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1. Introduction

Pancreatic cancer is one of the most lethal forms of cancer and it is estimated that there will
be about 44,000 new cases in US in the year 2011. With 37,600 estimated deaths in 2011,
pancreatic cancer is the fourth leading cause of cancer related deaths in US (American Cancer
Society, 2011). In spite of numerous efforts, the 5-year survival rate for pancreatic cancer has
not improved much for the last few decades. The suggested reasons for low survival among
the pancreatic cancer patients include late disease diagnosis, highly invasive and metastatic
nature, lack of effective therapies, and acquisition of resistant characteristics (American cancer
Society 2007; Moore, et al., 2003, NIH 2007). Only two drugs - gemcitabine (GEM) and 5-
fluorouracil (5FU) - have been shown to improve the survival of patients consistently. 5FU
was the first drug to be approved as adjuvant therapy for pancreatic cancer (Kalser and
Ellenberg, 1985, Moertel, et al., 1981). Since then, GEM has been used as the first line
chemotherapeutic drug for pancreatic cancer. However, GEM treatment does not always
provide extended survival benefits. A study found that in post-operative patients, GEM
treatment increased the survival by merely 6 months (Shore, et al., 2003). 5FU is also widely
used as an adjuvant and neoadjuvant chemotherapeutic agent to treat pancreatic cancers
(Ahlgren, 1996, Blaszkowsky, 1998; Snady, et al., 2000).

Although the cell death mechanisms induced by GEM and 5FU are well understood, their
efficacy is limited due to the acquisition of drug-resistant characteristics by the cancer cells.
Various molecular mechanisms have been suggested to play a role in development of
resistance against these drugs. Upregulation of Akt (protein kinase B), NFkB, MDR (p-
glycoprotein) and hypoxia have been shown to impart resistance against GEM (Bergman, et
al., 2002; Galmarini, et al., 2002; Garcia-Manteiga, et al., 2003; Nakano, et al., 2007; Yokoi and
Fidler, 2004). Similarly, modulation of thymidylate synthetase (TS), dihydropyrimidine
dehydrogenase (DPDY), MAPK, p53 and src imparts S5FU resistant characteristics to
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144 Pancreatic Cancer — Molecular Mechanism and Targets

pancreatic cancer cells (Eisold, et al., 2004; Kang and Saif, 2008, Zhang, et al., 2008; Zhao, et al.,
2006b). Epidermal growth factor receptor (EGFR) is a mitogenic receptor which has also
been shown to provide cancer cells with proliferative and anti-apoptotic advantage (Arteaga,
2001; Citri and Yarden, 2006). EGFR is found to be upregulated in pancreatic cancer patients’
tumors and the levels of EGFR correlate with aggressiveness and poor prognosis of the
disease (Yamanaka, et al., 1993).

2. Pancreatic cancer chemotherapy

In spite of numerous efforts, the 5-year survival rate for pancreatic cancer has not improved
much for last few decades. One reason contributing to this is the lack of chemotherapeutic
agents which would effectively improve the survival of patients (American Cancer Society,
2011; Moore, et al., 2003).

2.1 Gemcitabine

Gemcitabine (2’, 2'- difluorodeoxycytidine) is a difluoro analog of deoxycytidine and is the
first line chemotherapeutic agent used in the treatment of pancreatic cancer cells. In 1997, a
randomized trial found gemcitabine to have better clinical benefit response of 23.8% to 4.8%
when compared to 5-fluorouracil. In the same study, the median survival for gemcitabine
treated patients was 5.65 months versus 4.41 months for 5FU treated subjects. Comparative
12-month survival was also increased in gemcitabine patients (18% to 2% for 5FU) (Burris, et
al., 1997). Gemcitabine is used either alone or in combination with other agents in the
treatment of pancreatic cancer.

Gemcitabine (2’, 2’ difluorodeoxycytidine, dFdC)
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dCK: deoxycytidine kinase; dFdCMP: difluorodeoxycytidine monophosphate; dFdCDP:
difluorodeoxycytidine diphosphate; dFACTP: difluorodeoxycytidine triphosphate; CTP: cytidine
triphosphate; CDP: cytidine diphosphate.
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Fig. 1. Gemcitabine mechanism of action
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Failure of Pancreatic Cancer Chemotherapy: Consequences of Drug Resistance Mechanisms 145

Gemcitabine mainly acts by three mechanisms as shown in figure 1. First, it forms dFdCTP
(di-fluorodeoxycytidine triphosphate) by the action of enzyme deoxycytidine kinase (dCK).
dFACTP competes with cytidine triphosphate (CTP) to get incorporated into the DNA.
Secondly, its diphosphate metabolite (d{FdCDP) inhibits ribonucleotide reductase, further
preventing the formation of triphosphate nucleotide. Thirdly, triphosphate metabolite
(dFACTP) inhibits DNA polymerase which is important for DNA repair (Huang, et al., 1991;
Kang and Saif, 2008). Gemcitabine enters the cell via human equillibrative nucleotide
transporter 1 (hENT1) (Mackey, et al., 1998). Patients with detectable expression of hENT had
significantly longer survival than patients with low levels or absence of this protein
(Spratlin, et al., 2004).

2.2 5-Fluorouracil (5FU)

5FU belongs to the antimetabolite class of chemotherapeutic drug and is structurally similar
to the uracil molecule with an additional fluorine atom at position 5. The drug 5FU gets mis-
incorporated into DNA and RNA and also prevents nucleic acid synthesis by inhibiting the
enzyme thymidylate synthase (TS). 5FU was the first drug to be approved as an adjuvant
therapy for the treatment of pancreatic cancer. Combination of 5FU to radiation therapy
increased the survival (10 months vs 6 months, no drug treatment) of pancreatic cancer
patients with locally unresectable cancer (Kalser and Ellenberg, 1985, Moertel, et al., 1981).
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dUMP: deoxyuridine monophosphate; THF: tetrahydrofolate; dTMP: deoxythymidine monophosphate;
DHE: dihydrofolic acid; DPDY: dihyropyrimidine dehydrogenase; dTTP: deoxythymidine triphosphate;
TS: thymidylate synthetase; 5FU: 5-fluorouracil.

Fig. 2. 5FU mechanism of action
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146 Pancreatic Cancer — Molecular Mechanism and Targets

Due to structural similarity, 5FU enters the cell using the same facilitator transporter as
uracil (Diasio and Harris, 1989; Santi, et al., 1974; Wohlhueter, et al., 1980). Once inside the cell
(Fig. 2), it forms various metabolites. Among these metabolites, fluorodeoxyuridine
monophosphate (FAUMP), fluorodeoxyuridine triphosphate (FAUTP) and fluorouridine
triphosphate (FUTP) are the active metabolites which disrupt RNA synthesis and inhibit TS.
5, 10-Methylenetetrahydrofolate (CH2THF) acts as the methyl donor for the conversion of
dUMP to dTMP. 5FU binds to TS resulting in depletion of deoxythymidine triphosphate
(dTTP) which further causes depletion in the levels of dATP, dCTP and dGTP. Imbalance in
the ATP/dTTP ratio leads to disruption of DNA synthesis and repair (Diasio and Harris,
1989; Howell, et al., 1981; JL, 1996, Santi, et al., 1974).

3. Anticancer drug specific resistance
3.1 Gemcitabine resistance

Resistance to chemotherapeutic agents is observed commonly in mammalian tumors.
Resistance can arise de novo or can be acquired after drug exposure. The vast genetic
heterogeneity of cancer cells is considered to be the reason for the acquired resistance (Casa,
et al., 2008). Cancer cells can acquire resistance against a drug through various mechanisms.
It can prevent a drug’s entry into the cell or increase its exit from the cell. Once the drug is
inside the cell, it can be degraded into inactive metabolites by over-expression of the
catabolic enzyme or by inhibiting the activity of the enzyme responsible for converting the
pro-drug into an active agent (Gottesman, 2002). Drug resistance is one of the important
factors responsible for low survival rate of pancreatic cancer patients. Numerous studies
over the past two decades have suggested that pancreatic cancer is associated with various
genetic alterations which contribute to its resistant characteristics (Almoguera, et al., 1988;
Feldmann, et al., 2007; Hruban and Fukushima, 2007). Some of these mechanisms are listed in
table 1:

Mechanisms | 5-Fluoruracil (Santi, McHenry et al. 1974; Gemcitabine (Bergman,
Wohlhueter, Mclvor et al. 1980; Howell, Pinedo et al. 2002;
Mansfield et al. 1981; Diasio and Harris Galmarini, Clarke et al.
1989; Lowe, Ruley et al. 1993; JL 1996; 2002; Garcia-Manteiga,
Ahnen, Feigl et al. 1998; Lenz, Hayashi et al. | Molina-Arcas et al. 2003;
1998; Bunz, Hwang et al. 1999; Eisold, Yokoi and Fidler 2004;
Linnebacher et al. 2004; Nakano,
Zhang, Yin et al. 2008) Tanno et al. 2007)

MOA Thymidylate synthetase Ribonucleotide reductase

related

Transporters | MRP 3 and 5 MDR1

Molecular Akt, src Akt, NF «B, src

Table 1. Suggested mechanisms for drug resistance in pancreatic cancer

Some of the markers of gemcitabine resistance include decreased expression of dCK,
increased levels of competing dCTP, low levels of hENT, and alteration of PI3K/Akt/NFxB
pathway, FAK, and hypoxia (Almoguera, et al., 1988; Feldmann, et al., 2007; Hruban and
Fukushima, 2007)
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Failure of Pancreatic Cancer Chemotherapy: Consequences of Drug Resistance Mechanisms 147

3.2 5FU resistance

Resistance to 5FU induced cytotoxicity or cancer cells’ response to 5FU treatment is
controlled/characterized by various factors (Kang and Saif, 2008; Zhang, et al., 2008), as
discussed below.

3.2.1 Thymidylate Synthase (TS)

TS controls several aspects of a tumor’s response to 5FU therapy. Increase in the TS level can
reduce the accumulation of activated metabolites of 5FU and hence reduce toxicity. Also,
mutation of the enzyme can decrease 5FU’s affinity to TS. TS overexpression is considered
as a major mechanism responsible for 5FU resistance. Decreased levels of reduced folate
substrate, 5,10-methyltetrahydrofolate, also reduces 5FU response.

3.2.2 Dihydropyrimidine dehydrogenase (DPDY)

Increase in the activity of DPDY can increase the catabolism of 5FU leading to its
inactivation. Other studies have shown that low-DPDY tumors are more responsive to 5FU
treatment.

3.2.3 Slow down of cell cycle

This mechanism can prevent the incorporation of 5FU metabolites in the cells and provide
the cells with sufficient time to correct the misincorporated nucleotides.

3.2.4 Human Equilibrative Nucleoside Transporters (hENT)

These transporters are important for delivery of 5FU from the extra-cellular space into cells.
Levels of hENT1 has been correlated with pancreatic cancer cell sensitivity to 5FU response
and few studies have suggested that hENT plays an important role in 5FU resistance.
hENT1 mRNA levels are suggested to be a useful marker to predict 5FU sensitivity (Kang
and Saif, 2008; Zhang, et al., 2008)

3.2.5 Other factors causing 5FU resistance
Mutated p53

This tumor suppressor gene, which is mutated in 30-70 % of pancreatic cancer cases, can
affect 5FU response in pancreatic cancer cases. Wild type p53 expression is required for 5FU-
induced apoptosis and p53 status of tumor cells can determine the response to 5FU-based
chemotherapy (Ahnen, et al., 1998; Bunz, et al., 1999; Lenz, et al., 1998; Lowe, et al., 1993).
Another study found that transfection of pancreatic cancer cells with wild type p53
synergistically enhances the cytotoxicity of 5FU both in vivo and in vitro. The same study
also showed that pancreatic cancer cell line with wild type p53 status was more sensitive to
5FU as compared to the p53 mutated line (Eisold, et al., 2004).

Mutated EGFR-Ras-MAPK cascade

This signaling pathway is important for growth, survival and proliferation of cells. The
signaling cascade is found to be mutated at various levels in pancreatic cancer, leading to
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148 Pancreatic Cancer — Molecular Mechanism and Targets

over-activation of the pathway and hence increased growth and proliferation of the cancer
cells (References). Protein expression of members of this pathway can modulate the
cytotoxic effect of 5FU on pancreatic cancer cells. Blockade of EGFR increases the
cytotoxicity of 5FU in both in wvivo and in vitro conditions (Ouverholser, et al., 2000).
Furthermore, activation of MAPK reduces the sensitivity of pancreatic cancer cells to 5FU
treatment in vitro (Wey, et al., 2005). K-ras mutation is the hallmark of pancreatic cancer and
occurs early during the development of pancreatic neoplasia. Ras-mutated pancreatic cells
have shown to respond better to 5FU treatment as compared to their non-ras-transformed
counterparts (Hiwasa, et al., 1996).

4. Relationship of resistance to cellular processes

The mechanisms involved in drug resistance in pancreatic cancer are different for different
drugs. In a broad sense, drug resistance in pancreatic cancer can be linked to modulation of
enzymes, receptors, DNA repair and other processes. These are discussed in depth in this
section. For drugs to be effective, they should be transported successfully into the cells,
reach their respective effective concentrations and should form their active forms before
they are transported out of cells (Longley, et al., 2003; Plunkett, et al., 1995)

4.1 Enzyme linked mechanisms

The expression levels of the enzyme DCK determines the patient survival and the sensitivity
of a tumor to gemcitabine (Hagmann, et al., 2010a; Plunkett, et al., 1995). HuR is a RNA-
binding protein that modulates the translation of DCK mRNA and multiple other proto-
oncogenic proteins in cancer cells (Williams, et al., 2010). Modulation of mRNA is dependent
on stress conditions and includes the presence of therapeutic agents. Expression of HuR
increases in pancreatic cancer cells treated with gemcitabine and an increased level of HuR
in the cytoplasm is a marker of gemcitabine sensitivity (Costantino, et al., 2009). pp32 is a
protein phosphatase and tumor suppressor gene that regulates the post- transcriptional
activity of mRNA to which the HuR protein binds. Although the exact mechanism by which
pp32 regulates HuR is yet to be unveiled, researchers have cited possible ways by which
pp32 regulates the post-transcriptional changes of transcribed mRNA. The possibilities
include: a) disrupting the interaction of HuR with mRNA in the nucleus, b) inhibiting
translocation of the HuR-bound mRNA into cytosol and thereby inhibiting translation of
oncogenic proteins, and other possible mechanisms (References). Overexpression of pp32
can result in inhibition of dCK mRNA translation and hence poor gemcitabine efficacy
(Williams, et al., 2010).

Thymidylate synthetase (TS) controls a tumor’s response to 5FU therapy. Increase in the TS
level can reduce the accumulation of activated metabolites of 5FU and hence reduce toxicity.
Additionally, mutation of the enzyme can decrease its affinity to TS. TS overexpression is
considered as a major mechanism responsible for 5FU resistance. Decreased levels of
reduced folate substrate, 5,10-methyltetrahydrofolate, also reduces 5FU response (Zhang, et
al., 2008).

Increase in the activity of dihydropyrimidine dehydrogenase (DPDY) can increase the
catabolism of 5FU leading to its inactivation. Few studies have shown that low-DPDY
tumors are more responsive to S5FU treatment.
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5FU resistance can result from induction of TS levels upon administration of 5FU which
brings about the activation of autoregulatory feedback pathway where the TS protein
regulates the translation of its mRNA. The salvage pathway involving the enzyme
thymidine kinase, the biochemical reaction in which thymidylate is derived from thymidine
could be one of the ways the cells acquire resistance to 5FU. (Zhang, et al., 2008)

4.2 Receptor linked mechanisms
4.2.1 Drug uptake

Due to structural similarity to the nucleosides, a drug can enter the cells through uptake by
the concentrative nucleoside transporters (CNT's) and equilibrative nucleoside transporters
(ENT's). CNT1 and CNT3 have high affinity for gemcitabine whereas ENT1 and ENT2 have
lower affinity for gemcitabine. Pancreatic tumor cells exhibit higher expression levels of
ENT1 but low to negligible levels of CNT 3. This phenotype affects the transport of
gemcitabine into the cancer cells and ultimately gemcitabine’s action on DNA and RNA
synthesis. The expression levels of ENT1 and CNT3 provide an index of patient survival
after gemcitabine treatment (Hagmann, et al., 20100).

In the case of 5FU, resistance was found to be imparted due to overexpression of ENT1. A
study using 7 pancreatic cancer cell lines (AsPC1, BxPC3, MiaPaCa-2, PSN1, Pancl, PCI6,
and KMP-4) reported an increased expression of ENT1 mRNA, which correlated with the
ICsp of 5FU in the AsPCl1 cell line, a cell line most resistant to 5FU among the cell lines tested
(Tsujie, et al.; 2007). Thymidylate synthase (a target of 5FU) and dihydropyrimidine
dehydrogenase (DPDY), which metabolizes 5FU, were not overexpressed with simultaneous
overexpression of ENT1: this phenotype implies that the toxicity of 5FU was countered by
increased uptake of nucleosides and nucleotide bases through the salvage pathway (Tsu;jie,
et al., 2007). It is therefore widely accepted that ENT1 overexpression serves as a marker of
5FU resistance (Huber-Ruano and Pastor-Anglada, 2009; Tsujie, et al., 2007).

4.2.2 Drug efflux

Drug efflux is one of the potential means by which cancer cells exhibit chemoresistance: it is
mediated by a family of proteins, ATP binding cassette (ABC) proteins, which involve ATP
utilization (Wu, et al., 2008). The human genome encodes 49 members of this protein family
and about 15 proteins are implicated in cancer chemoresistance. These transporters have an
intracellular nucleotide binding domain that hydrolyses ATP and results in conformational
change in its structure leading to the transmembrane domain forming a channel-like structure
through which the drug is effluxed to the extracellular space(Santisteban, 2010). P glycoprotein,
multidrug resistance associated protein (MRP1) and breast cancer resistance protein (BCRP)
constitute the universal drug efflux transporters (Santisteban, 2010; W, et al., 2008).

The efflux of gemcitabine and its triphosphate metabolite is mediated by multidrug resistant
protein 5 (MRP5), which is a member of the ATP binding cassette (ABC) family of proteins.
Evidences in support of the role of MRP3, MRP4 and MRPS5 in the efflux of etoposide, 5FU
and gemcitabine suggest that these MRP's are directly linked with the resistance phenotype
(Hagmann, et al., 2010a; Hagmann, et al., 2010b). Transcriptional regulation of MRP's by
nuclear factor like 2 protein (Nrf2) is an important target to overcome resistance because
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overexpression of Nrf2 is associated with increased resistance of cells towards
chemotherapy-induced cell death (Hagmann, et al., 2010a).

Evidences in support of overexpression of these transporters in cancer stem cells and failure
of the classical concept of direct inhibition of transporters in resistant cells using the first
generation inhibitors like verapamil and quinidine and second generation inhibitors like
valspodar and biricodar have led researchers to focus on the pathways that may be involved
(Santisteban, 2010).

4.3 Role of hedgehog pathway in resistance

Hedgehog signaling between the tumor cells and stromal cells brings about a desmoplastic
reaction where the stromal fibroblasts secrete collagen in higher amounts and result in
fibrosis of the surrounding stromal tissue. Hedgehog signaling also has a key role in
promoting epithelial mesenchymal transition and the acquisition of mesenchymal
phenotype is associated with over expression of ABC transporters in breast cancer and in
pancreatic adenocarcinoma (Santisteban, 2010). Studies using KPC (Kras and p53 mutant)
mice with PDAC (Pancreatic Ductal Adenocarcinoma) highlighted the role of hedgehog
pathway in resistance aided by the desmoplastic reaction where the mean vascular density
to the tumor tissue decreased and resulted in decreased delivery of gemcitabine to the
tumor tissue (Olive, et al., 2009). Use of a pathway inhibitors like cyclopamine derivatives,
that inhibit the protein smoothened, which is downstream of hedgehog signaling prevents
transcriptional activation of target genes that bring about resistance by promoting
overexpression of ABC transporters and by preventing desmoplasia (Olive, et al., 2009;
Santisteban, 2010).

4.4 Role of MAPK in resistance

Three types of mitogen activated protein kinases (MAPK) have been identified in humans,
including the extracellular signal regulated kinases (ERK), c-Jun N-terminal kinases and the
p38 MAP kinases and all these act by serine/threonine phosphorylation of target proteins
(Wagner and Nebreda, 2009). Interestingly, ERK pathway activation promotes survival while
activation of JNK and p38 MAPK pathways induce apoptotic cell death as they are activated
under stress conditions (IWagner and Nebreda, 2009; Zhao, et al., 2006a). Involvement of
MAPKinase pathways in acquired chemoresistance has been studied by researchers but a
clear idea of the mechanisms involved has yet to be established. ERK pathway which is
downstream of EGFR signaling, promotes cell survival through its pro-survival signals which
may be responsible for chemoresistance. Employing the SW 1990 cell line, Zhao et al
demonstrated that ERK signaling regulates chemoresistance depending on the
chemotherapeutic agent. Resistant cell lines exhibit a higher level of ERK activity as compared
to sensitive cell lines and that inhibition of ERK pathway resulted in 5FU sensitivity but
increased GEM resistance. 5FU acts by activating intrinsic apoptotic pathway whereas GEM
induces cell death by activating extrinsic apoptotic pathway (Zhao, et al., 2006a).

4.5 Role of PI3K/Akt pathway in resistance

As opposed to earlier notions that drug resistance arises by increased drug metabolism or
efflux or decreased transport of the drugs into the cells, Ng et al.(2000), using PK1 and PK8
cell lines, demonstrated that the anti-apoptotic advantage of cells towards gemcitabine is
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conferred not by the classical resistance mechanisms alone but also by the activation of
PI3K/ Akt pathway when the intracellular concentration of gemcitabine was found to be
effective to affect DNA and cell cycle (Ng, et al., 2000). PI3K/ Akt pathway activation stems
from phosphorylation of receptor tyrosine kinases and the regulatory subunit of PI3K, the
p85 interacts with the active tyrosine kinase domains for activation. Activation of PI3K
results in phosphorylation of its substrates which includes phosphoinositides and protein
kinase B (PKB), otherwise called Akt. Phosphorylation of Akt and its subsequent nuclear
translocation results in transcriptional activation of genes that promote cell survival
(Hennessy, et al., 2005; Ng, et al., 2000). Apart from this mechanism, the phosphorylated Akt
is also shown to inactivate the pro-apoptotic protein BAD by phosphorylating it and thereby
giving the anti-apoptotic advantage to the cells. In addition, the activation of PI3K can also
occur by interaction of the catalytic subunit of PI3K (p110 subunit) with constitutively active
membrane bound Ras (Ng, et al., 2000).

4.6 Role of Zeb-1 in resistance

Zebl is a transcriptional suppressor of E-cadherin which is involved in cell-cell adhesion
and is the marker of epithelial cells. By doing so, it promotes epithelial-mesenchymal
transition (EMT) upon which the cells metastasize and form secondary tumors (Wellner, et
al., 2010). Epithelial mesenchymal transition is a process by which the tumor cells with
epithelial lineage origin acquire the mesenchymal phenotype. This process gives them an
advantage of migrating from the primary tumor site into the blood stream and
develop secondary tumors at various sites depending on the availability of suitable
microenvironment. The whole process is called metastasis which is dependent on EMT.
During EMT, the epithelial cells lose epithelial cell surface markers, express mesenchymal
markers and undergo cytoskeletal remodeling in which the cell polarity, a characteristic of
the epithelial cells, is lost and the cells acquire an invasive phenotype. Downregulation of E-
cadherin and upregulation of mesenchymal markers vimentin, smooth muscle actin,
gamma-actin, beta-filamin, talina and extracellular matrix components like fibronectin and
collagen precursors are key features of EMT (Christiansen and Rajasekaran, 2006, Kalluri and
Weinberg, 2009).

Recent studies on the role of Zeb-1 by Arumugam et al. (2009) confirmed the role of Zeb-1 not
only in promoting metastasis but also in drug resistance. This group found that the cancer
cell lines which are sensitive to gemcitabine (L3.6pl, BxPC3, CFPAC, SU86.86) are more
sensitive to 5FU and cisplatin as compared to the gemcitabine-resistant cancer cell lines
(PANC-1, Hs766T, AsPC-1, MIAPaCa-2, MPanc96). When Zeb-1 activity was silenced using
siRNA in PANC1, MIAPaCA-2 and Hs766T cell lines, there was increased apoptosis in these
cell lines on treatment with gemcitabine, 5FU or cisplatin, separately. This finding suggests
an important role for Zeb-1 in drug resistance. Erlotinib is an EGFR inhibitor that is used in
combination with gemcitabine to treat pancreatic cancer. Resistance to EGFR inhibition is a
hallmark of EMT which can be reverted by silencing the activity of Zeb-1, which in turn
increases sensitivity of the cells to EGFR inhibition (Arumugam, et al., 2009).

4.7 Role of NFkB in inducing gemcitabine resistance

Nuclear factor kappa light chain enhancer of activated B-cells (NFxB) is a complex involved
in important cellular processes like inflammation, apoptosis regulation and stress
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adaptation. In the cell, it is present tightly bound to inhibitory proteins like IkBa and is
released in response to stimuli that bring about activation of IkB kinase (IKK). The free
cytosolic NFxB then translocates into the nucleus where it regulates gene expression. The
role of NFxB in gemcitabine resistance has been demonstrated. Arit et al. (2003), using
gemcitabine resistant (BxPC3 and Capanl) and gemcitabine sensitive (T3M4 and PT45-P1)
cell lines, found that the autocrine loops for generation of NF«B play an important role in
gemcitabine resistance. Employing NFxB inhibitors (MG132 or sulfasalazine), they found
basal NFxB levels confer resistance and the basal NFxB levels are not affected by the
activated or inactive state of PI3K/ Akt pathway (Arlt, et al., 2003).

4.8 Role of notch signaling in chemoresistance

Notch signaling is a developmental pathway which is implicated in organogenesis,
development of nervous and vascular systems and hematopoietic stem cell generation in
adults (Chiba, 2007). Notch signaling is important for self-renewal of stem cell and along with
Wnt signaling, it prevents terminal differentiation of cells (Katoh, 2007). Overactivity of Notch
signaling is observed in various hematopoietic and solid tumors leading to proliferation, and
inhibition of differentiation and apoptosis. In pancreatic cancer cells, Notch signaling is
implicated in drug resistance. Wang et al. found that components of Notch signaling pathway
are upregulated in gemcitabine resistant pancreatic cancer cells and are associated with
increase invasiveness (Bao, et al., 2011b; Wang, et al., 2009). Yao and Qian (2010) observed that
inhibition of Notch3 by the siRNA approach increases gemcitabine-induced cytotoxicity in
pancreatic cancer cell via affecting the PI3K/Akt pathway. The studies mentioned above
strongly suggest that cancer stem cell signaling pathways could be attractive targets for
increasing their sensitivity to chemotherapeutic agents (Bao, et al., 2011D).

4.9 Miscellaneous other mechanisms

A role of for the glycoprotein, mucin MUC4, in pancreatic cancer cell resistance to the first line
chemotherapeutic agent, gemcitabine has recently emerged. Mucin MUC4 is overexpressed on
the membrane of pancreatic cancer cells but not normal pancreatic cells (Santisteban, 2010).
Studies on this glycoprotein’s involvement in gemcitabine resistance have revealed the
interaction of this glycoprotein with the HER2 receptor and the subsequent activation of ERK
pathway and phosphorylation of the pro-apoptotic protein BAD which inhibits apoptosis
induced by gemcitabine (Ponnusamy, et al., 2008; Santisteban, 2010).

5. Overall strategies to overcome resistance
5.1 miRNA

miRNA (miR) are 18-24 nucleotide-long RNA molecules which can regulate the translation
of mature RNA into protein. They are synthesized as a 60-80 nucleotide-long, hairpin-
shaped RNA molecule which is transported to the cytoplasm where it undergoes processing
to form 18-24 nucleotide-long double stranded RNA molecule. One of the strands then
interacts with RN A-induced silenced complex (RISC) and targets RNA translation. Various
miRNAs have been demonstrated to play a role in development and cancer progression.
Dysregulation of miRNAs has also been observed in pancreatic cancer tissues and cell lines.
Bloomston et al. (2007) found that the levels of miRNAs can be used to differentiate between
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pancreatic tumor, chronic pancreatitis and benign pancreatic tissue. They also found that the
expression of six miRNAs can predict the survival of the pancreatic cancer patients
(Bloomston, et al., 2007). Zhang et al. (2009) profiled the levels of 95 miRNAs in pancreatic
tumors, pancreatic cancer cell lines, pancreatic tissues and pancreatic ductal epithelial cells.
They found that the expression of 8 miRNAs were significantly upregulated in pancreatic
cancer tissues and cancer cell lines compared to the pancreatic tissues and pancreatic ductal
cells (Zhang, et al., 2009).

Deregulated miRNA levels could serve as attractive targets for treatment of pancreatic
cancer. Moriyama et al. (2009) found that the level of miR21 is upregulated in pancreatic
cancer cells and its inhibition decreases proliferation, invasion, chemoresistance and induces
cell cycle arrest and apoptosis in pancreatic cancer cells. On the other hand, Banerjee et al.,
(2007) found that the expression of miRNAs can be modulated by natural compounds which
reduce EMT and chemoresistance in pancreatic cancer cells. These studies strongly suggest
that deregulated levels of miRNA in pancreatic cancer can be exploited as putative
therapeutic targets for overcoming pancreatic cancer drug resistance.

5.2 Stem cell signaling

Some studies have suggested that a tumor comprises of heterogeneous populations of cells
rather than just homogenous cell types. One subset is suggested to be distinct cells that have
limited proliferative capacity but are responsible for initiation, progression and
differentiation of cancer cells. Due to their ability to self-renew and differentiate like stem
cells, these cells are termed as “cancer stem cells.” There have been attempts with some
successes to isolate the cancer stem cells so that they can be employed to elucidate genotypic
and phenotypic characteristics as well as develop effective therapies to target to them
because of their ability to self-renew and their resistance to conventional chemo- and/or
radiation therapies.

Li et al. ( 2007) isolated pancreatic cancer cells which were highly tumorigenic and had the
ability to self-renew based on their cell surface markers. These cells (CD44*CD24* ESA¥)
comprises of 0.2-0.8% of all pancreatic cancer cells and were able to produce differentiated
progeny. Similarly, Herman et al. (2007) isolated pancreatic cancer stem cells which were
CD133+.

The cancer stem cells are known to be resistant to conventional chemo-radiation therapies.
Michor et al. showed that a subpopulation of chronic myeloid leukemia stem cells were
resistant to imatinib (Michor, et al., 2005). In glioblastoma, enrichment of CD133+ cells was
observed after treatment with ionizing radiation. These cells activate DNA damage response
upon irradiation and therefore are resistant to ionizing radiation (Bao, et al., 2006). Similarly,
enrichment of cells with stem cell characteristics is observed on treatment of pancreatic
cancer with radio- or chemotherapy (Hermann, et al., 2007; Li, et al., 2007).

5.3 Natural compounds for reversing resistance

Dietary habit of individuals has been correlated with development of pancreatic cancer.
High cholesterol diet increases the risk of pancreatic cancer (Baghurst, et al., 1991; Ghadirian,
et al., 1991; Howe, et al., 1992; Stolzenberg-Solomon, et al., 2002). Diet rich in fruits and
vegetables is associated with reduced risk while intake of red meat is associated with
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increased risk of developing pancreatic cancer (Boyle, et al., 1989; Inoue, et al., 2003; Ohba, et
al., 1996, Tavani, et al., 2000).

Various natural compounds have been tested for their anti-pancreatic cancer properties in
laboratory settings. Kunnumakkara et al. (2001) showed that curcumin inhibits NFxB
activation and increases the cytotoxicity of gemcitabine in vitro and in vivo. That study also
found that curcumin decreases the microvascular density thereby decreasing angiogenesis
(Kunnumakkara, et al., 2007). NFkB is involved in mediating resistance against gemcitabine
and TRAIL, which may explain the increase in cytotoxicity. Curcumin also increased the
accumulation of MRP5 substrate intracellularly in MRP5 positive cells; however, in the
absence of MRP5, drug accumulation was not observed. Additionally, curcumin increased
the cell’s sensitivity to 5FU (Li, et al., 2010). Furthermore, hydroethanolic extract of curcumin
(Tumeric Force) was more effective than curcumin in this effect.

Another group of natural compounds which are currently being investigated are
isoflavones. One of the most well studied isoflavones, genistein has been tested extensively
in pancreatic cancer. Various groups have shown that treatment with genistein controls
proliferation, mitogenic signaling, invasion, migration and induces apoptosis in pancreatic
cancer. Benerjee et al (2007) showed that genistein augments in vitro and in vivo efficacy of
cisplatin in pancreatic cancer (Banerjee, et al., 2007). Previously, genistein was known to
affect the activation of NFxB via the Akt pathway(El-Rayes, et al., 2006), which have been
shown to be involved in pancreatic cancer drug resistance. Natural compounds (e.g.,
genistein, curcumin) have also been shown to inhibit the hedgehog and Notch signaling
which provide the cancer cells with stem-cell like property of self-renewal and resistance
(Slusarz, et al., 2010). A recent study noted upregulation of FOXM1, increased EMT, and
cancer stem cell phenotype in pancreatic cancer (Bao, et al., 2011a). Treatment with natural
compounds also reduced the levels of FOXM1 in pancreatic cancers.

Apart from the above mentioned approaches and based on the literature cited in this
chapter, there are some other strategies to overcome resistance including potential targets
and areas for drug discovery like developing agents that regulate Nrf2 activity selectively in
tumor cells, agents that inhibit interaction between mucin MUC4 and HER?2, selective
inhibition of hedge hog pathway in the tumor cells, selective inhibition of PI3K/Akt
pathway in tumor cells, combination of anti-NFkB agents with gemcitabine and Zebl
silencing. Targeting sphingolipid metabolism is another approach to overcome resistance to
gemcitabine (Guillermet-Guibert, et al., 2009). Recent renewed interests in the metabolic
phenotypes of pancreatic and other cancers have raised possibilities of metabolic pathway(s)
as drug targets for new anti-cancer drug discovery.

6. Conclusions

Although these strategies to overcome resistance to drugs are crucial for improving the
outcome of chemotherapy, there is an urgent need to achieve early detection of pancreatic
cancer. Finding novel biomarkers for detecting pancreatic cancer should be emphasized.
Recent renewed interests in the metabolic phenotypes of pancreatic and other cancers have
raised possibilities of metabolic pathway(s) as targets for strategies for developing agents for
early tumor detection to addition to exploiting them as targets for new anti-cancer drug
discovery.

www.intechopen.com



Failure of Pancreatic Cancer Chemotherapy: Consequences of Drug Resistance Mechanisms 155

7. References

Ahlgren JD (1996). Chemotherapy for pancreatic carcinoma. Cancer 78:654-663.

Ahnen DJ, Feigl P, Quan G, Fenoglio-Preiser C, Lovato LC, Bunn PA, Jr., Stemmerman G,
Wells ]JD, Macdonald JS, Meyskens FL, Jr. (1998). Ki-ras mutation and p53
overexpression predict the clinical behavior of colorectal cancer: a Southwest
Oncology Group study. Cancer Res 58:1149-1158.

Almoguera C, Shibata D, Forrester K, Martin J, Arnheim N, Perucho M (1988). Most human
carcinomas of the exocrine pancreas contain mutant c-K-ras genes. Cell 53:549-554.

American Cancer Society (Cancer facts and Figures 2011 Atlanta: American Society, 2011.

Arlt A, Gehrz A, Muerkoster S, Vorndamm ], Kruse ML, Folsch UR, Schafer H (2003). Role
of NF-kappaB and Akt/PI3K in the resistance of pancreatic carcinoma cell lines
against gemcitabine-induced cell death. Oncogene 22:3243-3251.

Arteaga CL (2001). The epidermal growth factor receptor: from mutant oncogene in
nonhuman cancers to therapeutic target in human neoplasia. ] Clin Oncol 19:325-
408S.

Arumugam T, Ramachandran V, Fournier KF, Wang H, Marquis L, Abbruzzese JL, Gallick
GE, Logsdon CD, McConkey DJ, Choi W (2009). Epithelial to mesenchymal
transition contributes to drug resistance in pancreatic cancer. Cancer Research
69:5820-5828.

Baghurst PA, McMichael AJ, Slavotinek AH, Baghurst KI, Boyle P, Walker AM (1991). A
case-control study of diet and cancer of the pancreas. Am ] Epidemiol 134:167-179.

Banerjee S, Zhang Y, Wang Z, Che M, Chiao PJ, Abbruzzese JL, Sarkar FH (2007). In vitro
and in vivo molecular evidence of genistein action in augmenting the efficacy of
cisplatin in pancreatic cancer. Int ] Cancer 120:906-917.

Bao B, Wang Z, Ali S, Kong D, Banerjee S, Ahmad A, Li Y, Azmi AS, Miele L, Sarkar FH
(2011a). Over-expression of FoxM1 leads to epithelial-mesenchymal transition and
cancer stem cell phenotype in pancreatic cancer cells. ] Cell Biochem.

Bao B, Wang Z, Ali S, Kong D, Li Y, Ahmad A, Banerjee S, Azmi AS, Miele L, Sarkar FH
(2011b). Notch-1 induces epithelial-mesenchymal transition consistent with cancer
stem cell phenotype in pancreatic cancer cells. Cancer Lett 307:26-36.

Bao S, Wu Q, McLendon RE, Hao Y, Shi Q, Hjelmeland AB, Dewhirst MW, Bigner DD, Rich
JN (2006). Glioma stem cells promote radioresistance by preferential activation of
the DNA damage response. Nature 444:756-760.

Bergman AM, Pinedo HM, Peters GJ (2002). Determinants of resistance to 2'2'-
difluorodeoxycytidine (gemcitabine). Drug Resist Updat 5:19-33.

Blaszkowsky L (1998). Treatment of advanced and metastatic pancreatic cancer. Front Biosci
3:E214-225.

Bloomston M, Frankel WL, Petrocca F, Volinia S, Alder H, Hagan JP, Liu CG, Bhatt D,
Taccioli C, Croce CM (2007). MicroRNA expression patterns to differentiate
pancreatic adenocarcinoma from normal pancreas and chronic pancreatitis. JAMA
297:1901-1908.

Boyle P, Hsieh CC, Maisonneuve P, La Vecchia C, Macfarlane GJ, Walker AM, Trichopoulos
D (1989). Epidemiology of pancreas cancer (1988). Int ] Pancreatol 5:327-346.

Bunz F, Hwang PM, Torrance C, Waldman T, Zhang Y, Dillehay L, Williams ], Lengauer C,
Kinzler KW, Vogelstein B (1999). Disruption of p53 in human cancer cells alters the
responses to therapeutic agents. ] Clin Invest 104:263-269.

www.intechopen.com



156 Pancreatic Cancer — Molecular Mechanism and Targets

Burris HA, 3rd, Moore M]J, Andersen ], Green MR, Rothenberg ML, Modiano MR, Cripps
MC, Portenoy RK, Storniolo AM, Tarassoff P, Nelson R, Dorr FA, Stephens CD,
Von Hoff DD (1997). Improvements in survival and clinical benefit with
gemcitabine as first-line therapy for patients with advanced pancreas cancer: a
randomized trial. ] Clin Oncol 15:2403-2413.

Casa AJ, Dearth RK, Litzenburger BC, Lee AV, Cui X (2008). The type I insulin-like growth
factor receptor pathway: a key player in cancer therapeutic resistance. Front Biosci
13:3273-3287.

Chiba S (2007). [Regulation of hematopoietic stem cells and development of leukemia].
Nihon Rinsho 65 Suppl 1:53-59.

Christiansen JJ, Rajasekaran AK (2006). Reassessing epithelial to mesenchymal transition as
a prerequisite for carcinoma invasion and metastasis. Cancer Research 66:8319-
8326.

Citri A, Yarden Y (2006). EGF-ERBB signalling: towards the systems level. Nat Rev Mol Cell
Biol 7:505-516.

Costantino CL, Witkiewicz AK, Kuwano Y, Cozzitorto JA, Kennedy EP, Dasgupta A, Keen
JC, Yeo CJ, Gorospe M, Brody JR (2009). The Role of HuR in Gemcitabine Efficacy
in Pancreatic Cancer: HuR Up-regulates the Expression of the Gemcitabine
Metabolizing Enzyme Deoxycytidine Kinase. Cancer Research 69:4567-4572.

Diasio RB, Harris BE (1989). Clinical pharmacology of 5-fluorouracil. Clin Pharmacokinet
16:215-237.

Eisold S, Linnebacher M, Ryschich E, Antolovic D, Hinz U, Klar E, Schmidt ] (2004). The
effect of adenovirus expressing wild-type p53 on 5-fluorouracil chemosensitivity is
related to p53 status in pancreatic cancer cell lines. World ] Gastroenterol 10:3583-
35809.

El-Rayes BF, Ali S, Ali IF, Philip PA, Abbruzzese ], Sarkar FH (2006). Potentiation of the
effect of erlotinib by genistein in pancreatic cancer: the role of Akt and nuclear
factor-kappaB. Cancer Res 66:10553-10559.

Feldmann G, Beaty R, Hruban RH, Maitra A (2007). Molecular genetics of pancreatic
intraepithelial neoplasia. ] Hepatobiliary Pancreat Surg 14:224-232.

Galmarini CM, Clarke ML, Falette N, Puisieux A, Mackey JR, Dumontet C (2002).
Expression of a non-functional p53 affects the sensitivity of cancer cells to
gemcitabine. Int ] Cancer 97:439-445.

Garcia-Manteiga ], Molina-Arcas M, Casado FJ, Mazo A, Pastor-Anglada M (2003).
Nucleoside transporter profiles in human pancreatic cancer cells: role of hCNT1 in
2',2'-difluorodeoxycytidine- induced cytotoxicity. Clin Cancer Res 9:5000-5008.

Ghadirian P, Simard A, Baillargeon ], Maisonneuve P, Boyle P (1991). Nutritional factors
and pancreatic cancer in the francophone community in Montreal, Canada. Int ]
Cancer 47:1-6.

Gottesman MM (2002). Mechanisms of cancer drug resistance. Annu Rev Med 53:615-627.

Guillermet-Guibert J, Davenne L, Pchejetski D, Saint-Laurent N, Brizuela L, Guilbeau-
Frugier C, Delisle MB, Cuvillier O, Susini C, Bousquet C (2009). Targeting the
sphingolipid metabolism to defeat pancreatic cancer cell resistance to the
chemotherapeutic gemcitabine drug. Mol Cancer Ther 8:809-820.

www.intechopen.com



Failure of Pancreatic Cancer Chemotherapy: Consequences of Drug Resistance Mechanisms 157

Hagmann W, Faissner R, Schnolzer M, Lohr M, Jesnowski R (2010a). Membrane Drug
Transporters and Chemoresistance in Human Pancreatic Carcinoma. Cancers 3:106-
125.

Hagmann W, Jesnowski R, Lohr JM (2010b). Interdependence of gemcitabine treatment,
transporter expression, and resistance in human pancreatic carcinoma cells.
Neoplasia 12:740-747.

Hennessy BT, Smith DL, Ram PT, Lu Y, Mills GB (2005). Exploiting the PI3K/AKT pathway
for cancer drug discovery. Nature Reviews Drug Discovery 4:988-1004.

Hermann PC, Huber SL, Herrler T, Aicher A, Ellwart JW, Guba M, Bruns CJ, Heeschen C
(2007). Distinct populations of cancer stem cells determine tumor growth and
metastatic activity in human pancreatic cancer. Cell Stem Cell 1:313-323.

Hiwasa T, Tokita H, Ike Y (1996). Differential chemosensitivity in oncogene-transformed
cells. ] Exp Ther Oncol 1:162-170.

Howe GR, Ghadirian P, Bueno de Mesquita HB, Zatonski WA, Baghurst PA, Miller AB,
Simard A, Baillargeon J, de Waard F, Przewozniak K, et al. (1992). A collaborative
case-control study of nutrient intake and pancreatic cancer within the search
programme. Int ] Cancer 51:365-372.

Howell SB, Mansfield S], Taetle R (1981). Significance of variation in serum thymidine
concentration for the marrow toxicity of methotrexate. Cancer Chemother
Pharmacol 5:221-226.

Hruban RH, Fukushima N (2007). Pancreatic adenocarcinoma: update on the surgical
pathology of carcinomas of ductal origin and PanINs. Mod Pathol 20 Suppl 1:561-
70.

Huang P, Chubb S, Hertel LW, Grindey GB, Plunkett W (1991). Action of 2'2'-
difluorodeoxycytidine on DNA synthesis. Cancer Res 51:6110-6117.

Huber-Ruano I, Pastor-Anglada M (2009). Transport of nucleoside analogs across the
plasma membrane: a clue to understanding drug-induced cytotoxicity. Current
Drug Metabolism 10:347-358.

Inoue M, Tajima K, Takezaki T, Hamajima N, Hirose K, Ito H, Tominaga S (2003).
Epidemiology of pancreatic cancer in Japan: a nested case-control study from the
Hospital-based Epidemiologic Research Program at Aichi Cancer Center
(HERPACC). Int ] Epidemiol 32:257-262.

Jain A, Lai JCK, Chowdhury GMI, Behar K, Bhushan A (2011). Glioblastoma: Current
therapeutic status and need for new targets and approaches. Brain Tumors-
Current and Emerging Therapeutic strategies, edited by Ana Lucia Abujamra,
Intech Publishers.

JL G (1996). 5-Fluoropyrimidines. In: Chabner BA, Longo, DL (eds) Cancer Chemotherapy
and Biotherapy Principles and Practice Philadelphia, Lippincott-Raven
Publishers:149-210.

Kalluri R, Weinberg RA (2009). The basics of epithelial-mesenchymal transition. Journal of
Clinical Investigation 119:1420-1428.

Kalser MH, Ellenberg SS (1985). Pancreatic cancer. Adjuvant combined radiation and
chemotherapy following curative resection. Arch Surg 120:899-903.

Kang SP, Saif MW (2008). Pharmacogenomics and pancreatic cancer treatment. Optimizing
current therapy and individualizing future therapy. JOP 9:251-266.

Katoh M (2007). Notch signaling in gastrointestinal tract (review). Int ] Oncol 30:247-251.

www.intechopen.com



158 Pancreatic Cancer — Molecular Mechanism and Targets

Kunnumakkara AB, Guha S, Krishnan S, Diagaradjane P, Gelovani ], Aggarwal BB (2007).
Curcumin potentiates antitumor activity of gemcitabine in an orthotopic model of
pancreatic cancer through suppression of proliferation, angiogenesis, and
inhibition of nuclear factor-kappaB-regulated gene products. Cancer Res 67:3853-
3861.

Lenz HJ, Hayashi K, Salonga D, Danenberg KD, Danenberg PV, Metzger R, Banerjee D,
Bertino JR, Groshen S, Leichman LP, Leichman CG (1998). p53 point mutations and
thymidylate synthase messenger RNA levels in disseminated colorectal cancer: an
analysis of response and survival. Clin Cancer Res 4:1243-1250.

Li C, Heidt DG, Dalerba P, Burant CF, Zhang L, Adsay V, Wicha M, Clarke MF, Simeone
DM (2007). Identification of pancreatic cancer stem cells. Cancer Res 67:1030-1037.

Li Y, Revalde JL, Reid G, Paxton JW (2010). Modulatory effects of curcumin on multi-drug
resistance-associated protein 5 in pancreatic cancer cells. Cancer Chemother
Pharmacol.

Longley DB, Harkin DP, Johnston PG (2003). 5-Fluorouracil: mechanisms of action and
clinical strategies. Nature Review Cancer 3:330-338.

Lowe SW, Ruley HE, Jacks T, Housman DE (1993). p53-dependent apoptosis modulates the
cytotoxicity of anticancer agents. Cell 74:957-967.

Mackey JR, Mani RS, Selner M, Mowles D, Young JD, Belt JA, Crawford CR, Cass CE (1998).
Functional nucleoside transporters are required for gemcitabine influx and
manifestation of toxicity in cancer cell lines. Cancer Res 58:4349-4357.

Michor F, Hughes TP, Iwasa Y, Branford S, Shah NP, Sawyers CL, Nowak MA (2005).
Dynamics of chronic myeloid leukaemia. Nature 435:1267-1270.

Moertel CG, Frytak S, Hahn RG, O'Connell M], Reitemeier R], Rubin J, Schutt AJ, Weiland
LH, Childs DS, Holbrook MA, Lavin PT, Livstone E, Spiro H, Knowlton A, Kalser
M, Barkin J, Lessner H, Mann-Kaplan R, Ramming K, Douglas HO, Jr., Thomas P,
Nave H, Bateman J, Lokich ], Brooks ], Chaffey ], Corson JM, Zamcheck N, Novak
JW (1981). Therapy of locally unresectable pancreatic carcinoma: a randomized
comparison of high dose (6000 rads) radiation alone, moderate dose radiation
(4000 rads + b5-fluorouracil), and high dose radiation + 5-fluorouracil: The
Gastrointestinal Tumor Study Group. Cancer 48:1705-1710.

Moore PS, Beghelli S, Zamboni G, Scarpa A (2003). Genetic abnormalities in pancreatic
cancer. Mol Cancer 2:7.

Moriyama T, Ohuchida K, Mizumoto K, Yu ], Sato N, Nabae T, Takahata S, Toma H, Nagai
E, Tanaka M (2009). MicroRNA-21 modulates biological functions of pancreatic
cancer cells including their proliferation, invasion, and chemoresistance. Mol
Cancer Ther 8:1067-1074.

Nakano Y, Tanno S, Koizumi K, Nishikawa T, Nakamura K, Minoguchi M, Izawa T,
Mizukami Y, Okumura T, Kohgo Y (2007). Gemcitabine chemoresistance and
molecular markers associated with gemcitabine transport and metabolism in
human pancreatic cancer cells. Br ] Cancer 96:457-463.

Ng SSW, Tsao MS, Chow S, Hedley DW (2000). Inhibition of phosphatidylinositide 3-kinase
enhances gemcitabine-induced apoptosis in human pancreatic cancer cells. Cancer
Research 60:5451-5455.

NIH 2007 (Pancreatic Cancer: Six years of research progress.

www.intechopen.com



Failure of Pancreatic Cancer Chemotherapy: Consequences of Drug Resistance Mechanisms 159

Ohba S, Nishi M, Miyake H (1996). Eating habits and pancreas cancer. Int ] Pancreatol 20:37-
42.

Olive KP, Jacobetz MA, Davidson CJ, Gopinathan A, McIntyre D, Honess D, Madhu B,
Goldgraben MA, Caldwell ME, Allard D, Frese KK, Denicola G, Feig C, Combs C,
Winter SP, Ireland-Zecchini H, Reichelt S, Howat W], Chang A, Dhara M, Wang L,
Ruckert F, Grutzmann R, Pilarsky C, Izeradjene K, Hingorani SR, Huang P, Davies
SE, Plunkett W, Egorin M, Hruban RH, Whitebread N, McGovern K, Adams J,
Iacobuzio-Donahue C, Griffiths J, Tuveson DA (2009). Inhibition of Hedgehog
signaling enhances delivery of chemotherapy in a mouse model of pancreatic
cancer. Science 324:1457-1461.

Overholser JP, Prewett MC, Hooper AT, Waksal HW, Hicklin DJ (2000). Epidermal growth
factor receptor blockade by antibody IMC-C225 inhibits growth of a human
pancreatic carcinoma xenograft in nude mice. Cancer 89:74-82.

Plunkett W, Huang P, Xu YZ, Heinemann V, Grunewald R, Gandhi V (1995). Gemcitabine:
metabolism, mechanisms of action, and self-potentiation. Seminars in oncology
22:3-10.

Ponnusamy MP, Singh AP, Jain M, Chakraborty S, Moniaux N, Batra SK (2008). MUC4
activates HER? signalling and enhances the motility of human ovarian cancer cells.
British Jornal of Cancer 99:520-526.

Santi DV, McHenry CS, Sommer H (1974). Mechanism of interaction of thymidylate
synthetase with 5-fluorodeoxyuridylate. Biochemistry 13:471-481.

Santisteban M (2010). ABC transporters as molecular effectors of pancreatic oncogenic
pathways: the Hedgehog-GLI model. Joutnal of Gastrointestestinal Cancer 41:153-
158.

Shore S, Raraty MG, Ghaneh P, Neoptolemos JP (2003). Review article: chemotherapy for
pancreatic cancer. Aliment Pharmacol Ther 18:1049-1069.

Slusarz A, Shenouda NS, Sakla MS, Drenkhahn SK, Narula AS, MacDonald RS, Besch-
Williford CL, Lubahn DB (2010). Common botanical compounds inhibit the
hedgehog signaling pathway in prostate cancer. Cancer Res 70:3382-3390.

Snady H, Bruckner H, Cooperman A, Paradiso J, Kiefer L (2000). Survival advantage of
combined chemoradiotherapy compared with resection as the initial treatment of
patients with regional pancreatic carcinoma. An outcomes trial. Cancer 89:314-327.

Spratlin J, Sangha R, Glubrecht D, Dabbagh L, Young JD, Dumontet C, Cass C, Lai R,
Mackey JR (2004). The absence of human equilibrative nucleoside transporter 1 is
associated with reduced survival in patients with gemcitabine-treated pancreas
adenocarcinoma. Clin Cancer Res 10:6956-6961.

Stolzenberg-Solomon RZ, Pietinen P, Taylor PR, Virtamo J, Albanes D (2002). Prospective
study of diet and pancreatic cancer in male smokers. Am ] Epidemiol 155:783-792.

Tavani A, La Vecchia C, Gallus S, Lagiou P, Trichopoulos D, Levi F, Negri E (2000). Red
meat intake and cancer risk: a study in Italy. Int ] Cancer 86:425-428.

Tsujie M, Nakamori S, Nakahira S, Takahashi Y, Hayashi N, Okami J, Nagano H, Dono K,
Umeshita K, Sakon M, Monden M (2007). Human equilibrative nucleoside
transporter 1, as a predictor of 5-fluorouracil resistance in human pancreatic cancer.
Anticancer Res 27:2241-2249.

Wagner EF, Nebreda AR (2009). Signal integration by JNK and p38 MAPK pathways in
cancer development. Nature Reviews Cancer 9:537-549.

www.intechopen.com



160 Pancreatic Cancer — Molecular Mechanism and Targets

Wang Z, Li Y, Kong D, Banerjee S, Ahmad A, Azmi AS, Ali S, Abbruzzese JL, Gallick GE,
Sarkar FH (2009). Acquisition of epithelial-mesenchymal transition phenotype of
gemcitabine-resistant pancreatic cancer cells is linked with activation of the notch
signaling pathway. Cancer Res 69:2400-2407.

Wellner U, Brabletz T, Keck T (2010). ZEB1 in Pancreatic Cancer. Cancers 2:1617-1628.

Wey JS, Gray M]J, Fan F, Belcheva A, McCarty MF, Stoeltzing O, Somcio R, Liu W, Evans DB,
Klagsbrun M, Gallick GE, Ellis LM (2005). Overexpression of neuropilin-1 promotes
constitutive MAPK signalling and chemoresistance in pancreatic cancer cells. Br ]
Cancer 93:233-241.

Williams TK, Costantino CL, Bildzukewicz NA, Richards NG, Rittenhouse DW, Einstein L,
Cozzitorto JA, Keen JC, Dasgupta A, Gorospe M, Gonye GE, Yeo CJ, Witkiewicz
AK, Brody JR (2010). pp32 (ANP32A) Expression Inhibits Pancreatic Cancer Cell
Growth and Induces Gemcitabine Resistance by Disrupting HuR Binding to
mRNAs. PLoS ONE 5:e15455.

Wohlhueter RM, Mclvor RS, Plagemann PG (1980). Facilitated transport of uracil and 5-
fluorouracil, and permeation of orotic acid into cultured mammalian cells. J Cell
Physiol 104:309-319.

Wu CP, Calcagno AM, Ambudkar SV (2008). Reversal of ABC drug transporter-mediated
multidrug resistance in cancer cells: evaluation of current strategies. Current
Molecular Pharmacology 1:93-105.

Yamanaka Y, Friess H, Kobrin MS, Buchler M, Beger HG, Korc M (1993). Coexpression of
epidermal growth factor receptor and ligands in human pancreatic cancer is
associated with enhanced tumor aggressiveness. Anticancer Res 13:565-569.

Yao J, Qian C (2010). Inhibition of Notch3 enhances sensitivity to gemcitabine in pancreatic
cancer through an inactivation of PI3K/Akt-dependent pathway. Med Oncol
27:1017-1022.

Yokoi K, Fidler IJ (2004). Hypoxia increases resistance of human pancreatic cancer cells to
apoptosis induced by gemcitabine. Clin Cancer Res 10:2299-2306.

Zhang N, Yin Y, Xu SJ, Chen WS (2008). 5-Fluorouracil: mechanisms of resistance and
reversal strategies. Molecules 13:1551-1569.

Zhang Y, Li M, Wang H, Fisher WE, Lin PH, Yao Q, Chen C (2009). Profiling of 95
microRNAs in pancreatic cancer cell lines and surgical specimens by real-time PCR
analysis. World J Surg 33:698-709.

Zhao Y, Shen S, Guo J, Chen H, Greenblatt DY, Kleeff ], Liao Q, Chen G, Friess H, Leung PS
(2006a). Mitogen-activated protein kinases and chemoresistance in pancreatic
cancer cells. Journal of Surgical Research 136:325-335.

Zhao Y, Shen S, Guo ], Chen H, Greenblatt DY, Kleeff ], Liao Q, Chen G, Friess H, Leung PS
(2006b). Mitogen-activated protein kinases and chemoresistance in pancreatic
cancer cells. ] Surg Res 136:325-335.

www.intechopen.com



Pancreatic Cancer - Molecular Mechanism and Targets
PANCREATIC CANCER Edited by Prof. Sanjay Srivastava

MCLECLILAR MECHANISM AND TARGETS

Ecktod by Samjary K. Srtivantans

ISBN 978-953-51-0410-0

Hard cover, 432 pages

Publisher InTech

Published online 23, March, 2012
Published in print edition March, 2012

This book provides the reader with an overall understanding of the biology of pancreatic cancer, hereditary,
complex signaling pathways and alternative therapies. The book explains nutrigenomics and epigenetics
mechanisms such as DNA methylation, which may explain the etiology or progression of pancreatic cancer.
Book also summarizes the molecular control of oncogenic pathways such as K-Ras and KLF4. Since
pancreatic cancer metastasizes to vital organs resulting in poor prognosis, special emphasis is given to the
mechanism of tumor cell invasion and metastasis. Role of nitric oxide and Syk kinase in tumor metastasis is
discussed in detail. Prevention strategies for pancreatic cancer are also described. The molecular mechanisms
of the anti-cancer effects of curcumin, benzyl isothiocyante and vitamin D are discussed in detail. Furthermore,
this book covers the basic mechanisms of resistance of pancreatic cancer to chemotherapy drugs such as
gemcitabine and 5-flourouracil.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Vikas Bhardwaj, Satya Murthy Tadinada, James C.K. Lai and Alok Bhushan (2012). Failure of Pancreatic
Cancer Chemotherapy: Consequences of Drug Resistance Mechanisms, Pancreatic Cancer - Molecular
Mechanism and Targets, Prof. Sanjay Srivastava (Ed.), ISBN: 978-953-51-0410-0, InTech, Available from:
http://www.intechopen.com/books/pancreatic-cancer-molecular-mechanism-and-targets/failure-of-pancreatic-
cancer-chemotherapy-consequences-of-drug-resistance-mechanisms

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE EBHIERFEK6SS iEEPrRE ARG DA E4058TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2012 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Atiribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.




