNA-mediated inhibition of
CUL4B [157].

• The DOT1L protein product, DOT1-like (DOT1L) is a histone H3
methyltransferase whose function has been associated with facilitat-
ing recruitment of the DSB sensor 53BP1 to sites of damage [158].
Recruitment of DOT1L to chromosomal translocations involving the
MLL gene has been identified as a driver of mixed lineage leukaemia
[159]. A number of small molecule inhibitors of DOT1L have been
developed, and have demonstrated pre-clinical efficacy against this
form of leukaemia [160]. Jones et al. [13], identified a missense muta-
tion in DOT1L.

• A missense mutation in ERCC4 (excision repair cross-complementing
rodent repair deficiency, complementation group 4), which functions
in the NER pathway, was also reported by Jones et al. [13]. Ovarian
cancer, leukaemia, and testicular cancer cell lines defective in ERCC4
have demonstrated increased sensitivity to DNA damaging agents, in-
cluding cisplatin [74,161,162]. Conversely, cisplatin-induced
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upregulation of ERCC4 reduces the sensitivity ofmelanoma cells to the
drug [163]. Strategies proposed to directly target ERCC4 include direct
inhibition of its catalytic site, as well as disruption of its interaction
with other NER proteins [164].

• Timeless (TIM) has reported roles in regulation of DNA replication and
maintenance of genome stability [165,166], and its function has been
associatedwith activation of ATR or ATMduring the S andG2/Mphase
cell cycle checkpoints, respectively [167,168]. Under normal condi-
tions, loss of TIM confers reliance on the HR pathway for maintaining
DNA synthesis and stability [166,167]. In cancer cells (colon and
NSCLC), TIM downregulation has been found to increase sensitivity
to DNA damaging agents [168,169]. However, low expression levels
of TIM (mRNA) have recently been associated with PDAC [170],
while Jones et al. [13], reported a missense TIM mutation in PDAC.
This suggests that TIM status, in combination with HR competency
status,may be useful in determiningwhether a PDAC patientwill ben-
efit from treatment with DNA damaging agents.
7. Conclusion

PDAC remains a disease associated with very poor response to che-
motherapy and consequently reduced survival. Recent and historical
data have highlighted the importance of DNA damaging agents in the
treatment of PDAC and in evolving the understanding of DDR and its
role in response and resistance to therapy. Novel targets such as PARP
are have shown early promising data in clinical trials in biomarker
pre-selected (BRCA mutated) small subgroups. Targets such as DNA-
PKcs which links DNA damage to pro-survival signalling represent
strong targets for future developments. DDR pathway competency is
an important consideration when considering DDR-targeting chemo-
therapy for the treatment of PDAC. As such, successful development of
this therapeutic strategy will require implementation in the context of
putative response biomarkers, particularly mutations in HR-related
genes such as ATM. Identifying the functional drivers of PDAC within
DDR pathways and matching these to treatment strategies offers hope
for real progress in the treatment of PDAC. As with other cancers,
these therapeutic developments are likely to lead to improvements in
biomarker selected subsets rather than one encompassing overall strat-
egy for all PDAC patients. The challenge thus remains in both biomarker
selection and overcoming pathway-mediated resistance.

Acknowledgements

The authors wish to acknowledge the following for funding: Plum's
Fund for Pancreatic Cancer Research (ENM, HSW), The Jacqueline Land
PhD Studentship (CHS), Ovarian Cancer Action (EAS).

References

[1] http://www.cancerresearchuk.org/cancer-info/cancerstats/ .
[2] M. Hidalgo, Pancreatic cancer, N. Engl. J. Med. 362 (17) (2010) 1605–1617.
[3] A. Vincent, J. Herman, R. Schulick, et al., Pancreatic cancer, Lancet 378 (9791)

(2011) 607–620.
[4] S. Gillen, T. Schuster, C. Meyer Zum Büschenfelde, et al., Preoperative/neoadjuvant

therapy in pancreatic cancer: a systematic review and meta-analysis of response
and resection percentages, PLoS Med. 7 (4) (2010) e1000267.

[5] T. Seufferlein, J.B. Bachet, E. Van Cutsem, et al., Pancreatic adenocarcinoma: ESMO-
ESDO Clinical Practice Guidelines for diagnosis, treatment and follow-up, Ann.
Oncol. 23 (Suppl. 7) (2012) vii33–vii40.

[6] M.A. Tempero, J.P. Arnoletti, S.W. Behrman, et al., Pancreatic adenocarcinoma,
version 2.2012: featured updates to the NCCN Guidelines, J. Natl. Compr. Cancer
Netw. 10 (6) (2012) 703–713.

[7] R.H. Hruban, N.V. Adsay, J. Albores-Saavedra, et al., Intraepithelial neoplasia: a new
nomenclature and classification system for pancreatic duct lesions, Am. J. Surg.
Pathol. 25 (2011) 579–586.

[8] C. Bosetti, E. Lucenteforte, D.T. Silverman, et al., Cigarette smoking and pancreatic
cancer: an analysis from the International Pancreatic Cancer Case-Control Consor-
tium (Panc4), Ann. Oncol. 23 (7) (2012) 1880–1888.

[9] Q. Ben, M. Xu, X. Ning, et al., Diabetes mellitus and risk of pancreatic cancer: a
meta-analysis of cohort studies, Eur. J. Cancer 47 (13) (2011) 1928–1937.
[10] D. Li, H. Tang, M.M. Hassan, et al., Diabetes and risk of pancreatic cancer: a pooled
analysis of three large case-control studies, Cancer Causes Control 22 (2) (2011)
189–197.

[11] S. Raimondi, P. Maisonneuve, A.B. Lowenfels, Epidemiology of pancreatic cancer:
an overview, Nat. Rev. Gastroenterol. Hepatol. 6 (12) (2009) 699–708.

[12] G. Feldmann, R. Beaty, R.H. Hruban, et al., Molecular genetics of pancreatic
intraepithelial neoplasia, J. Hepatobiliary Pancreat. Surg. 14 (3) (2007)
224–232.

[13] S. Jones, X. Zhang, D.W. Parsons, et al., Core signaling pathways in human pancre-
atic cancers revealed by global genomic analyses, Science 321 (5897) (2008)
1801–1806.

[14] M.J. Cowley, D.K. Chang, M. Pajic, et al., Understanding pancreatic cancer genomes,
J. Hepatobiliary Pancreat. Sci. 20 (6) (2013) 549–556.

[15] C. Ruiz, E. Lenkiewicz, L. Evers, et al., Advancing a clinically relevant perspective
of the clonal nature of cancer, Proc. Natl. Acad. Sci. U. S. A. 108 (29) (2011)
12054–12059.

[16] A.V. Biankin, N. Waddell, K.S. Kassahn, et al., Pancreatic cancer genomes reveal
aberrations in axon guidance pathway genes, Nature 491 (7424) (2012) 399–405.

[17] A. Custodio, J. Puente, J. Sastre, et al., Second-line therapy for advanced pancreatic
cancer: a review of the literature and future directions, Cancer Treat. Rev. 35 (8)
(2009) 676–684.

[18] A. Stathis, M.J. Moore, Advanced pancreatic carcinoma: current treatment and
future challenges, Nat. Rev. Clin. Oncol. 7 (2010) 163–172.

[19] P. Michl, T.M. Gress, Current concepts and novel targets in advanced pancreatic
cancer, Gut 62 (2) (2012) 317–326.

[20] T. Conroy, F. Desseigne, M. Ychou, et al., FOLFIRINOX versus gemcitabine for
metastatic pancreatic cancer, N. Engl. J. Med. 364 (19) (2011) 1817–1825.

[21] M.W. Saif, J. Chabot, Chemotherapy: metastatic pancreatic cancer— is FOLFIRINOX
the new standard? Nat. Rev. Clin. Oncol. 8 (8) (2011) 452–453.

[22] W.W. Ma, M. Hidalgo, The winning FORMULA-tion: the development of paclitaxel
in pancreatic cancer, Clin. Cancer Res. 19 (20) (2013) 5572–5579.

[23] D.D. Von Hoff, T. Ervin, F.P. Arena, et al., Increased survival in pancreatic can-
cer with nab-paclitaxel plus gemcitabine, N. Engl. J. Med. 369 (18) (2013)
1691–1703.

[24] P.J. Hosein, G. de Lima Lopes Jr., V.H. Pastorini, et al., A phase II trial of nab-
Paclitaxel as second-line therapy in patients with advanced pancreatic cancer,
Am. J. Clin. Oncol. 36 (2) (2013) 151–156.

[25] D.S. Zhang, D.S. Wang, Z.Q. Wang, et al., Phase I/II study of albumin-bound nab-
paclitaxel plus gemcitabine administered to Chinese patients with advanced
pancreatic cancer, Cancer Chemother. Pharmacol. 71 (4) (2013) 1065–1072.

[26] J. Jiricny, The multifaceted mismatch-repair system, Nat. Rev. Mol. Cell Biol. 7
(2006) 335–346.

[27] K.W. Caldecott, Single-strand break repair and genetic disease, Nat. Rev. Genet. 9
(2008) 619–631.

[28] M.R. Lieber, The mechanism of human nonhomologous DNA end joining, J. Biol.
Chem. 283 (1) (2008) 1–5.

[29] J.E. Cleaver, E.T. Lam, I. Revet, Disorders of nucleotide excision repair: the genetic
and molecular basis of heterogeneity, Nat. Rev. Genet. 10 (11) (2009) 756–768.

[30] M.E. Moynahan, M. Jasin, Mitotic homologous recombination maintains genomic
stability and suppresses tumorigenesis, Nat. Rev. Mol. Cell Biol. 11 (3) (2010)
196–207.

[31] R.D. Kennedy, A.D. D'Andrea, DNA repair pathways in clinical practice: lessons
from pediatric cancer susceptibility syndromes, J. Clin. Oncol. 24 (23) (2006)
3799–3808.

[32] F. Al-Ejeh, R. Kumar, A. Wiegmans, et al., Harnessing the complexity of DNA-
damage response pathways to improve cancer treatment outcomes, Oncogene
29 (46) (2010) 6085–6098.

[33] P. Bouwman, J. Jonkers, The effects of deregulated DNA damage signalling on
cancer chemotherapy response and resistance, Nat. Rev. Cancer 12 (9) (2012)
587–598.

[34] C.J. Lord, A. Ashworth, The DNA damage response and cancer therapy, Nature 481
(7381) (2012) 287–294.

[35] R.R. McWilliams, W.R. Bamlet, J.M. Cunningham, et al., Polymorphisms in DNA
repair genes, smoking, and pancreatic adenocarcinoma risk, Cancer Res. 68 (12)
(2008) 4928–4935.

[36] T. Okazaki, L. Jiao, P. Chang, et al., Single-nucleotide polymorphisms of DNA dam-
age response genes are associated with overall survival in patients with pancreatic
cancer, Clin. Cancer Res. 14 (7) (2008) 2042–2048.

[37] E. Giovannetti, P. Pacetti, M. Reni, et al., Association between DNA-repair polymor-
phisms and survival in pancreatic cancer patients treated with combination
chemotherapy, Pharmacogenomics 12 (12) (2011) 1641–1652.

[38] F. Innocenti, K. Owzar, N.L. Cox, et al., A genome-wide association study of overall
survival in pancreatic cancer patients treated with gemcitabine in CALGB 80303,
Clin. Cancer Res. 18 (2) (2012) 577–584.

[39] S.F. El-Khamisy, M. Masutani, H. Suzuki, et al., A requirement for PARP-1 for the
assembly or stability of XRCC1 nuclear foci at sites of oxidative DNA damage,
Nucleic Acids Res. 31 (2003) 5526–5533.

[40] V. Schreiber, F. Dantzer, J.C. Ame, et al., Poly(ADP-ribose): novel functions for an
old molecule, Nat. Rev. Mol. Cell Biol. 7 (7) (2006) 517–528.

[41] A. Ciccia, S.J. Elledge, The DNA damage response:making it safe to play with knives,
Mol. Cell 40 (2) (2010) 179–204.

[42] M. De Vos, V. Schreiber, F. Dantzer, The diverse roles and clinical relevance of
PARPs in DNA damage repair: current state of the art, Biochem. Pharmacol. 84
(2) (2012) 137–146.

[43] N.J. Curtin, C. Szabo, Therapeutic application of PARP inhibitors: anticancer therapy
and beyond, Mol. Aspects Med. 34 (6) (2013) 1217–1256.

http://www.cancerresearchuk.org/cancer-info/cancerstats/
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0005
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0010
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0010
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0070
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0070
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0070
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0820
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0820
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0820
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0065
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0065
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0065
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0015
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0015
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0015
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0045
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0045
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0045
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0050
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0050
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0055
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0055
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0055
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0060
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0060
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0020
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0020
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0020
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0025
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0025
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0025
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0030
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0030
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0035
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0035
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0035
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0040
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0040
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0075
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0075
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0075
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0080
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0080
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0085
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0085
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0090
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0090
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0095
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0095
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0100
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0100
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0105
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0105
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0105
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0110
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0110
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0110
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0115
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0115
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0115
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0120
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0120
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0125
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0125
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0130
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0130
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0135
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0135
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0140
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0140
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0140
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0145
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0145
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0145
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0150
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0150
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0150
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0155
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0155
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0155
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0160
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0160
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0165
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0165
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0165
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0170
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0170
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0170
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0175
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0175
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0175
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0180
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0180
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0180
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0185
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0185
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0185
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0190
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0190
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0195
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0195
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0825
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0825
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0825
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0830
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0830


52 E.N. Maginn et al. / Biochimica et Biophysica Acta 1846 (2014) 45–54
[44] H.E. Bryant, N. Schultz, H.D. Thomas, et al., Specific killing of BRCA2-deficient
tumours with inhibitors of poly(ADP-ribose) polymerase, Nature 434 (2005)
913–917.

[45] H. Farmer, N. McCabe, C.J. Lord, et al., Targeting the DNA repair defect in BRCA
mutant cells as a therapeutic strategy, Nature 434 (2005) 917–921.

[46] S.A. Hahn, B. Greenhalf, I. Ellis, et al., BRCA2 germline mutations in familial pancre-
atic carcinoma, J. Natl. Cancer Inst. 95 (3) (2003) 214–221.

[47] J. Iqbal, A. Ragone, J. Lubinski, et al., The incidence of pancreatic cancer in BRCA1
and BRCA2 mutation carriers, Br. J. Cancer 107 (12) (2012) 2005–2009.

[48] Z.K. Stadler, E. Salo-Mullen, S.M. Patil, et al., Prevalence of BRCA1 and BRCA2
mutations in Ashkenazi Jewish families with breast and pancreatic cancer, Cancer
118 (2) (2012) 493–499.

[49] A.L. Lucas, R. Shakya, M.D. Lipsyc, et al., High prevalence of BRCA1 and BRCA2
germline mutations with loss of heterozygosity in a series of resected pancreatic
adenocarcinoma and other neoplastic lesions, Clin. Cancer Res. 19 (13) (2013)
3396–3403.

[50] L. Huang, C. Wu, D. Yu, et al., Identification of common variants in BRCA2 and
MAP2K4 for susceptibility to sporadic pancreatic cancer, Carcinogenesis 34 (5)
(2013) 1001–1005.

[51] S. Jones, R.H. Hruban, M. Kamiyama, et al., Exomic sequencing identifies PALB2 as a
pancreatic cancer susceptibility gene, Science 324 (5924) (2009) 217.

[52] H.A. Burris III, M.J. Moore, J. Andersen, et al., Improvements in survival and clinical
benefit with gemcitabine as first-line therapy for patients with advanced pancreas
cancer: a randomized trial, J. Clin. Oncol. 15 (6) (1997) 2403–2413.

[53] E. Mini, S. Nobili, B. Caciagli, et al., Cellular pharmacology of gemcitabine, Ann.
Oncol. 17 (Suppl. 5) (2006) v7–v12.

[54] E. Giovannetti, V. Mey, S. Nannizzi, et al., Pharmacogenetics of anticancer drug
sensitivity in pancreatic cancer, Mol. Cancer Ther. 5 (6) (2006) 1387–1395.

[55] C.J. van Moorsel, H.M. Pinedo, G. Veerman, et al., Mechanisms of synergism
between cisplatin and gemcitabine in ovarian and non-small-cell lung cancer cell
lines, Br. J. Cancer 80 (7) (1999) 981–990.

[56] G.J. Peters, C.J. Van Moorsel, B. Lakerveld, et al., Effects of gemcitabine on cis-
platinum-DNA adduct formation and repair in a panel of gemcitabine and
cisplatin-sensitive or -resistant human ovarian cancer cell lines, Int. J. Oncol. 28
(1) (2006) 237–244.

[57] R. Agarwal, S.B. Kaye, Ovarian cancer: strategies for overcoming resistance to
chemotherapy, Nat. Rev. Cancer 3 (7) (2003) 502–516.

[58] C. Bernstein, H. Bernstein, C.M. Payne, et al., DNA repair/pro-apoptotic dual-role
proteins in five major DNA repair pathways: fail-safe protection against carcino-
genesis, Mutat. Res. 511 (2) (2002) 145–178.

[59] A.M. Bergman, V.W. Ruiz van Haperen, G. Veerman, et al., Synergistic interaction
between cisplatin and gemcitabine in vitro, Clin. Cancer Res. 2 (3) (1996) 521–530.

[60] L.Y. Yang, L. Li, H. Jiang, et al., Expression of ERCC1 antisense RNA abrogates
gemicitabine-mediated cytotoxic synergism with cisplatin in human colon tumor
cells defective in mismatch repair but proficient in nucleotide excision repair,
Clin. Cancer Res. 6 (2000) 773–781.

[61] M. Crul, R.C. vanWaardenburg, S. Bocxe, et al., DNA repair mechanisms involved in
gemcitabine cytotoxicity and in the interaction between gemcitabine and cisplatin,
Biochem. Pharmacol. 65 (2003) 275–282.

[62] M.A. Moufarij, D.R. Phillips, C. Cullinane, Gemcitabine potentiates cisplatin cytotox-
icity and inhibits repair of cisplatin-DNA damage in ovarian cancer cell lines, Mol.
Pharmacol. 63 (2003) 862–869.

[63] J.A. Ledermann, H. Gabra, G.C. Jayson, et al., Inhibition of carboplatin-induced DNA
interstrand cross-link repair by gemcitabine in patients receiving these drugs for
platinum-resistant ovarian cancer, Clin. Cancer Res. 16 (19) (2010) 4899–4905.

[64] J.A. Smith, A. Gaikwad, L.M. Ramondetta, et al., Determination of the mechanism of
gemcitabinemodulation of cisplatin drug resistance inpanel of human endometrial
cancer cell lines, Gynecol. Oncol. 103 (2) (2006) 518–522.

[65] L.P. Martin, T.C. Hamilton, R.J. Schilder, Platinum resistance: the role of DNA repair
pathways, Clin. Cancer Res. 14 (5) (2008) 1291–1295.

[66] P. Ceppi, M. Volante, S. Novello, et al., ERCC1 and RRM1 gene expressions but
not EGFR are predictive of shorter survival in advanced non-small-cell lung
cancer treated with cisplatin and gemcitabine, Ann. Oncol. 17 (12) (2006)
1818–1825.

[67] B. Holm, A. Mellemgaard, T. Skov, B.G. Skov, Different impact of excision repair
cross-complementation group 1 on survival in male and female patients with
inoperable non-small-cell lung cancer treated with carboplatin and gemcitabine,
J. Clin. Oncol. 27 (26) (2009) 4254–4259.

[68] H.W. Lee, Y.W. Choi, J.H. Han, et al., Expression of excision repair cross-
complementation group 1 protein predicts poor outcome in advanced non-small
cell lung cancer patients treated with platinum-based doublet chemotherapy,
Lung Cancer 65 (3) (2009) 377–382.

[69] C. Reynolds, C. Obasaju, M.J. Schell, et al., Randomized phase III trial of gemcitabine-
based chemotherapy with in situ RRM1 and ERCC1 protein levels for
response prediction in non-small-cell lung cancer, J. Clin. Oncol. 27 (34) (2009)
5808–5815.

[70] A.C. Vilmar, E. Santoni-Rugiu, J.B. Sørensen, ERCC1 and histopathology in advanced
NSCLC patients randomized in a large multicenter phase III trial, Ann. Oncol. 21 (9)
(2010) 1817–1824.

[71] M. Joerger, D. deJong, A. Burylo, et al., Tubulin, BRCA1, ERCC1, Abraxas, RAP80
mRNA expression, p53/p21 immunohistochemistry and clinical outcome in
patients with advanced non small-cell lung cancer receiving first-line platinum-
gemcitabine chemotherapy, Lung Cancer 74 (2) (2011) 310–317.

[72] W.Y. Liao, J.Y. Shih, G.C. Chang, et al., Genetic polymorphism of XRCC1 Arg399Gln
is associated with survival in non-small-cell lung cancer patients treated with
gemcitabine/platinum, J. Thorac. Oncol. 7 (6) (2012) 973–981.
[73] G.B. Zhang, J. Chen, L.R. Wang, et al., RRM1 and ERCC1 expression in peripheral
blood versus tumor tissue in gemcitabine/carboplatin-treated advanced non-
small cell lung cancer, Cancer Chemother. Pharmacol. 69 (5) (2012)
1277–1287.

[74] C. Welsh, R. Day, C. McGurk, et al., Reduced levels of XPA, ERCC1 and XPF DNA
repair proteins in testis tumor cell lines, Int. J. Cancer 110 (3) (2004) 352–361.

[75] S. Usanova, A. Piée-Staffa, U. Sied, et al., Cisplatin sensitivity of testis tumour cells is
due to deficiency in interstrand-crosslink repair and low ERCC1-XPF expression,
Mol. Cancer 9 (2010) 248.

[76] J. Mendoza, J. Martínez, C. Hernández, et al., Association between ERCC1 and XPA
expression and polymorphisms and the response to cisplatin in testicular germ
cell tumours, Br. J. Cancer 109 (1) (2013) 68–75.

[77] R. Rosell, L. Crino, K. Danenberg, et al., Targeted therapy in combination with
gemcitabine in non-small cell lung cancer, Semin. Oncol. 30 (4 Suppl. 10) (2003)
19–25.

[78] H.K. Chew, J.H. Doroshow, P. Frankel, et al., Phase II studies of gemcitabine and
cisplatin in heavily and minimally pretreated metastatic breast cancer, J. Clin.
Oncol. 27 (13) (2009) 2163–2169.

[79] S.H. Kim, G.W. Lee, M.J. Lee, et al., Clinical significance of ERCC2 haplotype-tagging
single nucleotide polymorphisms in patients with unresectable non-small cell lung
cancer treated with first-line platinum-based chemotherapy, Lung Cancer 77 (3)
(2012) 578–584.

[80] S. Ren, S. Zhou, F. Wu, et al., Association between polymorphisms of DNA repair
genes and survival of advanced NSCLC patients treated with platinum-based
chemotherapy, Lung Cancer 75 (1) (2012) 102–109.

[81] A. Avan, P. Pacetti, M. Reni, et al., Prognostic factors in gemcitabine-cisplatin
polychemotherapy regimens in pancreatic cancer: XPD-Lys751Gln polymorphism
strikes back, Int. J. Cancer 133 (4) (2013) 1016–1022.

[82] S.K. Maithel, I. Coban, P.J. Kneuertz, et al., Differential expression of ERCC1 in
pancreas adenocarcinoma: high tumor expression is associated with earlier
recurrence and shortened survival after resection, Ann. Surg. Oncol. 18 (9) (2011)
2699–2705.

[83] H. Akita, Z. Zheng, Y. Takeda, et al., Significance of RRM1 and ERCC1 expression in
resectable pancreatic adenocarcinoma, Oncogene 8 (32) (2009) 2903–2909.

[84] M.E. Valsecchi, T. Holdbrook, B.E. Leiby, et al., Is there a role for the quantification of
RRM1 and ERCC1 expression in pancreatic ductal adenocarcinoma? BMC Cancer 12
(2012) 104–114.

[85] H. Kamikozuru, H. Kuramochi, K. Hayashi, et al., ERCC1 codon 118 polymorphism is
a useful prognostic marker in patients with pancreatic cancer treated with
platinum-based chemotherapy, Int. J. Oncol. 32 (5) (2008) 1091–1096.

[86] A. Mancuso, S. Sacchetta, P.C. Saletti, et al., Clinical and molecular determinants
of survival in pancreatic cancer patients treated with second-line chemotherapy:
results of an Italian/Swiss multicenter survey, Anticancer Res. 30 (10) (2010)
4289–4295.

[87] R. de las Peñas, M. Sanchez-Ronco, V. Alberola, et al., Polymorphisms in DNA repair
genes modulate survival in cisplatin/gemcitabine-treated non-small-cell lung
cancer patients, Ann. Oncol. 17 (4) (2006) 668–675.

[88] D. Li, H. Liu, L. Jiao, et al., Significant effect of homologous recombination DNA
repair gene polymorphisms on pancreatic cancer survival, Cancer Res. 66 (6)
(2006) 3323–3330.

[89] R. Prevo, E. Fokas, P.M. Reaper, et al., The novel ATR inhibitor VE-821 increases
sensitivity of pancreatic cancer cells to radiation and chemotherapy, Cancer Biol.
Ther. 13 (11) (2012) 1072–1081.

[90] C.G. Engelke, L.A. Parsels, Y. Qian, et al., Sensitization of pancreatic cancer to
chemoradiation by the Chk1 Inhibitor MK8776, Clin. Cancer Res. 19 (16) (2013)
4412–4421.

[91] C.X. Ma, J.W. Janetka, H. Piwnica-Worms, Death by releasing the breaks: CHK1
inhibitors as cancer therapeutics, Trends Mol. Med. 17 (2) (2011) 88–96.

[92] L. Porcelli, A.E. Quatrale, P. Mantuano, et al., Optimize radiochemotherapy in pan-
creatic cancer: PARP inhibitors a new therapeutic opportunity, Mol. Oncol. 7 (3)
(2013) 308–322.

[93] R. Hill, P.W. Lee, The DNA-dependent protein kinase (DNA-PK): more than just a
case of making ends meet? Cell Cycle 9 (17) (2010) 3460–3469.

[94] E.A. Stronach, M. Chen, E.N. Maginn, et al., DNA-PK mediates AKT activation and
apoptosis inhibition in clinically acquired platinum resistance, Neoplasia 13 (11)
(2011) 1069–1080.

[95] F.J. Couch, M.R. Johnson, K.G. Rabe, et al., The prevalence of BRCA2 mutations in
familial pancreatic cancer, Cancer Epidemiol. Biomarkers Prev. 16 (2) (2007)
342–346.

[96] C.R. Ferrone, D.A. Levine, L.H. Tang, et al., BRCA germline mutations in Jewish
patients with pancreatic adenocarcinoma, J. Clin. Oncol. 27 (2009) 433–438.

[97] D.R. Fogelman, R.A. Wolff, S. Kopetz, et al., Evidence for the efficacy of Iniparib, a
PARP-1 inhibitor, in BRCA2-associated pancreatic cancer, Anticancer Res. 31 (4)
(2011) 1417–1420.

[98] M.A. Lowery, D.P. Kelsen, Z.K. Stadler, et al., An emerging entity: pancreatic adeno-
carcinoma associated with a known BRCAmutation: clinical descriptors, treatment
implications, and future directions, Oncologist 16 (10) (2011) 1397–1402.

[99] S.L. Edwards, R. Brough, C.J. Lord, et al., Resistance to therapy caused by intragenic
deletion in BRCA2, Nature 451 (7183) (2008) 1111–1115.

[100] E. Gallmeier, S.E. Kern, Absence of specific cell killing of the BRCA2-deficient
human cancer cell line CAPAN1 by poly(ADP-ribose) polymerase inhibition,
Cancer Biol. Ther. 4 (7) (2005) 703–706.

[101] D.A. Jacob, M. Bahra, J.M. Langrehr, et al., Combination therapy of poly (ADP-
ribose) polymerase inhibitor 3-aminobenzamide and gemcitabine shows strong
antitumor activity in pancreatic cancer cells, J. Gastroenterol. Hepatol. 22 (5)
(2007) 738–748.

http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0200
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0200
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0200
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0205
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0205
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0210
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0210
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0215
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0215
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0220
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0220
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0220
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0225
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0225
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0225
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0225
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0230
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0230
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0230
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0235
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0235
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0240
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0240
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0240
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0835
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0835
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0245
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0245
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0250
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0250
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0250
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0255
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0255
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0255
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0255
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0260
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0260
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0265
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0265
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0265
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0270
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0270
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0275
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0275
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0275
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0275
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0280
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0280
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0280
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0285
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0285
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0285
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0290
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0290
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0290
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0295
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0295
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0295
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0300
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0300
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0305
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0305
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0305
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0305
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0310
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0310
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0310
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0310
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0315
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0315
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0315
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0315
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0320
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0320
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0320
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0320
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0325
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0325
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0325
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0330
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0330
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0330
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0330
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0335
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0335
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0335
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0340
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0340
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0340
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0340
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0345
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0345
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0350
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0350
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0350
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0355
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0355
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0355
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0840
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0840
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0840
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0360
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0360
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0360
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0365
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0365
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0365
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0365
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0370
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0370
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0370
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0375
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0375
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0375
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0380
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0380
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0380
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0380
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0385
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0385
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0390
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0390
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0390
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0395
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0395
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0395
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0400
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0400
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0400
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0400
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0845
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0845
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0845
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0410
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0410
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0410
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0415
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0415
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0415
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0420
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0420
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0420
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0425
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0425
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0430
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0430
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0430
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0435
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0435
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0440
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0440
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0440
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0445
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0445
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0445
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0450
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0450
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0455
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0455
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0455
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0460
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0460
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0460
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0465
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0465
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0470
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0470
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0470
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0475
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0475
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0475
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0475


53E.N. Maginn et al. / Biochimica et Biophysica Acta 1846 (2014) 45–54
[102] T. Hirai, H. Shirai, H. Fujimori, et al., Radiosensitization effect of poly(ADP-ribose)
polymerase inhibition in cells exposed to low and high liner energy transfer radi-
ation, Cancer Sci. 103 (6) (2012) 1045–1050.

[103] Y. Drew, E.A. Mulligan, W.T. Vong, et al., Therapeutic potential of poly(ADP-ribose)
polymerase inhibitor AG014699 in human cancers with mutated or methylated
BRCA1 or BRCA2, J. Natl. Cancer Inst. 103 (4) (2011) 334–346.

[104] N. McCabe, C.J. Lord, A.N. Tutt, et al., BRCA2-deficient CAPAN-1 cells are extremely
sensitive to the inhibition of poly (ADP-ribose) polymerase: an issue of potency,
Cancer Biol. Ther. 4 (9) (2005) 934–936.

[105] C. Beger, M. Ramadani, S. Meyer, et al., Down-regulation of BRCA1 in chronic
pancreatitis and sporadic pancreatic adenocarcinoma, Clin. Cancer Res. 10 (11)
(2004) 3780–3787.

[106] W. Al-Sukhni, H. Rothenmund, A.E. Borgida, et al., Germline BRCA1 mutations
predispose to pancreatic adenocarcinoma, Hum. Genet. 124 (3) (2008) 271–278.

[107] T. Wang, S.C. Wentz, N.L. Ausborn, et al., Pattern of breast cancer susceptibility
gene 1 expression is a potential prognostic biomarker in resectable pancreatic
ductal adenocarcinoma, Pancreas 42 (6) (2013) 977–982.

[108] R. Buisson, A.M. Dion-Côté, Y. Coulombe, et al., Cooperation of breast cancer proteins
PALB2 and piccolo BRCA2 in stimulating homologous recombination, Nat. Struct.
Mol. Biol. 17 (10) (2010) 1247–1254.

[109] M.S. Gilardini Montani, A. Prodosmo, V. Stagni, et al., ATM-depletion in breast
cancer cells confers sensitivity to PARP inhibition, J. Exp. Clin. Cancer Res. 32 (1)
(2013) 95–105.

[110] M. Ihnen, C. zu Eulenburg, T. Kolarova, et al., Therapeutic potential of the
poly(ADP-ribose) polymerase inhibitor rucaparib for the treatment of sporadic
human ovarian cancer, Mol. Cancer Ther. 12 (6) (2013) 1002–1015.

[111] C.T. Williamson, E. Kubota, J.D. Hamill, et al., Enhanced cytotoxicity of PARP inhibi-
tion in mantle cell lymphoma harbouring mutations in both ATM and p53, EMBO
Mol. Med. 4 (6) (2012) 515–527.

[112] A.G. Patel, J.N. Sarkaria, S.H. Kaufmann,Nonhomologous end joining drives poly(ADP-
ribose) polymerase (PARP) inhibitor lethality in homologous recombination-
deficient cells, Proc. Natl. Acad. Sci. U. S. A. 108 (8) (2011) 3406–3411.

[113] M.A. Morgan, L.A. Parsels, L. Zhao, et al., Mechanism of radiosensitization by
the Chk1/2 inhibitor AZD7762 involves abrogation of the G2 checkpoint and inhibi-
tion of homologous recombinational DNA repair, Cancer Res. 70 (12) (2010)
4972–4981.

[114] S. Vance, E. Liu, L. Zhao, J.D. Parsels, et al., Selective radiosensitization of p53mutant
pancreatic cancer cells by combined inhibition of Chk1 and PARP1, Cell Cycle 10
(24) (2011) 4321–4329.

[115] E. Fokas, R. Prevo, E.M. Hammond, et al., Targeting ATR in DNA damage response
and cancer therapeutics, Cancer Treat. Rev. 40 (1) (2014) 109–117.

[116] L. Piao, H. Nakagawa, K. Ueda, et al., C12orf48, termed PARP-1 binding
protein, enhances poly(ADP-ribose) polymerase-1 (PARP-1) activity and protects
pancreatic cancer cells from DNA damage, Genes Chromosom. Cancer 50 (1)
(2011) 13–24.

[117] G.L. Moldovan, D. Dejsuphong, M.I. Petalcorin, et al., Inhibition of homologous re-
combination by the PCNA-interacting protein PARI, Mol. Cell 45 (1) (2012) 75–86.

[118] K.W. O'Connor, D. Dejsuphong, E. Park, et al., PARI overexpression promotes
genomic instability and pancreatic tumorigenesis, Cancer Res. 73 (8) (2013)
2529–2539.

[119] F. Klauschen, M. von Winterfeld, A. Stenzinger, et al., High nuclear poly-(ADP-
ribose)-polymerase expression is prognostic of improved survival in pancreatic
cancer, Histopathology 61 (3) (2012) 409–416.

[120] D.T. Chang, C.H. Chapman, J.A. Norton, et al., Expression of p16(INK4A) but not
hypoxia markers or poly adenosine diphosphate-ribose polymerase is associated
with improved survival in patients with pancreatic adenocarcinoma, Cancer 116
(22) (2010) 5179–5187.

[121] A. Riabinska, M. Daheim, G.S. Herter-Sprie, et al., Therapeutic targeting of a robust
non-oncogene addiction to PRDKC in ATM-defective tumours, Sci. Transl. Med. 5
(189) (2013) 189ra78.

[122] Y.H. Li, X. Wang, Y. Pan, et al., Inhibition of non-homologous end joining repair
impairs pancreatic cancer growth and enhances radiation response, PLoS One 7
(6) (2012) e39588.

[123] Y. Pommier, Drugging topoisomerases: lessons and challenges, ACS Chem. Biol. 8
(1) (2013) 82–95.

[124] D.J. Wagener, H.E. Verdonk, L.Y. Dirix, et al., Phase II trial of CPT-11 in patients with
advanced pancreatic cancer, an EORTC early clinical trials group study, Ann. Oncol.
6 (2) (1995) 129–132.

[125] H. Ueno, T. Okusaka, A. Funakoshi, et al., A phase II study of weekly irinotecan as
first-line therapy for patients with metastatic pancreatic cancer, Cancer
Chemother. Pharmacol. 59 (2007) 447–454.

[126] S.Y. Yi, Y.S. Park, H.S. Kim, et al., Irinotecan monotherapy as second-line treatment
in advanced pancreatic cancer, Cancer Chemother. Pharmacol. 63 (6) (2009)
1141–1145.

[127] Y. Cui, J.A. Brosnan, A.L. Blackford, et al., Genetically defined subsets of human
pancreatic cancer show unique in vitro chemosensitivity, Clin. Cancer Res. 18
(23) (2012) 6519–6530.

[128] W. Sun, M.R. Hewitt, M.R. Theobald, et al., A phase 1 study of fixed dose rate
gemcitabine and irinotecan in patients with advanced pancreatic and biliary
cancer, Cancer 110 (12) (2007) 2768–2774.

[129] B. Neri, G. Cipriani, R. Grifoni, et al., Gemcitabine plus irinotecan as first-line weekly
therapy in locally advanced and/or metastatic pancreatic cancer, Oncol. Res. 17
(11–12) (2009) 559–564.

[130] A. Lipton, C. Campbell-Baird, L. Witters, et al., Phase II trial of gemcitabine,
irinotecan, and celecoxib in patients with advanced pancreatic cancer, J. Clin.
Gastroenterol. 44 (4) (2010) 286–288.
[131] P. Pourquier, C. Gioffre, G. Kohlhagen, et al., Gemcitabine (2′,2′-difluoro-2′-
deoxycytidine), an antimetabolite that poisons topoisomerase I, Clin. Cancer Res.
8 (8) (2002) 2499–2504.

[132] T.A. Lawrie, R. Rabbie, C. Thoma, et al., Pegylated liposomal doxorubicin forfirst-line
treatment of epithelial ovarian cancer, Cochrane Database Syst. Rev. 10 (2013)
CD010482.

[133] D.E. Hansel, R. Ashfaq, A. Rahman, et al., A subset of pancreatic adenocarcinomas
demonstrates coamplification of topoisomerase IIalpha and HER2/neu: use of
immunolabeling andmulticolor FISH for potential patient screening andtreatment,
Am. J. Clin. Pathol. 123 (1) (2005) 28–35.

[134] E. Tsiambas, A. Karameris, D.G. Tiniakos, et al., Evaluation of topoisomerase IIa
expression in pancreatic ductal adenocarcinoma: a pilot study using chromo-
genic in situ hybridization and immunohistochemistry on tissue microarrays,
Pancreatology 7 (1) (2007) 45–52.

[135] J.S. Macdonald, J.L. Jacobson, M. Modiano, et al., A phase II trial of etoposide,
leucovorin, 5-FU, and interferon alpha 2b (ELFI)+G-CSF for patientswith pancreatic
adenocarcinoma: a Southwest Oncology Group study (SWOG 9413), Investig. New
Drugs 18 (3) (2000) 269–273.

[136] M. Reni, P. Passoni, M.G. Panucci, et al., Definitive results of a phase II trial of
cisplatin, epirubicin, continuous-infusion fluorouracil, and gemcitabine in stage
IV pancreatic adenocarcinoma, J. Clin. Oncol. 19 (10) (2001) 2679–2686.

[137] M. Reni, S. Cordio, C. Milandri, et al., Gemcitabine versus cisplatin, epirubicin, fluo-
rouracil, and gemcitabine in advanced pancreatic cancer: a randomised controlled
multicentre phase III trial, Lancet Oncol. 6 (6) (2005) 369–376.

[138] M.K. Melnik, C.P. Webb, P.J. Richardson, et al., Phase II trial to evaluate gemcitabine
and etoposide for locally advanced or metastatic pancreatic cancer, Mol. Cancer
Ther. 9 (8) (2010) 2423–2429.

[139] A. Mambrini, C. Bassi, T. Torri, et al., Systemic gemcitabine and capecitabine plus
intra-arterial epirubicin and cisplatin as second-line chemotherapy in gemcitabine-
failure pancreatic cancer, Pancreas 40 (6) (2011) 983–984.

[140] H. Lage, E. Aki-Sener, I. Yalcin, High antineoplastic activity of new heterocyclic
compounds in cancer cells with resistance against classical DNA topoisomerase
II-targeting drugs, Int. J. Cancer 119 (1) (2006) 213–220.

[141] J.R. Goodell, A.V. Ougolkov, H. Hiasa, et al., Acridine-based agents with topo-
isomerase II activity inhibit pancreatic cancer cell proliferation and induce apoptosis,
J. Med. Chem. 51 (2) (2008) 179–182.

[142] L.M. Oppegard, A.V. Ougolkov, D.N. Luchini, et al., Novel acridine-based compounds
that exhibit an anti-pancreatic cancer activity are catalytic inhibitors of human
topoisomerase II, Eur. J. Pharmacol. 602 (2–3) (2009) 223–229.

[143] M. de Campos-Nebel, I. Larripa, M. Gonzalez-Cid, Topoisomerase II-mediated DNA
damage is differently repaired during the cell cycle by non-homologous end join-
ing and homologous recombination, PLoS One 5 (9) (2010) (pii:e12541).

[144] M.E. Elguero, M. de Campos-Nebel, M. Gonzalez-Cid, DNA-PKcs-dependent NHEJ
pathway supports the progression of topoisomerase II poison-induced chromo-
some aberrant cells, Environ. Mol. Mutagen. 53 (8) (2012) 608–618.

[145] L. Conradt, A. Henrich, M. Wirth, et al., Mdm2 inhibitors synergize with topoisom-
erase II inhibitors to induce p53-independent pancreatic cancer cell death, Int. J.
Cancer 132 (10) (2013) 2248–2257.

[146] A. Bouska, C.M. Eischen, Mdm2 affects genome stability independent of p53,
Cancer Res. 69 (5) (2009) 1697–1701.

[147] A.S. Azmi, A. Aboukameel, S. Banerjee, et al., MDM2 inhibitor MI-319 in combina-
tion with cisplatin is an effective treatment for pancreatic cancer independent of
p53 function, Eur. J. Cancer 46 (6) (2010) 1122–1131.

[148] A.S. Azmi, S. Banerjee, S. Ali, et al., Network modeling of MDM2 inhibitor-
oxaliplatin combination reveals biological synergy in wt-p53 solid tumors,
Oncotarget 2 (5) (2011) 378–392.

[149] P. Fritsche, B. Seidler, S. Schüler, et al., HDAC2 mediates therapeutic resistance of
pancreatic cancer cells via the BH3-only protein NOXA, Gut 58 (10) (2009)
1399–1409.

[150] Y.W. Zhang, M. Regairaz, J.A. Seiler, et al., Poly(ADP-ribose) polymerase and
XPF-ERCC1 participate in distinct pathways for the repair of topoisomerase
I-induced DNA damage in mammalian cells, Nucleic Acids Res. 39 (9) (2011)
3607–3620.

[151] K. Yamanaka, Y. Sasagawa, T. Ogura, Recent advances in p97/VCP/Cdc48 cellular
functions, Biochim. Biophys. Acta 1823 (1) (2012) 130–137.

[152] M.N. Laguë, R. Romieu-Mourez, É. Bonneil, et al., Proteomic profiling of a mouse
model for ovarian granulose cell tumor identifies VCP as a highly sensitive serum
tumor marker in several human cancers, PLoS One 7 (8) (2012) e42470.

[153] S. Yamamoto, Y. Tomita, S. Nakamori, et al., Elevated expression of valosin-
containing protein (p97) in hepatocellular carcinoma is correlated with increased
incidence of tumor recurrence, J. Clin. Oncol. 21 (2003) 447–452.

[154] C.W. Valle, T. Min, M. Bodas, et al., Critical role of VCP/p97 in the pathogenesis and
progression of non-small cell lung carcinoma, PLoS One 6 (12) (2011) e29073.

[155] Y. Liu, Y. Hei, Q. Shu, et al., VCP/p97, down-regulated by microRNA-129-5p, could
regulate the progression of hepatocellular carcinoma, PLoS One 7 (4) (2012)
e35800.

[156] J. Hannah, P. Zhou, Regulation of DNA damage response pathways by the cullin-
RING ubiquitin ligases, DNA Repair (Amst) 8 (4) (2009) 536–543.

[157] C. Kerzendorfer, A. Whibley, G. Carpenter, et al., Mutations in Cullin 4B result in a
human syndrome associated with increased camptothecin-induced topoisomerase
I-dependent DNA breaks, Hum. Mol. Genet. 19 (7) (2010) 1324–1334.

[158] Y. Huyen, O. Zgheib, R.A. Ditullio Jr., et al., Methylated lysine 79 of histone H3
targets 53BP1 to DNA double-strand breaks, Nature 432 (7015) (2004) 406–411.

[159] E.R. Barry, G.N. Corry, T.P. Rasmussen, Targeting DOT1L action and interactions in
leukemia: the role of DOT1L in transformation and development, Expert Opin.
Ther. Targets 14 (4) (2010) 405–418.

http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0480
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0480
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0480
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0485
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0485
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0485
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0490
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0490
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0490
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0495
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0495
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0495
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0500
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0500
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0505
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0505
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0505
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0510
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0510
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0510
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0515
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0515
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0515
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0850
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0850
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0850
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0525
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0525
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0525
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0530
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0530
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0530
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0535
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0535
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0535
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0535
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0540
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0540
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0540
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0545
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0545
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0550
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0550
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0550
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0550
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0555
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0555
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0560
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0560
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0560
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0565
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0565
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0565
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0570
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0570
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0570
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0570
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0855
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0855
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0855
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0575
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0575
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0575
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0580
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0580
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0585
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0585
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0585
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0590
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0590
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0590
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0595
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0595
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0595
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0600
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0600
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0600
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0605
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0605
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0605
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0610
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0610
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0610
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0615
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0615
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0615
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0620
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0620
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0620
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0625
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0625
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0625
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0630
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0630
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0630
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0630
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0635
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0635
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0635
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0635
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0640
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0640
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0640
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0640
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0645
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0645
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0645
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0650
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0650
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0650
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0655
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0655
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0655
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0660
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0660
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0660
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0665
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0665
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0665
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0670
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0670
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0670
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0675
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0675
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0675
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0860
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0860
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0860
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0680
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0680
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0680
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0685
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0685
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0685
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0690
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0690
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0695
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0695
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0695
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0700
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0700
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0700
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0705
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0705
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0705
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0710
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0710
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0710
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0710
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0715
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0715
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0720
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0720
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0720
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0725
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0725
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0725
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0730
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0730
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0735
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0735
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0735
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0740
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0740
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0745
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0745
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0745
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0750
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0750
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0755
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0755
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0755


54 E.N. Maginn et al. / Biochimica et Biophysica Acta 1846 (2014) 45–54
[160] J.L. Anglin, Y. Song, A medicinal chemistry perspective for targeting histone H3
lysine-79 methyltransferase DOT1L, J. Med. Chem. 56 (22) (2013) 8972–8983.

[161] G. Damia, L. Imperatori, M. Stefanini, M. D'Incalci, Sensitivity of CHO mutant cell
lines with specific defects in nucleotide excision repair to different anti-cancer
agents, Int. J. Cancer 66 (6) (1996) 779–783.

[162] G. Damia, G. Guidi, M. D'Incalci, Expression of genes involved in nucleotide excision
repair and sensitivity to cisplatin and melphalan in human cancer cell lines, Eur. J.
Cancer 34 (11) (1998) 1783–1788.

[163] W. Li, D.W. Melton, Cisplatin regulates the MAPK kinase pathway to induce
increased expression of DNA repair gene ERCC1 and increase melanoma
chemoresistance, Oncogene 31 (19) (2012) 2412–2422.

[164] E.M. McNeil, D.W. Melton, DNA repair endonuclease ERCC1-XPF as a novel thera-
peutic target to overcome chemoresistance in cancer therapy, Nucleic Acids Res.
40 (20) (2012) 9990–10004.

[165] K. Unsal-Kaçmaz, P.D. Chastain, P.P. Qu, et al., The human Tim/Tipin complex
coordinates an intra-S checkpoint response to UV that slows replication fork
displacement, Mol. Cell. Biol. 27 (8) (2007) 3131–3142.
[166] K.A. Urtishak, K.D. Smith, R.A. Chanoux, et al., Timeless maintains genomic stability
and suppresses sister chromatid exchange during unperturbed DNA replication,
J. Biol. Chem. 284 (13) (2009) 8777–8785.

[167] K.D. Smith, M.A. Fu, E.J. Brown, Tim-Tipin dysfunction creates an indispensible
reliance on the ATR-Chk1 pathway for continued DNA synthesis, J. Cell Biol. 187
(1) (2009) 15–23.

[168] X. Yang, P.A. Wood, W.J. Hrushesky, Mammalian TIMELESS is required for ATM-
dependent CHK2 activation and G2/M checkpoint control, J. Biol. Chem. 285 (5)
(2010) 3030–3034.

[169] K. Yoshida, M. Sato, T. Hase, et al., TIMELESS is overexpressed in lung cancer and
its expression correlates with poor patient survival, Cancer Sci. 104 (2) (2013)
171–177.

[170] D. Relles, J. Sendecki, G. Chipitsyna, et al., Circadian gene expression and clinico-
pathologic correlates in pancreatic cancer, J. Gastrointest. Surg. 17 (3) (2013)
443–450.

http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0760
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0760
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0765
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0765
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0765
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0770
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0770
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0770
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0775
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0775
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0775
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0780
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0780
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0780
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0785
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0785
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0785
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0790
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0790
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0790
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0795
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0795
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0795
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0800
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0800
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0800
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0805
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0805
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0805
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0810
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0810
http://refhub.elsevier.com/S0304-419X(14)00038-9/rf0810

	Opportunities for translation: Targeting DNA repair pathways in pancreatic cancer
	1. Introduction
	2. DNA damage response/repair (DDR) pathways as chemotherapeutic targets in PDAC
	3. Gemcitabine and platinum compounds
	4. Targeting DNA repair directly: exploiting DDR deficiencies
	4.1. PARP inhibition
	4.2. DNA-PKcs inhibition

	5. Topoisomerase Inhibition
	6. Potential novel therapeutic targets for PDAC
	7. Conclusion
	Acknowledgements
	References


