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Abstract
Developmental genes are known to regulate cell proliferation, migration, and differentiation; thus,
it comes as no surprise that the misregulation of developmental genes plays an important role in
the biology of human cancers. One such pathway that has received an increasing amount of
attention for its function in carcinogenesis is the Hedgehog (Hh) pathway. Initially the domain of
developmental biologists, the Hh pathway and one of its ligands, Sonic Hedgehog (Shh), have
been shown to play an important role in body planning and organ development, particularly in the
foregut endoderm. Their importance in human disease became known to cancer biologists when
germline mutations that resulted in the unregulated activity of the Hh pathway were found to cause
basal cell carcinoma and medulloblastoma. Since then, misexpression of the Hh pathway has been
shown to play an important role in many other cancers, including those of the pancreas. In many
institutions, investigators are targeting misexpression of the Hh pathway in clinical trials, but there
is still much fundamental knowledge to be gained about this pathway that can shape its clinical
utility. This review will outline the evolution of our understanding of this pathway as it relates to
the pancreas, as well as how the Hh pathway came to be a high-priority target for treatment.

THE HEDGEHOG PATHWAY---OVERVIEW
Since the identification of the Hh gene in Drosophila nearly 30 years ago, insights into the
molecular pathway and its role in development and tumorigenesis have taken investigation
far from the bench to the patient’s bedside. The Hh gene was found initially in Drosophila
when a large-scale screening for mutations revealed an altered segmentation pattern of
larvae, resulting in a short, fat larva covered in a “lawn” of denticles resembling a hedgehog;
thus the name was born.1 Since that time, Hh signaling has been shown to be one of the
most important signal transduction pathways in animal development, playing important roles
not only in body planning but also in cell fate and stem cell maintenance. Logically,
derangement of this pathway can alter profoundly the regulation of normal cell growth, and
its misregulation has now been shown to play an important role in human cancers.

Mammals have 3 Hh ligands, Desert Hedgehog (Dhh), Indian Hedgehog (Ihh), and Sonic
Hedgehog (Shh). Much of what is known about the Hh pathway has been derived from
studies involving Shh, which exerts its effect on pattern formation and control of cell growth
through activation of a signaling cascade. Shh is translated as a 45-kDa precursor protein
that goes through multiple steps essential for generating active ligands. Shh undergoes
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autocatalytic processing, which yields a 19-kDa, N-terminal, Shh signaling domain (Shh-N)
and a 25-kDa C-terminal domain (Shh-C). Shh-C has no known signaling activity but
becomes active when its C terminus is modified by cholesterol and its N terminus by
palmitate. When modified Shh-N reaches its target cells, it binds to the 12-pass
transmembrane protein Patched (Ptch) with high affinity at the cell surface. Ptch exists as 2
isoforms, Ptch1 and Ptch2. Shh binds equivalently to both of these but is believed to exert its
effect mainly through Ptch1. In the absence of Shh ligand, Ptch1 inhibits the activity of
Smoothened (Smo), the 7-pass transmembrane protein. When Shh binds to Ptch1, it inhibits
Smo repression and results in its activation, which transduces the Hh signal to the
cytoplasm. Although the exact mechanism is still unknown, Smo activation results in the
formation or release of activating forms of Gli (Gli-1 and Gli-2) while blocking the
production of its repressive forms (Gli-3). The balance between the activating and repressing
forms of the Gli proteins results in the expression of a variety of target genes (Fig 1).

In addition to this “canonical pathway” of Hh, recent evidence points toward the existence
of a noncanonical pathway, where the mechanism of activation deviates from that described
previously. To date, noncanonical mechanisms that have been identified include Shh
signaling independent of Gli-mediated transcription and interaction or activation of the Hh
pathway by other pathways independent of ligand activation. For example, Ptch has been
shown to interact directly with cyclin B1 and caspases to inhibit proliferation; this effect is
independent of Gli.2 In several other studies, authors further suggest that GLI transcription
factors are regulated not solely by Hh signaling but can also be regulated by RAS
signaling.3,4 Because of the context- and gradient-dependent manner by which Hh exerts its
effects on the cell, spatial and temporal activity of both the canonical and noncanonical Hh
pathways must be regulated tightly for normal embryonic development to occur. This type
of sophisticated regulation of the Hh pathway is seen during pancreatic development, which
relies on temporal and spatial regulation of several Hh ligands.5

Hh SIGNALING AND PANCREATIC DEVELOPMENT
The formation of the mammalian pancreas is a complex process. Development begins with
the alignment of endoderm cells along the vertical body axis to form the gut tube, which is
then divided into the foregut, midgut, and hindgut. At the boundary between foregut and
midgut, the septum transversum generates 2 pancreatic buds called the dorsal and ventral
endoderm. Subsequently, these 2 epithelial extensions that branch into the surrounding
mesenchyme fuse to form the mature pancreas, which follows the rotation of the stomach.6

The dorsal bud arises first and generates the main part of the pancreas. The ventral bud
develops later as part of the hepatic diverticulum; thus, it is associated with the bile duct and
forms only part of the head and uncinate process of the pancreas.

All 3 mammalian hedgehog genes, Shh, Ihh, and Dhh, are expressed differentially
throughout pancreatogenesis, with Shh showing the widest range of expression.7 Early in
development, around embryonic day 8.5 to 9.0 (e8.5–9.0), Shh and Ihh are expressed
throughout the endodermal epithelium of the primitive gut but are noticeably absent and
down-regulated in the area of the future pancreas. This down-regulation identifies the area
of the endoderm that has been programmed specifically to become the future pancreas.8 Ihh
and Dhh ligands, including the Ptch1/Smo receptor complex, are expressed later in the
development of the pancreas (approximately e13.5).9 It has been reported that epithelial and
β-cell expansion are regulated by Hh signaling.10,11

The importance of the regulation of the Hh pathway in pancreatic morphogenesis has been
demonstrated by misexpression experiments. Ectopic expression of Shh early in
development results in the misdirection of the pancreas toward a duodenal fate,12,13 whereas
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loss-of-function mutations result in an expansion of the pancreatic domain.14 Loss of Ihh has
been associated with annular pancreas, a rare condition characterized by an extension of the
pancreatic gland, which then encircles the duodenum.13 To date, complete ablation of Hh
signaling in transgenic mice has not been achieved because of the early embryonic lethality
associated with Hh depletion.9 These data suggest that misregulation of Shh signaling
during embryogenesis results in morphologic and functional defects in the developing
pancreas, revealing the important role this pathway plays throughout embryonic pancreatic
development.

Interestingly, all Hh ligands are expressed in the adult pancreas, suggesting that Hh may also
continue to play an important role in pancreatic maintenance. The Ptch receptor is identified
in the mesenchyme and Ptch-2 in the epithelium. The expression of the ligand appears to be
restricted in different compartments throughout the pancreas. For example, Ihh is identified
in the adult islet, Dhh in the peripheral nerves, and Shh has been found in a discrete
epithelial compartment, the set of pancreatic duct glands (PDG).15 Thus, the Hh pathway
and its signaling are important not only for pancreatic development but also for homeostasis
and regeneration.

Hh SIGNALING IN PANCREATIC REGENERATION
The identification of Hh in the adult pancreas and its up-regulation in response to injury
suggest that this pathway plays a central role in pancreatic regeneration. Evidence from
studies of pancreatic regeneration after pancreatic parenchymal injury in rodents supports
the hypothesis that the global regeneration process occurs via 2 mechanisms. The first
mechanism is an expansion of the ductal cell population, followed by differentiation of this
expanded pool into mature exocrine, endocrine, or duct cells. The second mechanism occurs
via replication of existing beta cells in the remnant pancreas.16,17 The specific signaling
pathways required for this regeneration process have been examined by the use of molecular
approaches in model systems, including transgenic mice and zebra fish.

To analyze the mechanisms of regenerative repair in the exocrine pancreas after injury, a
variety of pharmacologic and surgical approaches have been used to simulate pancreatitis.
One of the most common pharmacologic approaches is the use of the cholecystokinin
analogue cerulein. In a well-characterized model of acute pancreatitis, exposure to cerulein
via intraperitoneal injection in rodents leads to the loss of acinar cell mass followed by
regeneration. In the mouse, cerulein leads to a near-complete loss of acinar cells within 72
hours after injection, followed by restoration of the acinar cell compartment within 7 days of
injury.18 After acute injury, some acinar cells undergo a process of dedifferentiation with
loss of expression of acinar cell markers, expression of pancreatic progenitor cell markers
(nestin, Pdx1), and morphologic changes that include the formation of a metaplastic
epithelium. These steps involve the rapid proliferation of these cells after re-entering the cell
cycle, followed by their redifferentiation into specific cell types.

Evidence for the role of Hh signaling in regeneration of the exocrine compartment comes
from studies in which authors have used a combination of pharmacologic and genetic
approaches to show that in the absence of an intact Hh pathway, the exocrine compartment
is unable to regenerate. During normal regeneration, Hh is up-regulated after injury; indeed,
levels of Hh are detected in the regenerating metaplastic epithelium as well as in the acinar
cells. After regeneration is complete, Hh levels become undetectable. Inhibition of Hh
signaling does not affect the initial steps that lead to the formation of a metaplastic
epithelium after acute injury or the severity of injury. The main effect of Hh inhibition is the
inability of the dedifferentiated acinar cells to redifferentiate into mature cells after
formation of metaplastic lesions and the persistence of these lesions in injured pancreata.19

Rosow et al. Page 3

Surgery. Author manuscript; available in PMC 2013 October 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



These results support the hypothesis that exocrine regeneration after pancreatic injury
requires the activation of Hh signaling and up-regulation of other embryologic markers,
including Pdx1 and nestin. This observation suggests that pancreatic exocrine regeneration
recapitulates some aspects of pancreatic development, but, more importantly, that
dysregulation of this pathway by chronic inflammation may play an early role in pancreatic
metaplasia and cancer.

THE EARLY AND LATE ROLE OF THE Hh PATHWAY IN PANCREATIC
CANCER: THE ROLE OF Hh IN CHRONIC INFLAMMATION AND
METAPLASIA

Aberrant regulation of developmental pathways has been identified as an important property
in many cancers, including pancreatic adenocarcinoma. The same pathways that direct organ
patterning and growth during embryonic development also govern tissue homeostasis in
adult organs by regulation of stem cell proliferation and differentiation.20 Through
inappropriate activation of these pathways, chronic tissue injury may result in misdirection
of tissue repair, ultimately resulting in neoplasia. Increasing evidence suggests that the Hh
pathway plays a key role in the initiation of pancreatic cancer as well as in its maintenance
and progression.

Aberrant expression of members of the Hh pathway in chronic pancreatitis and pancreatic
cancer was first noted by Kayed et al21 in 2003, although these authors believed Ihh to be
the important ligand in the diseased pancreas. Subsequent research showed that the ligand
Shh is expressed aberrantly in pancreatic cancer and its precursor PanIN lesions and that
Shh functions as a mediator of cancer initiation and growth.22 Mice with transgenic
misexpression of Shh in the pancreatic endoderm developed lesions resembling PanIN, and
Hh inhibition by cyclopamine induced apoptosis and blocked proliferation of pancreatic
cancer cells in vitro and in vivo. Thus, Hh signaling was identified as an early and late
mediator of pancreatic ductal adenocarcinoma (PDAC).22 These findings were supported by
a concurrent study in which the authors demonstrated that the up-regulation of Hh ligand is
required for the maintenance of several digestive tract cancers, including pancreatic
cancer.23 Meanwhile, Hh misexpression has also been described in intraductal papillary
mucinous neoplasms (IPMN), the second precursor of invasive pancreatic cancer.24

In subsequent studies, investigators focused on the mechanisms of activation of the Hh
pathway and how it contributes to carcinogenesis. The special role that aberrant activation of
the Hh pathway plays in pancreatic carcinogenesis is explained by its function in pancreatic
development. In the embryonic foregut, Shh promotes development of the gastrointestinal
tube and represses pancreatic development.25 Shh signaling was thought previously to
disappear early in pancreatic development,25 but work from our group identified Shh
expression in a specialized epithelial compartment which appears as gland-like outpouches
off larger pancreatic ducts; we termed these pancreatic duct glands (ie, PDG).15 In response
to chronic injury, PDG proliferate, up-regulate Shh as well as the Hh receptor PTCH (Fig 2),
and undergo a gastrointestinal mucinous metaplasia.15

It had been noted previously that pancreatic cancer and its precursor lesions, PanIN,
frequently display misexpression of gastrointestinal markers, such as the mucins Muc-5ac
and Muc-6,26,27 as well as Shh.22 In vitro, activation of the Hh pathway by transfection with
the Hh transcription factor Gli-1 resulted in up-regulation of several foregut markers.28

Strobel et al15 demonstrated that recapitulating its role in development, up-regulation of the
ligand Shh is sufficient to misdirect the pancreatic ductal epithelium toward a
gastrointestinal metaplastic phenotype both in vitro and in vivo (Fig 3). The underlying up-
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regulation of Shh in response to chronic injury may be caused by signals involved in tissue
repair and expression of other proteins known to mediate inflammatory cues, such as nuclear
factor kappa B.29

Apart from PDG, Shh misexpression can also be identified in mucinous metaplastic lesions
that form in response to injury in the pancreatic parenchyma.30 A minority of these lesions
have been found by lineage tracing to originate from acinar cells by true transdifferentiation,
whereas the majority arise most likely from terminal ductal or centroacinar cells but not
from beta cells.30,31

Chronic injury thus appears to result in a Shh-mediated gastrointestinal metaplasia as an
early and important step in pancreatic carcinogenesis. This process may induce a common
mechanism in the initiation of pancreatic cancer, or perhaps this observation suggests a
common compartment of origin that results in both precursor lesions PDAC, PanIN and
IPMN. Similar to the role of Barrett’s metaplasia at the gastroesophageal junction, this Shh-
mediated gastrointestinal metaplasia in the pancreas may be the basis of further molecular
aberrations and mutations that mediate the progression of precursor lesions to invasive
cancer.

Other in vitro and in vivo studies demonstrate that Hh contributes to pancreatic
carcinogenesis at several stages and through several mechanisms.32 Synergistic molecular
crosstalk between the Hh pathway and activated K-RAS, a key mediator of pancreatic
carcinogenesis,33 have been clearly demonstrated.3,32,34,35

Hedgehog is not only an early mediator involved in carcinogenesis but is also a late
mediator of pancreatic cancer.22 Analyses of global genomic sequencing have recently
identified the Hh pathway as one of the few “core” pathways of central importance for the
biology of human pancreatic cancer.36 It has meanwhile become evident that Hh signaling
contributes to several hallmarks of the maintenance and progression of pancreatic cancer,
such as cancer stem cells (CSC), interactions between cancer epithelium and stroma,
angiogenesis, and metastases. These different aspects underscore the therapeutic potential of
Hh pathway inhibition in pancreatic cancer.

Shh AND CSC AND METASTASIS
Cancer can be defined as a disease of unregulated growth and self-renewal. Many
conceptual similarities exist between stem cells and cancer cells, suggesting the existence of
CSC that initiate tumorigenesis and possess indefinite potential for self-renewal and
multilineage differentiation.37,38 CSC are very resistant to adverse conditions in the tumor
microenvironment.39 Interestingly, Shh has been identified recently as being up-regulated in
pancreatic CSC, with distinct populations of CSC (CD24+/CD44+/ESA+) shown to have Shh
expression 46-fold greater than CD24−/CD44−/ESA−.40 This finding suggests a ubiquitous
up-regulation of the Shh ligand in the CSC population compared with the heterogeneous
population of the tumor. The role of Shh in pancreatic cancer stem cells remains to be
determined, but up-regulation of Shh indicates a role in carcinogenesis driven by CSC.

It is believed widely that CSC are responsible for progression and metastasis of epithelial
tumors. Hermann et al41 discovered a population of CD133+/CXCR4+ cells, as compared
with CD133+/CXCR4− cells, that is able to set up metastases, which are able to induce
tumor growth but do not form distant metastases. The authors suggest the existence of 2
different CSC populations, migratory and stationary CSC. If true, this concept opens a new
window for potential treatment to prevent metastatic spread. The Shh expression levels of
these distinct cells remain to be determined, but they are likely to be up-regulated because
they are up-regulated in their CD24+/CD44+/ESA+ counterparts. The possibility of treating
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these special CSC to prevent the lethal event of metastatic spread and thus keeping the
tumor localized may offer a major insight and advantage for further investigations in the
treatment of pancreatic cancer. Only a few cases of CSC have been isolated and purified in
pancreatic cancer. The ability to identify and compare those cells of origin that are able to
set up metastases would give us the possibility---in PDAC as well as in other epithelial
cancers---to finally find a molecular target for potentially promising results in the battle
against this dismal disease.

THE Hh PATHWAY AS A POTENTIAL THERAPEUTIC TARGET
With a large body of evidence supporting a role for Shh in PDAC, a number of preclinical
studies have been performed that allow us to understand further the role of the Hh pathway
in PDAC as well as to evaluate the efficacy of inhibition of the Hh pathway for the treatment
of this disease. Using cyclopamine, a naturally occurring Smo inhibitor, our group in
collaboration with other authors first reported the efficacy of inhibiting the Hh pathway in
decreasing the growth and tumorigenesis of PDAC cell lines.22 In response to cyclopamine,
50% of PDAC cell lines examined showed decreased proliferation and increased apoptosis
in vitro relative to control cells. Importantly, the treatment of mice bearing heterotopic
xenograft cancers with cyclopamine resulted in a 50% decrease in tumor growth in
responsive lines. Two studies in which investigators used an orthotopic model of PDAC
demonstrated that inhibition of the Hh pathway with cyclopamine or IPI-269609, an orally
bioavailable inhibitor of Smo, prevented distant metastases.42,43 In addition to blocking the
activity of Smo, strategies have been used to target Shh directly. The treatment of mice with
orthotopic xenograft cancers with a neutralizing antibody against Shh, 5E1, resulted in a
greater than 4-fold decrease in tumor volume.44 This treatment also decreased the incidence
of metastasis to the lymph nodes, liver, and peritoneum.

Although the use of cells derived from human tumors in these preclinical studies allows one
to evaluate the efficacy of inhibiting the Hh pathway in the context of the diverse genetic
makeup of PDAC, genetically engineered mouse models of PDAC play an important role in
understanding how inhibition of the Hh pathway affects the natural course of tumor
development. In one such study, investigators used a mouse model of PDAC induced by the
pancreas-specific activation of KRAS and inactivation of Ink4a/Arf.45 Treatment of these
mice with cyclopamine resulted in a small increase in survival. In a second study, Olive et
al46 used a mouse model of PDAC induced by the activation of KRAS and inactivation of
p53. They demonstrated that inhibition of Hh signaling by the Smo inhibitor IPI-926 can
enhance the effectiveness of chemotherapeutics. Although the treatment of mice with this
compound alone had no effect on survival, combining treatment with gemcitabine resulted
in a doubling of the survival time for these mice. Analysis of these tumors revealed that
tumors from mice treated with IPI-926 had a decrease in tumor stroma, which resulted in an
increased delivery of gemcitabine to the tumor cells.

The results of this study highlight a recent shift in the understanding of Hh signaling in
PDAC with a greater focus on its role in the tumor microenvironment. Although early work
in the field focused on an autocrine role for Shh in the development of PDAC, recent
experiments using cell lines treated with Hh pathway inhibitors have demonstrated that
greater levels of inhibitors were required to exert their biologic effect than were needed to
inhibit Hh signaling.47 Although this study suggested that the observed biologic effects may
be caused by off-target effects, the results of at least one other study suggest that some of the
biologic effects are indeed attributable to the inhibition of the Hh pathway.48 Consistent
with other studies, the authors demonstrated that the treatment of PDAC cell lines with
cyclopamine resulted in decreased proliferation and increased apoptosis. Importantly, when
the Smo agonist purmorphamine was added, cell proliferation was restored, but there was no
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change in apoptosis, indicating that at least some of the biologic effects of cyclopamine are
dependent on Hh signaling. Given the wide variation in the sensitivity of PDAC cell lines to
Hh inhibitors, the disparity in the amounts of compounds used in various studies, and recent
discoveries that Gli can be activated by Smo-independent pathways (such as KRAS and
TGF-beta), more rigorous analysis will be needed to define a role for autocrine Shh
signaling in PDAC.35

Despite the disparate reports of autocrine signaling in PDAC, a growing body of evidence
supports the importance of ligand-dependent activation of Hh signaling in the tumor stroma.
In human tumor xenografts, expression of Shh by tumor cells correlated with increased
expression of GLI-1 and PTCH1 in the stromal compartment. Pathway inhibition affected
only stromal GLI-1 and PTCH1 expression and resulted in decreased tumor growth
exclusively in Hh ligand-expressing tumors.47 Consistent with these findings, Tian et al49

demonstrated that the expression of an oncogenic Smoothened (SmoM2) in mouse pancreata
neither activates Hh signaling in epithelial cells nor promotes their neoplastic
transformation. In murine pancreatic cancer models as well as in human pancreatic cancer
specimens, activation of the Hh pathway was observed only in stromal cells surrounding Hh
ligand-expressing tumor cells. Not only is activation of the Hh pathway observed in the
stroma, but Shh appears to play a role in promoting growth of the stroma. Employing an
orthotopic xenograft model of PDAC, it was demonstrated that Capan-2 cells
overexpressing Shh induced a more robust desmoplastic reaction than that observed in
tumors derived from control cells.50

The aforementioned work by Olive et al46 provided further insight into the mechanism by
which inhibition of the Hh pathway affects tumor growth in pancreatic cancer. In a
genetically engineered mouse model of PDAC, Olive et al found that inhibition of the Hh
pathway resulted in depletion of the stromal compartment together with a transient increase
in vascular density. This study is especially important because it was the first to demonstrate
the potential importance of the combined treatment of the cancer and stroma, a potentially
key therapeutic strategy in treating this disease.39,46

In stark contrast to the findings by Olive et al,46 Hh signaling itself is known to promote
angiogenesis both indirectly and directly in nontumor models. In recent studies authors also
identified Hh pathway activation as indirectly proangiogenic in tumor models. Several
groups have reported an indirect effect of Hh on angiogenesis through the induction of
proangiogenic cytokines in mesenchymal cells. Pola et al51 found that the activation of Hh
signaling improved blood flow and limb salvage in a mouse model of hind-limb ischemia by
inducing expression of vascular endothelial growth factor (VEGF) and angiopoietins-1 and
-2 (ANG1, 2) in mesenchymal cells. Asai et al52 identified active Hh signaling during
wound repair and found that Hh signaling accelerates healing by increasing vascularity.
Topical gene therapy with SHH increased the expression of proangiogenic cytokines in
stromal fibroblasts and enhanced the recruitment of endothelial progenitor cells. Using
animal models of retinal and choroidal neovascularization, Surace et al53 demonstrated a
requirement for Hh signaling during physiologic and pathologic retinal vascularization
through increased expression of VEGF in mesenchymal cells. In 2 more recent studies
investigators delineate an additional, direct proangiogenic effect of Hh signaling on
endothelial cells.54,55 Both found that the Hh ligand does not induce its target genes GLI-1
and PTCH1 in endothelial cells but rather activates the small GTPase RhoA in a SMO-
dependent manner. Activation of RhoA leads to cytoskeletal rearrangement and enhanced
migration, and ultimately promotes angiogenesis.

More recently, angiogenesis promoted by the activation of Hh signaling was also identified
in cancer. Nakamura et al56 reported that inhibition of the Hh pathway results indirectly in a
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decrease of tumor vasculature by decreased homing of bone marrow-derived cells to PDAC
xenografts together with a decrease in expression of stromal Ang-1 and IGF-1 within the
tumors. Chen et al57 found that Hh signaling increases indirectly the tumor vascularity in
PDAC by the induction of VEGF expression in stromal perivascular cells; however, the
tumor cells themselves are commonly thought to secrete the majority of the VEGF found
within cancers.58,59

Further studies are, therefore, needed to clarify: (1) how Hh signaling was found to promote
vascularization in PDAC in some studies,56,57 whereas other groups found that its inhibition
leads to increased tumor vascularity46; (2) why Hh inhibition results in a marked decrease in
tumor vascularity,56,57 even though the amount of VEGF contributed by mesenchymal cells
(and regulated by Hh signaling) is relatively small compared to the amount secreted by the
tumor cells themselves in most cancers58,59; and (3) whether Hh signaling also promotes
angiogenesis directly in cancer by acting on endothelial cells. What is clear is that the Hh
pathway plays key roles in the maintenance, growth, and migration of PDAC, making it an
ideal clinical target.

BEDSIDE: CLINICAL TRIALS USING THE Hh PATHWAY
The development of Hh pathway inhibitors began with cyclopamine, which binds and
inactivates Smo.60 In mouse models, cyclopamine and the closely related compound jervine
were associated with low affinity, poor bioavailability, chemical instability, and rapid
clearance,61 making cyclopamine a poor candidate for clinical use. Hh pathway inhibitors
appropriate for the clinics were identified with the use of standard medicinal chemistry and
small molecule screens. One of the first drugs developed via the use of small molecule
screening, CUR-61414 (Curis),62 induced apoptosis in preclinical mouse models of basal
cell carcinoma. This drug was a topical agent, limiting its use in other solid tumors. Since
that time, a number of Smo antagonists have been identified. Although most of the current
drug development targets Smo, attempts to target members of the Hh pathway both
upstream (PTCH) and downstream of Smo (GLI) are under way but are still in preclinical
testing.

Seven small-molecule inhibitors of Smo are being evaluated currently in phase 1 and 2
trials. These include GDC-0449 (Genentech), IPI-926 (Infinity Pharmaceuticals),
BMS-833923 (BMS/Exelixis), TAK-441 (Millennium), LDE225, LEQ506 (Novartis), and
PF-04449913 (Pfizer). Table lists clinical trials in which investigators are using these drugs
for pancreatic cancer and other solid tumors. The Smo inhibitors that are furthest along in
their development are GDC-0449 and IPI-926. The first of these, GDC-0449, is a synthetic,
highly potent small-molecule inhibitor of Smo that is available as an oral formulation.63

Results from 2 early-phase clinical trials showed encouraging results with respect to drug
safety and tolerance. The first, a phase 1 trial for patients with refractory, locally advanced
or metastatic solid tumors, was conducted by LoRusso et al64 with 68 patients (8 of whom
had pancreatic cancer). In this trial, the overall response rate for the most common
diagnosis, basal cell carcinoma, was 58%; one patient with PDAC experienced stable
disease as the best response while being on study for 3 months. This drug was well tolerated.
Grade 4 events were observed in 9% of the patients in this study, including hyponatremia,
fatigue, and pyelonephritis. On the basis of the relationship between dose increments and the
peak observed steady-state plasma concentration, the authors recommended a dose of 150
mg/day for future phase 2 studies. In the second study, Palmer et al65 evaluated interaction
between antagonists of the epidermal growth factor receptor and Hh signaling pathways in a
phase 1 trial. They compared a combination of erlotinib (epidermal growth factor receptor
tyrosine kinase inhibitor) and GDC-0449 as cohort I versus erlotinib + GDC-0449 combined
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with gemcitabine as cohort II for unresectable solid tumors. Preliminary results from 29
patients indicated that, in cohort I, the only dose-limiting toxicity was rash; in cohort II, the
dose-limiting toxicities seen were nausea, visual disturbances, and thrombocytopenia. The
authors recommended both erlotinib and GDC-0449 at a dose of 150 mg/day for phase 2
evaluation. In the aforementioned clinical trials GDC-0449 was well tolerated when used
alone or in combination with other chemotherapeutic drugs, and both studies deemed
GDC-0449 suitable for phase 2 trials.

In addition to GDC-0449, the other small-molecule inhibitor of Smo undergoing phase 1
evaluation currently is IPI-926 (Infinity Pharmaceuticals). Preliminary data from 2 ongoing
trials were presented recently at the 2011 meeting of the American Society for Clinical
Oncology.66 Rudin et al67 administered IPI-926 in patients with locally advanced or
metastatic solid tumors to determine its safety, antitumor activity, and pharmacokinetic
properties. In the study population, there were 7 patients with pancreatic cancer. With regard
to pharmacodynamic effect, a decrease in Gli-1 expression in normal skin was reported for
72% of the patients. The most common adverse events (grade 3) were fatigue (3%), alanine
aminotransferase elevation (8%), and aspartate aminotransferase elevation (4%). There were
no grade 4 or 5 events in this study; the maximally tolerated dose was 160 mg/day. In the
second trial focusing on PDAC, IPI-926 was combined with gemcitabine and used as first-
line treatment for patients with metastatic pancreatic cancer.68 Of the 15 patients enrolled in
this trial, 9 underwent postbaseline imaging, and 3 of these showed radiographic partial
responses. The most common adverse events included fatigue, nausea (both, overall 40%;
grade 3, 0%) and aspartate aminotransferase/alanine aminotransferase elevation (grade 3,
7%). There were no adverse events of grade 4. In addition, there was no adverse interaction
between IPI-926 and gemcitabine. On the basis of these encouraging results, the authors
have moved this compound into a phase 2 trial.

Mechanisms of resistance also are 4 being identified in these early trials. A patient with
metastatic medulloblastoma who responded initially to Hh pathway inhibition subsequently
showed a complete loss of therapeutic effect after 3 months of therapy.69 Further
investigation revealed a mutation of Smo involving an amino acid substitution of aspartic
acid (Asp to His on codon 473) that hampered the ability of GDC-0449 to bind to Smo.70

Further mechanisms of resistance may be those relating to the noncanonical activation of the
Hh pathway downstream of Smo. The development of second-generation Smo inhibitors and
anti-Gli molecules, such as GANT58, GANT61, and further understanding of key signaling
pathways that interact with the Hh pathway, may allow us to anticipate and circumvent these
mechanisms of resistance. The overall perception from clinical trials involving GDC-0449
and IPI-926 is that these agents can be used safely in patients. These drugs are well
tolerated, have minimal side effects, and can be used without adverse interaction along with
other commonly used cytotoxic therapies. Further subset analysis and phase 2 trials are
under way to assess the clinical efficacy of Smo inhibitors. The subset of PDAC patients
who would derive the maximum benefit from this therapy, and the complete side effect
profile, remain unknown.

BACK TO THE BENCH
Since its initial discovery as a segment polarity gene in Drosophila and its mammalian
orthologs, there has been an explosion of information about the Hh pathway and the wide
variety of functions regulated by the Hh pathway during pancreatic embryogenesis and adult
pancreatic homeostasis, and more importantly, how aberrations in this pathway contribute to
the formation and maintenance of pancreatic cancer. During the past decade, it has become
evident that the Hh pathway contributes to the maintenance and progression of pancreatic
cancer by maintaining the CSC and the tumor microenvironment, altering angiogenesis, and
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regulating metastatic spread (Fig 4). Given the vast amount of preclinical studies, academia
and industry have been working together to develop novel compounds against this pathway.
To date, seven compounds are in clinical trials throughout the United States. Although
encouraging interval data have been reported on other solid tumors (basal cell cancers)
known to have mutations in the Hh pathway, nothing is yet known about the efficacy of
these drugs against pancreatic cancer.

Although Hh research has leaped from the bench to the bedside, many important questions
remain unanswered. For example, the molecular interaction between Ptch and Smo, as well
as the regulation of activating and repressive forms of Gli, remain to be determined. It is
also unclear how Hh regulates the tumor microenvironment and tumor angiogenesis. Most
recently, the identification of Shh in an epithelial compartment (PDG) that has progenitor-
like function and undergoes a mucinous metaplasia resembling both pancreatic precursor
lesions (PanIN and IPMN) suggests that this compartment may be a common compartment
of origin for pancreatic cancer. This observation, added to the knowledge that CSC express
high levels of Shh, may suggest that cancer may originate from Shh-positive stem cells
within the PDG. But much work needs to be done before such speculation is proven to be
true, so it’s back to the bench.

SPECIAL ACKNOWLEDGMENT TO DR WARSHAW BY DR SARAH THAYER
History of the pancreatic biology laboratory---the Warshaw laboratory

There was a fair amount of serendipity involved in the establishment of the Pancreatic
Biology Laboratory (PBL) by Dr Andrew Warshaw at the Massachusetts General Hospital,
beginning with his decision as a surgical resident in 1965 to spend 2 years as a fellow at the
National Institutes of Health. He saw this as an alternative to being drafted as a general
medical officer just prior to major U.S. involvement in Vietnam, and spending 2 years on an
army base. Dr Warshaw joined the National Institute of Arthritis and Metabolic Diseases to
work in the Gastroenterology Section and was the first surgeon to join what was essentially
a medical hepatology unit. Over time, however, the interests of this group came to include
malabsorption and pancreatic insufficiency. By the time he returned to clinical service as a
resident in 1967, he was seeing a wide range of pancreatic pathology and publishing his
findings.

When Dr Warshaw finished his chief residency and founded the PBL in 1972, rigorous
research by American surgeons into pancreatic physiology and biology was still in its
relative infancy. The Pancreas Club had just been founded in 1966 and was still an informal
gathering of physicians and researchers who discussed primarily acute pancreatitis. The
organization even disbanded for a year in 1974, before Dr Warshaw and several other
members pushed to restart it. Likewise, the precursors to the American Pancreatic
Association began having meetings in 1969, but these too were quite informal, with written
minutes beginning only in 1971. It was not until 1979 that the APA was formally
incorporated.

In this environment, Dr Warshaw is fond of saying that he chose his ultimate career path
because the pancreas was “the last organ that had not been taken.” He had already had 3
articles accepted by the New England Journal of Medicine and despite just finishing his
residency, he was already gaining a reputation as an authority on the pancreas. Still, he was
given only a single bench and a technician to start out, with no funds or protected time for
research.
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Research and education
The initial efforts of the PBL were like much pancreatic research done by surgeons at the
time---focused primarily on pancreatitis. Dr Warshaw built on his clinical experience with
pancreatitis and developed a research interest in amylase isoenzymes, publishing several
papers on the subject in the 1970s. Dozens of his articles in this decade offer insight into
serum markers, anatomic studies, and clinical observations. For many years, the focus of the
PBL was strictly on pancreatic physiology and markers of pancreatitis, but this focus
gradually shifted over time to the study of pancreatic tumor biology.

Dr Warshaw was assisted in this transition by the implementation of a fellowship program,
beginning in 1986. Given his role as an attending surgeon at Harvard Medical School’s
largest and oldest teaching hospital, Dr Warshaw felt a commitment to teaching and training
the next generations of surgeons and researchers; indeed, he has trained 29 surgeon-
scientists from 4 different continents. Of these fellows, 5 have gone on to become chairs of
their respective departments, and many others have developed highly distinguished
academic careers.

As one of Dr Warshaw’s surgical protégés, I am honored to have been a small part of his
great achievements and hope to continue his legacy of scientific contribution and teaching.
In 2001, when Dr Warshaw asked me to become a coinvestigator in the PBL, I began to
work on the developmental gene Shh, known to inhibit pancreatic development. Ultimately,
this work led to investigation into the Hedgehog pathway as a possible mechanism for
understanding pancreatic tumorigenesis and resulted in a seminal report in Nature in 2003.
Now, as director of the PBL, I have the pleasure of working with and overseeing great new
surgeon–scientists of the future. Many of these talented residents and scientists from this
laboratory have contributed greatly to our present-day insights into the Hedgehog pathway.
Thus this review was written as a collaborative group effort.

I am indebted to Dr Warshaw’s mentoring, encouragement and promotion, as well as the
opportunity to train and work with the gifted fellows of the PBL. ---Sarah Thayer
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Fig 1.
Diagrammatic representation of the hedgehog (Hh) signaling pathway. In the absence of Hh
ligand (A), PATCHED protein (PTCH) prevents smoothened (Smo) from accessing the
cilium. The zinc finger protein Gli undergoes proteosomal cleavage and is converted to its
repressor form (GliR). Gli R migrates to the nucleus and silences Hh target genes. In the
presence of Hh ligand (B), Hh binds to PTCH and inactivates it via endocytosis and
lysosomal degradation. This process allows Smo to associate with the cilium, and Smo
facilitates the activation of Gli. Activated Gli (GliA) migrates to the nucleus and stimulates
Hh target gene transcription. Inhibitors of the Hh signaling pathway have been indicated
(blue boxes) and may act primarily on Hh, Smo, or Gli. Of these, Smo antagonists are being
evaluated currently in phase 1 and 2 clinical trials.
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Fig 2.
Pancreatic duct glands (PDG) in the normal pancreas (A), in chronic inflammation (B), and
in inflammation-associated severe metaplasia (C). Shh is expressed at a low level in normal
PDG and up-regulated in hypertrophied PDG in response to chronic injury (arrowheads).
This up-regulation is accompanied by up-regulation of the Hh receptor and downstream
pathway member PTCH2 in the epithelium and PTCH1 in the stroma (modified from
Strobel et al15).
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Fig 3.
Effects of the Shh ligand on pancreatic ducts cells in vitro (A) and in vivo (B). (A)
Stimulation of human pancreatic ductal epithelium (HPDE) with recombinant Shh results in
a mucinous phenotype with expression of gastrointestinal mucins. (B) Transgenic
misexpression of Shh in the pancreas results in misdirection of ductal epithelial
differentiation toward a phenotype that resembles closely the gastric pyloric epithelium
(modified from Strobel et al15).
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Fig 4.
The functions of Sonic Hedgehog in cancer.
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