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Abstract Pancreatic cancer, one of the deadliest malignancies, is a complex disease
consisting of heterogeneous cancer cells with deregulated signaling pathways and a
myriad of microenvironment cells, including infiltrating immune cells and fibro-
blasts, that impact tumor growth and susceptibility to conventional chemotherapy.
Understanding the signaling pathways that drive pancreatic cancer is crucial to the
development of novel targeted therapies to combat the disease, which is largely
refractory to conventional therapeutic options. Among these pathways are the
Hedgehog, NOTCH, Wnt, MET, and TGF-f§ pathways that control not only bulk
tumor growth, but also self-renewal of cancer stem cells and maintenance of the
desmoplastic stroma characteristic of the disease. In addition to altered signaling
pathways, many cells within the tumor microenvironment promote both tumor
growth and serve as a barrier to chemotherapy. Here we will discuss how targeting
these components of the disease may increase the efficacy with which it is treated.

E. Kim
Department of Internal Medicine, University of Michigan Medical Center,
Ann Arbor, MI 48109, USA

E.V. Abel * A. Ghosh
Department of Surgery, University of Michigan Medical Center,
Ann Arbor, MI 48109, USA

D.M. Simeone, M.D. (<)
Department of Surgery, University of Michigan Medical Center,
Ann Arbor, MI 48109, USA

Department of Molecular and Integrative Physiology, University of Michigan
Medical Center, Ann Arbor, MI 48109, USA
e-mail: simeone @umich.edu

D.M. Simeone and A. Maitra (eds.), Molecular Genetics of Pancreatic Cancer, 117
DOI 10.1007/978-1-4614-6549-2_6, © Springer Science+Business Media New York 2013



118 E. Kim et al.
Introduction

The lethality of pancreatic can be attributed to the absence of early detection, the
inherent aggressive nature of the tumor, and resistance to currently available stan-
dard therapies. Gemcitabine has historically been the cornerstone of systemic
chemotherapy, with limited improvement with the addition of other cytotoxic che-
motherapies. Recently, a three-drug regimen, FOLFIRINOX, was shown to
improve clinical outcomes in a clinically significant way but at a cost of toxicity
that limits broad application (Conroy et al. 2011). Despite these therapeutic
options, the duration of response to chemotherapy is limited in patients with pan-
creatic cancer, indicating a need to develop novel therapies against the disease.
In this chapter we will focus on developmental signaling pathways that play a
critical role in pancreatic cancer which may serve as promising therapeutic targets.
We will also discuss how we may potentially improve therapeutic efficacy and
clinical outcomes by targeting the desmoplastic stroma characteristic of pancre-
atic cancer as well as the particularly virulent pancreatic cancer stem cell (CSC)
subpopulation.

Targeting Developmental Signaling Pathways

There is a distinct pattern of histologic changes in pancreatic tumorigenesis that
begins with precursor pancreatic intraepithelial neoplasm (PanIN) lesions that even-
tually progress to invasive pancreatic ductal adenocarcinoma (PDAC). Specific
mutations accompany these histologic changes, including KRAS mutations which
can be found in the earliest PanIN lesions (i.e., PanIN-1) (Hezel et al. 2006).
Ultimately, KRAS is mutated in greater than 95 % of pancreatic carcinomas. Other
genetic changes commonly found in invasive pancreatic cancers such as mutations
or deletions in the tumor suppressor genes pl6/INK4A, p53, DPC4/SMAD4 also
occur during PanIN progression to pancreatic cancer (Hezel et al. 2006). In addition
to these and other genetic changes, there are molecular changes in pancreatic can-
cers that involve reactivation of developmental signaling pathways such as
Hedgehog, NOTCH and Wnt. These developmental signaling pathways are included
in a set of 12 core signaling pathways determined to be altered in pancreatic cancers
through a comprehensive global genomic analysis (Jones et al. 2008). An average of
63 genetic alterations was found in pancreatic cancers, a majority of which were
point mutations but also included deletions and amplifications. While distinct indi-
vidual changes were seen within any given tumor, the specific alterations could be
grouped into a set of 12 core signaling pathways including KRAS, TGF-B, Wnt/
NOTCH/Hedgehog, cell cycle, and DNA repair genes (Jones et al. 2008). In the
following section, we will discuss several of the developmental signaling pathways
aberrantly activated in pancreatic cancer and describe their potential to serve as
therapeutic targets.
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Fig. 1 The HH signaling pathway. The hedgehog signaling pathway is shown in three relevant
scenarios: unstimulated cells (leff), stimulated cells (middle), and pancreatic cancer cells (right). In
unstimulated cells, PTCH inhibits the activity of SMO, resulting in inhibition of GLI-mediated
transcription. In the presence of ligand (SHH), PTCH no longer inhibits SMO, which in turn inhib-
its SUFU and Cos2, resulting in GLI translocation to the nucleus and transcriptional activation of
hedgehog signaling target genes. In pancreatic cancer cells, SHH is upregulated by oncogenic
KRAS, which also blocks autonomous GLI activation through its effector, DYRK1B. Pancreatic
cancer cell-secreted SHH stimulates neighboring cells, including pancreatic stellate cells

The Hedgehog Signaling Pathway

The Hedgehog signaling pathway is vital for spatial patterning during embryonic
development (Ingham and McMahon 2001). Hedgehog signaling has been shown to
regulate cell fate specification (heart, skin, eye), cell proliferation (lung, muscle,
neural crest), and cell survival (gonad) in different target cells (Ingham and
McMahon 2001; Ruiz i Altaba et al. 2002a, b; Berman et al. 2003). Canonical acti-
vation of the Hedgehog signaling pathway begins with binding of one of the three
hedgehog (HH) ligands (Sonic, Indian, and Desert) to the 12-transmembrane pro-
tein Patched (PTCH). In the absence of HH ligand, PTCH actively represses the
activity of Smoothened (SMO), a seven transmembrane receptor-like protein
(Fig. 1). HH ligand binding to PTCH inhibits its repression of SMO, allowing SMO
to then transduce the signal internally via the GLI family of transcription factors
(Rubin and de Sauvage 2006; Gupta et al. 2010). This results in transcriptional acti-
vation of hedgehog transcriptional genes such PTCH, GLI and Hedgehog Interaction
protein HHIP.

Aberrant Hedgehog signaling has been associated with cancer through several
different mechanisms (Scales and de Sauvage 2009; Rubin and de Sauvage 2006).
One mechanism of aberrant pathway activation is through mutation of a pathway
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component that allows for constitutive pathway activation in a ligand-independent
manner. This is the pattern of activation seen in basal cell carcinomas, medulloblas-
tomas, and rhabdomyosarcomas. Mutation of PTCH prevents it from its usual active
inhibition of SMO, resulting in constitutive activation of SMO. By contrast, overex-
pression of HH ligand activates the HH signaling pathway in a ligand-dependent
mechanism. This aberrant activation mechanism has been shown in multiple solid
tumors including lung, stomach, esophagus, prostate, breast, liver, and pancreatic
cancers (Rubin and de Sauvage 2006; Scales and de Sauvage 2009). While some
early studies suggested potential autocrine activation of pancreatic tumor cells in
response to increased HH ligand, a paracrine mechanism is now currently favored.
In this model, tumor cells secrete Hedgehog ligand which binds to PTCH on neigh-
boring cells in the tumor microenvironment in which Hedgehog signaling is then
activated (Nolan-Stevaux et al. 2009).

In pancreatic cancer, ligand-dependent, canonical HH pathway activity is
restricted to the stromal compartment (Lauth et al. 2010). In the tumor epithelial
compartment of pancreatic cancer, the HH pathway appears to be activated by non-
canonical upregulation of the effector transcription factor GLI1. Pancreatic cancer
cells appear to be insensitive to HH ligand and in fact SMO is not required for pan-
creatic tumorigenesis (Nolan-Stevaux et al. 2009). Instead, GLI1 expression in
pancreatic cancer epithelial cells is regulated by KRAS via its effector molecule
DYRKIB, as well as by TGF- signaling (Lauth et al. 2010; Nolan-Stevaux et al.
2009). While TGF-J signaling promotes the expression of GLI1 in pancreatic can-
cer cells, oncogenic KRAS and DYRKI1B suppress its expression, limiting cell
autonomous HH-signaling in pancreatic cancer cells (Lauth et al. 2010).

The normal adult pancreas does not normally express HH ligand, while expression
of HH is a common feature of pancreatic cancer (Kim and Simeone 2011). Aberrant
expression of HH ligand has been shown to occur as early as PanIN 1 lesions, with
increasing levels expressed as these lesions progress to PDAC (Thayer et al. 2003).
Sonic HH (SHH) is the dominant HH ligand expressed in pancreatic cancer and is
aberrantly expressed in 70 % of patient tumors. A causal role for this aberrant SHH
expression in pancreatic tumorigenesis is supported by evidence from a genetically
engineered mouse model (Pdx-Shh) in which SHH is expressed in the pancreatic
endoderm, resulting in development of abnormal tubular structures similar to human
PanIN-1 and 2 lesions (Thayer et al. 2003). SHH has also been shown to play a criti-
cal role in formation and maintenance of the desmoplasia characteristic of pancre-
atic cancers (Bailey et al. 2008). Overexpression of SHH expression in a pancreatic
epithelial cell line that forms xenograft tumors results in enhanced fibroblast infil-
tration. This fibrotic infiltration is accompanied by increased expression of the acel-
lular components of the desmoplastic stroma, including collagen I and fibronectin
(Bailey et al. 2008). HH signaling thus appears to play a role in the generation of the
dense stroma that is seen in primary pancreatic tumors.

The formation of the dense stroma characteristic of pancreatic cancers appears to
contribute to virulence of the cancer cells by promoting metastatic progression. It
may also pose a physical barrier to drug delivery and contribute to the apparent
resistance of pancreatic cancers to drug therapy. Given the above described role of
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the HH signaling pathway in the stroma of pancreatic cancers, blocking this pathway
may facilitate improvement in drug efficacy by simply allowing greater penetration
and drug delivery into tumor. Several novel agents that target the HH signaling
pathway currently are in clinical development and share the general approach of
inhibiting the SMO protein. HH pathway inhibition using a SMO antagonist has
been studied in the KPC (KrasLSL.G12D/+; p53R172H/+; PdxCre) mouse model
of pancreatic cancer, a well-studied model of pancreatic cancer that recapitulates
human tumors, including formation of desmoplastic stroma (Olive et al. 2009;
Hingorani et al. 2005). Treatment of KPC mice with the smoothened antagonist IPI-
926, given in combination with the standard chemotherapy drug gemcitabine, pro-
duced a transient increase in tumor vascularity and intratumoral concentration of
gemcitabine, leading to transient stabilization of disease (Olive et al. 2009). KPC
mice treated with gemcitabine alone or IPI-926 alone showed no survival benefit in
comparison with vehicle-treated controls; however, combination treatment with
IPI-926 and gemcitabine extended the median survival of KPC mice from 11 to
25 days (p=0.001) (Olive et al. 2009). Although the effects were transient, these
results provided preclinical evidence that targeting the Hedgehog signaling pathway
may increase response to chemotherapy. There are a number of other HH pathway
inhibitors in clinical development which all target SMO, including LDE225
(Novartis), LEQ506 (Novartis), GDC-0449 (Genentech), and IPI-926 (Infinity
Pharmaceuticals). These novel agents are currently being studied in early phase tri-
als for patients with advanced pancreatic cancer in combination with chemotherapy
(www.clinicaltrials.gov).

The NOTCH Signaling Pathway

NOTCH signaling plays an important role in cell fate and differentiation through
effects on cell proliferation, survival and apoptosis (Artavanis-Tsakonas et al. 1995;
D’Souza et al. 2008; Fiuza and Arias 2007). This pathway also regulates adult stem
cell homeostasis and maintenance (Gridley 1997, 2003). The NOTCH signaling
pathway involves activation of the NOTCH receptor by ligand. Five NOTCH ligands
have been identified to date, which include DII-1 (Delta-like1), D1l-3 (Delta-like3),
DII-4 (Delta-like4) (Bettenhausen et al. 1995; Dunwoodie et al. 1997; Shutter et al.
2000), Jagged-1, and Jagged-2 (Lindsell et al. 1995; Shawber et al. 1996). Four
members of the NOTCH family of receptors have been identified, NOTCH1-4.
Upon activation by one of these ligands, the NOTCH receptor is cleaved by the
metalloprotease tumor necrosis factor a-convertase enzyme (TACE) and y-secretase,
releasing the intracellular domain of NOTCH (ICD) (Fig. 2). ICD translocates from
the cell surface to the nucleus and binds the transcription factor CSL. In the absence
of NOTCH pathway activation, CSL is free to bind to co-repressors which inhibit
transcription (Kao et al. 1998; Hsieh et al. 1999; Morel et al. 2001). NOTCH
pathway activation allows ICD to compete with inhibitory proteins to bind to CSL
and to recruit co-activators, including p300, mastermind-like 1-3 (MAML1-3), and
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Fig. 2 The NOTCH signaling pathway. In NOTCH signaling, ligand-presenting cells stimulate
the extracellular domain of NOTCH proteins (here on a pancreatic cancer cell) with either Delta-
like (DLL) or Jagged family ligands. Upon stimulation, TACE and 7y-secretase cleave NOTCH
proteins, and the intracellular domain (ICD) translocates to the nucleus where it binds the tran-

scription factor CSL and recruits coactivators like MAML. This promotes the transcription of
NOTCH target genes

histone acetyltransferases. This process converts CSL from a transcriptional repressor
to transcriptional activator (Zhou et al. 2000; Kurooka and Honjo 2000; Fryer et al.
2002, 2004). Several NOTCH target genes have been identified, including HES1
(hairy/enhancer of Split), c-Myc, cyclin D3, and p21™AF! (Blaumueller et al. 1997).

NOTCHI1 was first characterized as an oncogene in human T-cell acute lympho-
blastic leukemia (Reynolds et al. 1987) and subsequently in several epithelial tumors
(Gallahan and Callahan 1997; Gallahan et al. 1996; Jhappan et al. 1992), including
head and neck, breast, renal, lung, and colon cancers (Radtke and Raj 2003). In the
pancreas, NOTCH signaling is normally suppressed in early development (Apelqvist
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et al. 1999; Jensen et al. 2000) but has been found to be upregulated in pancreatic
cancer (Miyamoto et al. 2003). Further evidence supporting a causal role for aber-
rant NOTCH pathway activation in pancreatic cancer can be found from genetically
engineered mouse models of pancreatic cancer. In the KRAS mouse model of pan-
creas cancer, NOTCH pathway activation can be seen in PanIN lesions (Hingorani
et al. 2003). Co-expression of NOTCHI1 with oncogenic KRAS in pancreatic acinar
cells results in rapid and widespread transformation of acinar cells to duct-like cells
and progression to aggressive, high-grade lesions (De La O et al. 2008).

Based on evidence of upregulation of NOTCH signaling in pancreatic cancer,
targeting this pathway is of clinical interest for therapeutic application to patients
with pancreatic cancer. The primary target for therapeutic intervention in the
NOTCH signaling pathway thus far has been the enzyme 7y-secretase, responsible
for the last cleavage step of the NOTCH receptor that releases ICD. In preclinical
studies, inhibition of NOTCH signaling by down regulation of NOTCHI1 receptors
using specific siRNA or y-secretase inhibitors (GSI) reduced proliferation, increased
apoptosis and decreased invasion of pancreatic cancer cells (Plentz et al. 2009;
Mullendore et al. 2009; Wang et al. 2006). In KPC mice, treatment with the GSI,
MRK-003 (Merck), attenuated the progression of PanIN lesions to PDAC (Plentz
et al. 2009). A recent study exploring the effects of MRK-003 and gemcitabine in
the same KPC mouse model of pancreatic cancer found the combined treatment
reduced the proliferation of neoplastic cells, significantly induced endothelial cell
death and reduced the density of intratumoral vessels (Cook et al. 2012). In this
study it was proposed that the hypoxia caused by endothelial cell death sensitized
the tumor cells to the effects of GSI by activating target genes such as survivin and
NOTCH3 (Cook et al. 2012). This combination of MRK003/gemcitabine is cur-
rently being tested in an ongoing clinical trial in the United Kingdom. Another GSI,
MK-0752 (Merck), is being tested in combination with gemcitabine in patients with
advanced pancreatic cancer (www.clinicaltrials.gov).

The Wnt Signaling Pathway

Wnht-B-catenin signaling is required for morphogenesis, proliferation and differ-
entiation of many organs. Wnt genes encode small, secreted proteins that are
involved in many aspects of embryonic development and also control homeostatic
self-renewal in a number of adult tissues (Clevers 2006; Willert and Jones 2006).
To initiate pathway signaling, Wnt ligands (19 family members) bind to receptors of
the Frizzled (Fzd) family (10 members), which in turn interact with transmembrane
co-receptors LRP5/6 (Fig. 3). Activated LRP5/6 then recruits the protein,
Dishevelled (Dsh), at which point Wnt signaling can branch into two different path-
ways, a canonical and noncanonical pathway. In the canonical pathway (Fig. 3), in
the absence of Wnt, unstimulated cells regulate B-catenin levels by a multiprotein
complex which phosphorylates B-catenin, leading to its subsequent ubiquitination
and degradation. This B-catenin degradation complex consists of the adenomatous
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Fig. 3 The Wnt signaling pathway. In canonical Wnt signaling, cells exist in either an unstimulated
(left) or stimulated (right) state. In unstimulated cells, P-catenin is mostly complexed with
E-cadherin, while free B-catenin is phosphorylated and degraded by a complex consisting of APC,
Axin, and GSK3B. Upon stimulation by Wnt proteins, the Frizzled receptors and LRP5/6
co-receptors activate disheveled (Dsh), which inhibits the degradation complex, allowing [3-catenin
to translocate to the nucleus, bind to LEF/TCF, and promote target gene transcription. In pancreatic
cancer, upregulation of ATDC promotes 3-catenin stability through binding and stabilization of Dsh

polyposis coli (APC) tumor suppressor protein, Axin, and the glycogen synthase
kinase, GSK3p. Binding of Wnt to Fzd leads to inactivation of the degradation com-
plex and accumulation of unphosphorylated B-catenin, which localizes to the
nucleus. In the nucleus, B-catenin binds to TCF/LEF (T-cell factor/lymphoid
enhancing factor) to activate downstream target genes (Willert and Jones 2006;
Clevers 2006) (Fig. 3).

Wht also is activated by the “noncanonical” pathway which is independent of
TCF/LEF and B-catenin. The “noncanonical” pathway is divided into two types: the
Planar Cell Polarity (PCP) pathway and Wnt-Calcium pathway. In the PCP path-
way, which has mostly been studied in Drosophila, Wnt signaling is transduced
through Fzd independent of the co-receptors LRP5/6, leading to the activation of
Dsh (Nishimura et al. 2012). Dsh, through Daam1 (Dishevelled associated activator
of morphogenesis), mediates activation of Rho, Rock and JNK, inducing cytoskeletal
changes important for cell polarization and motility during gastrulation (Nishimura
et al. 2012; Kohn and Moon 2005). In the Wnt-Ca pathway, Wnt 5a and Wntl 1,
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through activation of Fzd receptors, can stimulate intracellular Ca** release from the
endoplasmic reticulum, which activates G-proteins without affecting B-catenin sta-
bilization (Kohn and Moon 2005).

Several studies have proposed a role for the canonical Wnt pathway in pancreatic
organogenesis. Evidence that Wnt/B-catenin signaling is important for the develop-
ing pancreas came from Heller et al. and others who have demonstrated expression
of Wnt2b, Wnt 4, Wnt5a, Wnt7b and Frizzled receptors in the developing pancreas
(Heller et al. 2002; Murtaugh et al. 2005). Later in development, the Wnt signaling
pathway appears to promote proliferation and/or differentiation of acinar cells
(Murtaugh et al. 2005; Wells et al. 2007; Morris et al. 2010). Wnt/B-catenin signal-
ing may also be involved in maintaining normal islet cell development (Dessimoz
et al. 2005).

The Wnt B-catenin pathway has been implicated as playing a key role in initia-
tion and progression of cancer in many tissue types. The best studied pathway muta-
tions are the inherited and sporadic mutations in the tumor suppressor APC.
Monoallelic inactivating mutations in APC result in familial adenomatous polypo-
sis (FAP), an inherited autosomal dominant condition leading to the development of
multiple adenomas in the colorectum (Groden et al. 1991; Nishisho et al. 1991).
Additionally, mutations in the gene encoding B-catenin (CTNNBI) are present in
approximately 10 % of the remaining CRC tumors, mostly in early or smaller, less
aggressive tumors (Samowitz et al. 1999). Loss of function mutations in APC or
gain of function mutations in -catenin are both rare in pancreatic cancer, except in
the setting of pseudopapillary tumors in the pancreas, where mutations in -catenin
are driver mutations for the disease (Abraham et al. 2002). The contribution of aber-
rant Wnt signaling to pancreatic tumorigenesis was first demonstrated by Pasca di
Magliano and colleagues, where they showed that the canonical arm of the Wnt
pathway is induced in human PDA as well as in mouse models of pancreatic cancer.
Whnt inhibition could block proliferation and apoptosis in cultured pancreatic adeno-
carcinoma cells (Pasca di Magliano et al. 2007).

In addition to the core components of canonical and noncanonical Wnt signaling,
other novel regulators of Wnt signaling have been identified in pancreatic cancer.
A recently identified oncogene in pancreatic cancer, the ataxia telangiectasia Group
D associated gene (ATDC), has been shown to promote pancreatic tumor growth
and metastasis, at least in part, through upregulation of the B-catenin signaling path-
way (Wang et al. 2009a). ATDC was shown to bind and stabilize Disheveled-2,
bringing it to the B-catenin degradation complex. Binding of ATDC and Disheveled-2
to the degradation complex results in inhibition of degradation complex, release of
B catenin from the complex, and subsequent activation of the downstream target
genes (Wang et al. 2009a). Another mechanism of activating the Wnt signaling
pathway in pancreatic cancer involves Sulfs. The extracellular sulfatases, Sulf1 and
Sulf2, act on internal glucosamine-6-sulfate (6S) modifications within heparan sul-
fate proteoglycans (HSPGs) and modulate HSPG interactions with various signal-
ing molecules, including Wnt ligands (Nawroth et al. 2007).

The Wnt pathway can be potentially targeted at multiple levels, either by anti-
bodies against Fzd or by the use of Wnt inhibitors. Antibodies directed against
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Fzd6 (clone 23M2) and Fzd5 (clone 44M13) have been shown to have antitumor
properties (Deonarain et al. 2009). The inhibitor PRI-724 (Prism Biolabs), which
blocks the interaction of B-catenin with CBP and is being tested in a phase 1 clinical
trial in patients with advanced solid tumors, including pancreatic cancer (Www.
clinicaltrials.gov).

The MET Signaling Pathway

Embryogenesis, tissue repair, organ regeneration, and cancer invasion involves
epithelial mesenchymal transition (EMT) (Kalluri 2009). This is stimulated by
extracellular signaling which leads to modification of cellular proteins, intercellu-
lar junctional molecules and the cell cytoskeleton, leading to ordered cell migra-
tion and morphogenesis of new structures. One of the key signaling pathway that
participates in these events is the hepatocyte growth factor (HGF) ligand and its
receptor MET.

MET (also known as c-Met) is an integral plasma membrane protein that relays
signals from the extracellular environment into the cytoplasm. MET, which is
expressed by progenitors as well as epithelial and endothelial cells, is activated when
its extracellular domain binds to HGF, also known as scatter factor (Sonnenberg
et al. 1993). HGF is secreted predominantly by mesenchymal cells and bound in an
inactive form to heparin proteoglycans within the extracellular matrix (Kobayashi
etal. 1994; Lyon et al. 1994). HGF mRNA is also found in fibroblasts, smooth mus-
cle cells, mast cells, macrophages, endothelial cells, leukocytes, and megakaryocytes
(Zarnegar and Michalopoulos 1995). The HGF polypeptide is inactive in its initial
form and must be cleaved into a disulfide-linked -3 heterodimer by an extracellular
protease to acquire MET-binding activity (Zarnegar and Michalopoulos 1995).

Once HGF binds MET, its kinase activity is switched on by receptor dimeriza-
tion and trans-phosphorylation of two catalytic tyrosine residues (Tyr1234 and
Tyr1235) within the kinase activation loop (Trusolino et al. 2010). This leads to
phosphorylation of two additional docking tyrosines in the carboxyl terminal tail;
this site acts as a harbor for recruitment of several other signaling molecules. MET
is negatively regulated by several protein-tyrosine phosphatases (PTP) which
dephosphorylate either the catalytic or the docking tyrosines (PTP1, 2, 3) which
prevents engagement of binding partners as well as downstream signaling (Trusolino
et al. 2010) (Fig. 4).

MET signaling is augmented by a few other scaffolding partners, including
GRB2-associated protein (GAB1) and CD44. GAB1 has a unique binding site for
MET; upon binding and phosphorylation by MET receptor, GAB1 provides extra
adapter sites for PI3K, SHP2, CRK, PLCyl, and p120 Ras-GAP (Maroun et al.
2003; Maroun et al. 2000; Weidner et al. 1996). CD44 is a transmembrane cell
adhesion molecule that activates MET in two ways; the extracellular domain teth-
ers MET, HGF, and CD44, while the cytoplasmic tail helps to transduce signal
from MET to Ras (Orian-Rousseau et al. 2002). Recently, [CAM-1 was identified
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Fig.4 The MET signaling pathway. In MET signaling, stromal (right) cell-secreted HGF binds to
the MET receptor on pancreatic cancer cells (left). Upon ligand binding, MET dimerizes, auto-
phosphorylates itself, and promotes signal transduction. Docking of GABI1 to phosphorylated
MET promotes additional signal transduction. The cell surface molecule CD44 can promote MET
signaling by interacting with MET and HGF outside the cell, as well as promoting RAS-signaling
inside the cell. MET signaling ultimately drives metastasis, proliferation, and self-renewal of pan-
creatic cancer cells

as a new co-receptor for MET (Olaku et al. 2011), although the exact signaling
mechanism has not yet been elucidated. Thus the basic signaling machinery of
MET is regulated by a complex group of signal modifiers.

MET activates a cascade of downstream signaling pathways that include the
MAP kinase PI3K-AKT, STAT, and NF-xB pathways (Trusolino et al. 2010) which
function to modulate downstream gene expression. The mesenchymal-epithelial
communication mediated by HGF-MET signaling integrates several pathways that
control cell proliferation essential for normal processes such as embryogenesis,
organ regeneration, and wound healing (Bhowmick et al. 2004; Boccaccio and
Comoglio 2006). A role of MET in cancer was first noted in 1984, when it was
cloned as a fusion oncogene from a human osteosarcoma cell line (Cooper et al.
1984). Germ line mutations in MET were observed in hereditary kidney cancer
(Schmidt et al. 1997) and MET-activating mutations have also been observed in
sporadic papillary renal cancer (Schmidt et al. 1997), childhood hepatocellular can-
cer (Park et al. 1999), and gastric cancer (Soman et al. 1991). More frequently, MET
is overexpressed rather than mutated in cancer, as in colorectal (Takeuchi et al.
2003; Di Renzo et al. 1995a), hepatocellular (Suzuki et al. 1994), gastric (Amemiya
etal. 2002), prostate (Humphrey et al. 1995), breast (Beviglia et al. 1997; Ghoussoub
et al. 1998; Lee et al. 2005), and pancreatic cancers (Di Renzo et al. 1995b).
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Evidence of MET/HGF upregulation in pancreatic cancer came from work in
pancreatic cancer cell lines which showed that MET and HGF were overexpressed
in a panel of 31 pancreatic cancer cell lines and were responsible for a “ductal”
phenotype (Di Renzo et al. 1995b).In most pancreatic cancers, MET expression is
transcriptionally upregulated and has been shown to be induced by hypoxia
(Pennacchietti et al. 2003) and/or inflammatory cytokines in the tumor stroma
(Bhowmick et al. 2004). The interaction between HGF and the MET receptor
increases the rate of proliferation, invasion, migration, and angiogenesis of pancre-
atic cancer cells, and data suggest MET activation is a relatively late event in tumor-
igenesis that adds to the aggressiveness of the tumor by its proliferative, pro-apoptotic
and pro-migratory signals (Trusolino et al. 2010).

MET is considered to be an important target in anticancer therapy because of its
role in oncogenesis and cancer progression (Trusolino et al. 2010; Migliore and
Giordano 2008; Sierra and Tsao 2011). Preclinical studies have shown that in animal
models, the inhibition of MET or neutralization of its ligand impairs tumorigenic and
metastatic properties of cancer cells (Li et al. 2011; Corso et al. 2008; McDermott
et al. 2007). Recently, Li, and colleagues evaluated the role of MET in pancreatic
cancer stem cell (CSC, reviewed later in the chapter) function (Li et al. 2011).
Pancreatic cancer cells expressing high levels of MET cells had increased tumori-
genic potential in mice, and cells that expressed MET and CD44 (0.5-5 % of the
pancreatic cancer cells) had the capability for self-renewal and the highest tumori-
genic potential of all cell populations studied. MET inhibition using the pharmaco-
logic inhibitor XL 184 or knockdown by shRNA slowed tumor growth and reduced
the population of CSCs, either alone or in combination with gemcitabine. Additionally,
targeting of MET prevented the development of metastases (Li et al. 2011). Based on
this data, clinical trials targeting MET are currently in development.

The TGF-( Signaling Pathway

TGF-B is a multifunctional cytokine that controls cell growth, differentiation, pro-
liferation, and angiogenesis, both during embryonic development and in adult tis-
sues (Massague 1998). The TGF-3 family contains two subfamilies, the TGF-p/
Activin/Nodal subfamily and the bone morphogenetic protein (BMP)/growth and
differentiation factor (GDF)/Muellerian inhibiting substance (MIS) subfamily, as
defined by sequence similarity and the specific signaling pathways that they acti-
vate. The ligand family is comprised of three isoforms, TGF-1, TGF-32, and TGF-
B3 (Massague 1998). TGF-B1 is expressed in epithelial, endothelial, hematopoietic
and connective tissue cells; TGF-B2 is expressed in epithelial and neuronal cells and
TGF-PB3 is expressed in mesenchymal cells (Pasche 2001). There is 70-80 %
homology among TGF-J isoforms which have different binding affinities to their
tissue-specific receptors (Massague 1998). In general, they exhibit similar functions
in vitro on cell growth regulation, ECM production and immune modulation.
However, each ligand has distinct activities in vivo (Pasche 2001; Massague 1998).
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Fig.5 The TGF-p signaling pathway. Binding of TGF-f to TGFBRII promotes dimerization with
and phosphorylation of TGFBRI. This leads to recruitment and phosphorylation of SMAD2/3,
which in turn bind to SMAD4 and translocate to the nucleus to promote transcription of target
genes. Additionally, repressor SMADs, like SMAD?7, inhibit TGF- signaling. In addition to driv-
ing transcription through SMAD2/3/4, TGF-B signaling also activates small GTPases like Rho,
Racl, and CDC42, which regulate cytoskeletal dynamics

To initiate signaling, TGF-} ligands interact with two receptors, TGFBRI and
TGFBRII. TGF-B binds to TGFBRII, which then recruits and phosphorylates
TGFBRI (Fig. 5). This allows activation and phosphorylation of SMAD2 and
SMAD?3. Phosphorylated SMAD2 and 3 then combine with SMAD4 to translocate
into the nucleus (Massague 1998). Once in the nucleus, the SMAD complex can
associate with cofactors to transcriptionally regulate target genes. In addition to
SMAD dependent signaling pathways, TGF-3 also activates many other signaling
pathways such as PI3K (Krymskaya et al. 1997), MAPK (Hartsough and Mulder
1995), and the small GTPases Rho (Bhowmick et al. 2001), Cdc42 (Edlund et al.
2002), and Rac1 (Mucsi et al. 1996).

SMAD4 (or Deleted in Pancreatic Cancer, locus 4/DPC4) inactivation through
homozygous deletion or intragenic mutations are found in more than half of pancre-
atic cancers, (Jaffee et al. 2002). It is thought that loss of the SMAD4 expression is
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a rather late event in the pathogenesis of pancreatic cancer, with loss of SMAD4
expression occurring in 14.3 % of stage I pancreatic cancers and increasing to
60.0 % of stage I'V pancreatic cancers (Hua et al. 2003). In a separate study, SMAD4
gene expression was found to be normal in PanIN1 and 2 lesions with loss of expres-
sion seen in 31 % of cases with PanIN3 (Wilentz et al. 2000).

Loss of expression of SMAD4 in pancreatic cancers has been associated with
worse prognosis. Patients with cancers expressing the SMAD4 protein had signifi-
cantly longer survival following surgical resection than patients in which SMAD4
expression was absent in their tumors (median survival of 19.2 months vs. 14.7
months; p=0.03) (Tascilar et al. 2001). To further examine the role of SMAD4 in
pancreatic tumorigenesis, several groups have used pancreatic-specific Cre recom-
binase strategies to study the role of SMAD4 loss in both initiation and promotion
of pancreatic cancer (Izeradjene et al. 2007; Bardeesy et al. 2006). SMAD4 loss
markedly promoted tumor development initiated by Kras®'?" activation and Kras®'?°/
Smad4~ tumors exhibited both increased proliferation and tumor stromal forma-
tion. These studies demonstrate that SMAD4 loss cannot alone initiate pancreatic
tumor formation, but promotes pancreatic tumor progression and metastasis inde-
pendent of TGF-B-mediated EMT (Malkoski and Wang 2012).

In addition to SMAD family members like SMAD4 that transduce TGF-3 signal-
ing, some SMAD family members, like SMAD6 and SMAD?7, are inhibitory.
SMAD7 has been shown to be overexpressed in greater than 50 % of pancreatic
cancers (Arnold et al. 2004). Interestingly, low expression of SMAD7 in pancreatic
tumors correlated with lymph node metastasis, liver metastasis after surgery, a poor
survival rate and high MMP2 expression (p=0.0004) (Wang et al. 2009b). These
results would suggest a more complicated role for SMAD?7 in pancreatic cancer, and
not simply one of an oncogene. Several other molecules, like KLF11, retinoblas-
toma, and thioredoxin have been associated with SMAD7-dependent aggressive-
ness of pancreatic cancer (Ellenrieder et al. 2004; Arnold et al. 2004).

TGF-P signaling is complex in tumor development as it appears to have dual
roles, with growth inhibitory function in early tumor development but apparent pro-
motion of invasion and metastasis later in tumorigenesis. This latter role of TGF-f3
is the basis for interest in targeting this pathway in pancreatic cancer. Several inhibi-
tory approaches have shown efficacy in preclinical and clinical studies. These
include blocking production of TGF-B ligands with antisense molecules, small-
molecule inhibitors of the kinase activity of TGFBRI and TGFBRII, monoclonal
antibodies that block TGF-f signaling and soluble forms of TGFBRII and TGFBRIII
that function as ligand traps (Flavell et al. 2010; Rowland-Goldsmith et al. 2001,
2002; Kelly and Morris 2010). In addition, combined therapies of small-molecule
inhibitors with immune-stimulating vaccines represents an additional therapeutic
approach that is being tested (Terabe et al. 2009). Another agent being utilized to
target the TGF-f§ pathway in pancreatic cancer is trabedersen (AP 12009), a phos-
phorothioate antisense mRNA targeting TGF-B2 (Schlingensiepen et al. 2011).
Using an orthotopic xenograft model, trabedersen was effective at inhibiting tumor
cell growth and cell migration, while reversing TGF-B2-mediated immunosuppres-
sion of lymphokine activated killer (LAK) cells (Schlingensiepen et al. 2011).



Molecular Targeted Therapies in Pancreatic Cancer 131

These data support the idea that the TGF-J3 is a desirable target in pancreatic cancer;
however, further evaluation of these TGF-J inhibitory agents is necessary to assess
actual efficacy in controlled clinical trials.

Stromal Biology and Therapeutic Targets

Pancreatic cancer characteristically has an abundantly dense stroma composed of a
mixture of both cellular and acellular components including extracellular matrix
proteins (ECM), growth factors, cytokines. The different cellular components
include cells of mesenchymal and immune origin. In the following section, we will
describe how these stromal cells contribute to pancreatic cancer growth and how
they may be targeted.

Cancer-Associated Fibroblasts

The dense stroma found in pancreatic cancer appears to be formed through the
actions of cancer-associated fibroblasts (CAFs) (Apte et al. 2004; Hwang et al.
2008). Current understanding of the actual cell of origin for CAFs is incomplete
and although the term CAF is often used interchangeably with activated pancre-
atic stellate cells (PSCs), CAFs may also be derived from other cell types includ-
ing infiltrating cells from the bone marrow (Direkze et al. 2004). Further
demonstrating the complexity of CAFs is a recent study in human pancreatic
tumors that identified a subpopulation of CAFs that are CD10+ which more
robustly support tumor growth, highlighting the fact that CAFS represent a hetero-
geneous population of cells (Ikenaga et al. 2010). In addition to supporting
enhanced tumorigenicity, CAFs appear to also contribute to resistance of pancre-
atic cancer cells to chemotherapy and radiation and promote metastatic spread
(Hwang et al. 2008).

There have been multiple mechanisms proposed by which CAFS contribute to
the tumor progression, including signaling pathways such as SDF-1/CXCR4 axis,
the Hedgehog pathway (discussed previously), hypoxia-mediated signaling, and
innate immunity. Stromal cell-derived factor-1 (SDF-1) is a member of the CXC
subfamily of chemokines and interacts with its receptor CXCR4. SDF1-CXCR4
signaling has been implicated in the process of local invasion and distant metastasis
of pancreatic cancer (Hermann et al. 2007). CAFs have been shown to express SDF-1,
whereas CXCR4 is expressed by pancreatic cancer cells (Koshiba et al. 2000).
Increased proliferation and metastatic spread of pancreatic cancer cells expressing
CXCR4 can be abrogated by anti-SDF-1 neutralizing antibodies or the CXCR4
inhibitor AMD3100/plerixafor (Johnson Matthey), suggesting that the SDF-1/
CXCR4 axis contributes to CAF stimulation of pancreatic cancer cells (Gao et al.
2010). In one study, pancreatic cancer cell lines treated with recombinant SDF-1



132 E. Kim et al.

were resistant to gemcitabine, and this effect was reversed by blocking CXCR4 with
AMD3100 (Singh et al. 2010). In addition, a potential important role of CXCR4 has
been described in pancreatic CSCs, in which a subpopulation of CSCs expressing
CD133 and CXCR4 were found to be highly invasive and responsible for metastasis
(Hermann et al. 2007), further supporting the rationale for exploring SDF-1/CXCR4
for therapeutic targeting.

In addition to provided growth factors and chemoattractants that promote pan-
creatic cancer cell growth, the extremely dense stroma of pancreatic cancer serves
to protect cells from chemotherapy by “crushing” blood vessels. Using a murine
pancreatic cancer model, Olive and colleagues showed that the dense tumor stroma
was driven by tumor cell-derived SHH which activated the Hedgehog pathway in
stromal cells (Olive et al. 2009). By inhibiting SMO with IPI-926, blood vessels
could be transiently reopened by decreasing the stroma, which allowed for
enhanced efficacy of gemcitabine treatment (Olive et al. 2009). In addition to
being driven by paracrine SHH signaling, the desmoplastic tumor stroma has also
been shown to be sustained by excessive amounts of the extracellular matrix com-
ponent, hyaluronic acid (hyaluronan) (Provenzano et al. 2012; Jacobetz et al.
2013). Provenzano and Jacobetz and their colleagues simultaneously reported that
in murine pancreatic cancer models, hyaluronic acid in the stroma led to the col-
lapse of tumor vasculature, which impeded drug delivery. Using a PEGylated form
of the hyaluronic acid-degrading enzyme, PH20 hyaluronidase (PEGPH20), the
authors were able to restore a normalized stroma and tumor vasculature. When
combined with gemcitabine, PEGPH20 was able to substantially reduce tumor
burden and extend animal survival (Provenzano et al. 2012; Jacobetz et al. 2013).
Based on these findings, the tumor stroma can be thought of as both nurturing and
protecting pancreatic cancer cells and a valuable target in pancreatic cancer
therapy.

Hypoxia-Driven Signaling Pathways

Hypoxia is a common condition in zones of rapidly proliferating tumors which
influences signaling pathways that control cell proliferation, angiogenesis, and
apoptosis (Harris 2002). Hypoxia is also believed to be a prevalent state in pancre-
atic tumors due to hypovascularity that is concomitantly found within the dense
stroma. Hypoxic conditions are also associated with resistance to chemotherapy and
radiation therapy (Harris 2002; Yokoi and Fidler 2004). In pancreatic cancer,
hypoxia confers multidrug resistance primarily through the PI3K/AKT/NF-xB
pathway and partially through the MAPK signaling pathway (Yokoi and Fidler
2004). Inhibition of PI3K with the inhibitor LY294002 (Eli Lilly), in combination
with a Chk1 inhibitor, UCN-01 (Tokyo Research Laboratories), has been shown to
partially sensitize pancreatic cancer cells to cytotoxic chemotherapy under hypoxic
conditions (Onozuka et al. 2011).
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Immune Cells

Immune cells form an integral part of the tumor stroma and various types of immune
cells have either tumor-promoting or tumor-antagonistic properties. The balance
between these two properties contributes to tumor growth. Tumor-promoting cells
include macrophages, mast cells, neutrophils, T and B lymphocytes (Ruffell et al.
2010; DeNardo et al. 2010). These cells are activated by a number of signaling
molecules that have been extensively studied in different cell systems (Ruffell et al.
2010; Murdoch et al. 2008; Qian and Pollard 2010). Infiltration with immune cells
has been observed in all stages of pancreatic cancer, from PanIN lesions to invasive
cancer (Clark et al. 2007). These immune cells secrete a number of molecules that
modulate tumor and stromal growth, including VEGF, FGF2, chemokines and cyto-
kines, pro-angiogenic factors such as MMP-9 and other matrix metalloproteases,
and heparinase (Murdoch et al. 2008; Qian and Pollard 2010; Hanahan and Weinberg
2011). Kraman and colleagues identified a specific subpopulation of stromal cells
expressing fibroblast activation protein (FAP) that play a role in suppressing antitu-
mor immunity (Kraman et al. 2010). Depletion of this subpopulation led to IFNy
and TNFa mediated modulation of tumor growth (Kraman et al. 2010). Pancreatic
cancer cells are also responsible for recruiting immune cells to suppress the antitu-
mor activity of CD8(+) T cells. Using murine models for pancreatic cancer, two
groups simultaneously found that oncogenic KRAS results in the secretion of
GM-CSF by pancreatic cancer cells, which in turn attracts Gr-1(+) CD11b(+) cells
that can inhibit the activity of CD8(+) T cells in the tumor (Bayne et al. 2012;
Pylayeva-Gupta et al. 2012). These data emphasize the complex nature of the
immune system and tumor development and represent a venue to target to alter the
immune suppressive environment that exists in pancreatic cancer.

Cancer Stem Cells

A subset of cancer cells has been identified in many solid tumors which has the
capacity to efficiently propagate a new tumor with the heterogeneity and pathologic
features of the original cancer. These cells are called CSCs because they share nor-
mal stem cell features such as self-renewal and the ability to undergo both symmetric
and asymmetric cell division (Reya et al. 2001). Conventional therapies are directed
at eliminating bulk tumor cells; however, these therapies are usually short-lived, and
tumors eventually reestablish themselves. One reason for this phenomenon is that
the CSCs are intrinsically resistant to cytotoxic chemotherapy and persist despite
apparent response in bulk tumor (Kim and Simeone 2011). Therefore, understanding
differences between CSCs and bulk tumor cells is relevant to improving overall effi-
cacy of treatment.

CSCs were first described in acute myeloid leukemia (AML) as a distinct CD34+/
CD38- population capable of both self-renewal and distinct progeny (Bonnet and
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Dick 1997). Subsequently, CSCs have been identified by surface marker analysis in
solid tumors, including pancreatic cancer, with a first report demonstrating a subset
of CD44+/CD24+/ESA +pancreatic CSCs (Li et al. 2007). Additionally, both
CD133 and ALDH have been identified as potential independent markers for pan-
creatic CSCs (Hermann et al. 2007; Jimeno et al. 2009). Most recently, c-Met+/
CD44+ pancreatic cancer cells have been described to potently enrich for a popula-
tion of pancreatic CSCs (Li et al. 2011).

Although tumorigenesis is generally considered a clonal process, there is ulti-
mately genetic diversity within an individual tumor (Marusyk and Polyak 2010).
Recent detailed analysis of tumor cells from different metastatic sites within an
individual patient confirmed that there are subclonal populations due to genomic
instability (Campbell et al. 2010). We currently lack a detailed understanding of
how genetic heterogeneity of pancreatic cancer correlates with the hierarchy of
CSCs. Although one could view the complexity of genetic heterogeneity as an
insurmountable barrier to the development of targeted therapies, an alternate view
in the context of CSCs is that identifying the dominant signaling pathways in the
CSC subpopulation is the key to eliminating the subpopulation of cells that may be
most important for clinical progression and recurrence of disease. Based on this lat-
ter view, we describe below the results of increased attention focused on CSC biol-
ogy, including the role of developmental signaling pathways and commonalities
between CSC and cancer cells that have undergone EMT.

There are multiple signaling pathways that are upregulated in pancreatic CSCs
that represent possible therapeutic targets. MET has recently been described as a
potent marker for identifying pancreatic CSCs when studied in combination with
CD44 expression (Li et al. 2011). This selective feature of CSC is now being tar-
geted therapeutically with agents that inhibit MET. Treatment with the MET inhibi-
tor XL184 has been shown in preclinical studies to reduce the percentage of
pancreatic CSCs, decrease tumorsphere-forming capacity, and decrease in vivo
tumorigenicity (Li et al. 2011). In addition to high levels of MET expression,
Lonardo and colleagues found Nodal/Activin signaling to be elevated in pancreatic
CSCs (Lonardo et al. 2011). By inhibiting the Nodal/Activin receptors Alk4/7 with
the chemical inhibitor SB431542 or targeted siRNA, CSCs could be ablated in vitro.
Additionally, the combination of SB431542 with gemcitabine and the SMO inhibi-
tor CUR199691 could effectively ablate tumor growth in vivo (Lonardo et al. 2011).
Together, HGF/MET and Nodal/Activin/Alk4 represent signaling pathways that
may allow for the development of CSC-targeted therapies that can potentially be
used in combination with standard chemotherapeutic regimens to reduce disease
recurrence by specifically eliminating CSCs.

CSCs have also found to be resistant to chemotherapy and radiotherapy as evi-
denced by the increased percentage of CSC isolated following treatment. Cells that
have undergone EMT share some of the same characteristics. Induction of EMT has
been shown in breast cancer to cause transition to development of a CSC marker
profile with associated phenotypic changes such as increased ability to form tumor-
spheres (Mani et al. 2008). In pancreatic cancer, recent gene expression profiling
analysis of human and murine pancreatic cancer cell samples revealed three distinct
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tumor types: classical epithelial, quasimesenchymal, and endocrine-like type
(Collisson et al. 2011). The most EMT-like quasimesenchymal tumors were associ-
ated with poor patient prognosis (Collisson et al. 2011). It has also been reported in
preclinical studies that gemcitabine-resistant cells appear to undergo EMT with
associated phenotypic changes of increased invasiveness and migration (Wang et al.
2009c). These resistant cells correspondingly had an increased population of pan-
creatic CSCs (Wang et al. 2009c). Although these data do not prove equivalence of
CSC with cancer cells that have undergone EMT, the correlation between EMT and
CSCs may provide insight into shared phenotypes of chemoresistance and allow for
identification of new targets for therapy.

Conclusions

From the analyses of the complex pathways present in pancreatic cancer and evolving
evidence of tumor heterogeneity, it is evident that in pancreatic tumors, changes are
not often due to a single driver mutation, but more often a combination of many
mutations collaborating together. Therefore, targeting a single pathway or molecule
is unlikely to be successful. Adding to this complexity is the genetic clonal variation
within the tumor itself. It is also becoming more apparent that in order to effectively
treat pancreatic cancer, other cells in the tumor microenvironment must also be
targeted, such as CAFs and immune cells that nourish and protect pancreatic cancer
cells from chemotherapies. Ultimately, effective treatment of pancreatic cancer will
need to combine means of normalizing the tumor stroma, removing bulk tumor
cells, and eliminating elusive pancreatic CSCs that might drive tumor reestablish-
ment and disease relapse. By achieving these goals, pancreatic cancer may someday
become a manageable condition rather than a certain death sentence.
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