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Abstract
Pancreatic cancer is one of the most fatal human malignancies. Though a relatively rare
malignancy, it remains one of the deadliest tumors, with an extremely high mortality rate. The
prognosis of patients with pancreatic cancer remains poor; only patients with small tumors and
complete resection have a chance of a complete cure. Pancreatic cancer responds poorly to
conventional therapies, including chemotherapy and irradiation. Tumor-specific targeted therapy
is a relatively recent addition to the arsenal of anti-cancer therapies. It is important to find novel
targets to distinguish tumor cells from their normal counterparts in therapeutic approaches. In the
past few decades, studies have revealed the molecular mechanisms of pancreatic tumorigenesis,
growth, invasion and metastasis. The proteins that participate in the pathophysiological processes
of pancreatic cancer might be potential targets for therapy. This review describes the main players
in perineural invasion, hypoxia and desmoplasia and the molecular mechanisms of these
pathophysiological processes.
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INTRODUCTION
Pancreatic cancer is one of the major causes for cancer mortality worldwide and is now the
fifth most frequent cause of cancer death after lung, prostate, breast, and colorectal cancer
[1–2]. Though a relatively rare malignancy, it remains one of the deadliest tumors, with an
extremely high mortality rate approaching 100% [3]. The prognosis of patients with
pancreatic cancer is not optimistic. Around 75% of patients die within 1 year of diagnosis,
whereas about 5% or less will survive for 5 years [4]. Pancreatic cancer survival has not
improved substantially over the past 25 years [2]. Most cases are advanced at the time of
diagnosis. Only about 10% to 20% of patients are considered eligible for resection. Usually
by the time symptoms are present, there are no curative options because of the invasion and
metastasis of tumors [4].

One of the main causes of local recurrence of the tumor is perineural invasion (PNI), which
is frequently found in pancreatic cancer (incidence as high as 90%–100%) [3,4]. As a
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common but nonspecific feature of pancreatic cancer, PNI is an important prognostic factor
for pancreatic cancer. Further, PNI increases as the cancer becomes more undifferentiated
(i.e., MIA PaCa-2 cells) [5].

During growth and development of pancreatic cancer, there are regions of low oxygen
tension (hypoxia) because of an imbalance in oxygen supply and demand. However, cancer
cells undergo genetic and adaptive changes that allow them to survive and even proliferate
in these hypoxic conditions [6]. In human cancer cells, both intratumor hypoxia and genetic
alterations affecting signal transduction pathways lead to an increased hypoxia induced
factor 1 (HIF-1) activity, which in turn promotes angiogenesis, metabolic adaptation, and
other critical aspects of tumor progression [7].

A hallmark in pancreatic ductal adenocarcinoma is the presence of ‘desmoplasia,’ which is
defined as proliferation of fibrotic tissue with an altered extracellular matrix (ECM)
conducive to tumor growth and metastasis [8]. The desmoplasia, which consists of
fibroblasts, pancreatic stellate cells, lymphatic and vascular endothelial cells, immune cells,
pathologic increased nerves and ECM, creates a complex tumor microenvironment that
promotes pancreatic cancer development, invasion, metastasis and resistance to
chemotherapy.

Here we review experimental studies on PNI, hypoxia and desmoplasia in pancreatic cancer.
Based on these studies, several key factors are focused on as potential therapeutic and
diagnostic targets.

PERINEURAL INVASION
Perineural invasion, a special metastatic route in pancreatic cancer, is the process of cancer
cell invasion of nerves. PNI is a distinct pathologic entity that can be observed in the
absence of lymphatic or vascular invasion. Pancreatic cancer is characterized by extremely
high frequency of PNI, which is an early event. Our previous study reported an 86.9%
(53/61) PNI rate in pancreatic cancer patients [5]. Pour et al. have reported that 100% of
pancreatic tumors would reveal PNI if enough sections are evaluated [9]. Recent studies
have clearly demonstrated that PNI is an independent prognostic factor in tumors arising
from the prostate, biliary tract, skin and pancreas. In pancreatic tumors, nerve plexus
invasion is regarded as one of the most important prognostic factors [10].

Neurotropism to intra-pancreatic nerves and continuous extension of tumor cells into the
extra-pancreatic nerve plexus are hallmarks of ductal adenocarcinoma of the pancreas and a
major cause of recurrence after curative resection [9]. In addition to clinical recurrence,
neural infiltration by cancer cells and ultimate nerve damage may in part explain the severe
pain experienced by advanced patients, as in pancreatic cancer [11].

The Mechanism of Perineural Invasion
The mechanism of PNI in pancreatic cancer is not clear. There are two prominent theories:
one is “path of low resistance” and the other is reciprocal signaling interactions. Because of
the anatomical proximity between the pancreatic and celiac artery neural plexus, the human
pancreas have plenty of neural tissues, including ganglia, being innervated by the autonomic
nervous system, through plexi from the celiac and superior mesenteric artery ganglia [9].
Perineurium damage has been identified at the end of the nerve, at the site where the nerve is
invaded by the blood vessels around nerves, and at the site invaded by reticular fibers [12–
13]. Many previous studies presumed that the tumor cells grow along the “path of low
resistance”, and the path serves as a route for their distant migration [14].
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Another possible explanation of PNI in pancreatic cancer is reciprocal signaling interactions,
because advanced pancreatic cancer with PNI expressed many types of neuroendocrine
markers including S-100, synaprophysin, substance-P, enkephalin, and neural cell adhesion
molecules (NCAM). More recently, studies have demonstrated that PNI may involve
reciprocal signaling interactions between tumor cells and nerves. These invading tumor cells
may have acquired the ability to respond to pro-invasive signals within the peripheral nerve
milieu [14]. Promising contributors of these neuro–cancer interactions and supporting
factors in the pathogenesis of neural invasion in pancreatic cancer seem to be represented by
various neurotrophic factors. The detection of increased neurotrophic factors like nerve
growth factor (NGF), Glial cell line-derived neurotrophic factor (GDNF), and brain-derived
neurotrophic factor (BDNF) in intra-pancreatic nerves and tumor cells, and of their receptors
on tumor cells led to increased attention to these molecules in recent years [15–17]. Ceyhan
et al. use dorsal root ganglia (DRG) cells and tumor cells to imitate the extrinsic and
intrinsic innervations of the pancreas, delivering a much more realistic model for studying
the intrapancreatic innervation [18–19]. These findings indicated that nerves provide a
suitable environment for tumor growth and the interaction has a very positive effect on the
growth of both nerves and tumors.

Therapeutic Targets to PNI in Pancreatic Cancer
Kayahara et al. found that tumor cells grew mainly in a continuous fashion along the
branches of nerves by examining histopathologically a huge amount of consecutive sections
(almost 5000) of tumor specimens [20]. Tumor cells directly destruct the perineurium to
invade into the perineural cavities via the perforating vessels of the perineurium. They also
noted that tumor cells spread in the perineural space in a continuous fashion, branch where
the nerve itself branches and tends to directly invade the adjacent lymph nodes. Thus, PNI
can be regarded as an important route to disseminate to distant organs.

Some neurotrophic factors secreted by nerves enhanced the cancer–nerve interaction,
providing biological and physical parameters that would explain their frequent and intimate
relationship [17, 21]. Several neurotrophins, including NGF, BDNF, and neurotrophin
-3(NT-3) have been implicated in promoting tumor cell invasion and may be key mediators
in the pathogenesis of PNI [22–24]. Researchers have begun searching for viable therapeutic
targets among these neurotrophins and their receptors (Fig. (1)) [23, 25–27].

NGF—NGF and its cognate receptors have been implicated in the paracrine growth
regulation of a number of neuronal and non-neuronal tumor types. J. Miknyoczki et al. have
shown that NGF could enhance clonal growth, increase tumor invasiveness, and cause
changes in cell morphology in some kinds of non-neuronal cell types including melanoma,
prostatic and pancreatic carcinoma [22–23, 28]. Li et al. used histopathology to investigate
many consecutive sections of tumor specimens; the study revealed that nerves damage and
regeneration occur simultaneously in the tumor microenvironment of pancreatic cancer
patients with hyperglycemia; the simultaneous occurrence may aggravate the process of
perineural invasion. The abnormal expression of NGF and p75 may also be involved in this
process and subsequently leads to a lower rate of curative surgery [29]. NGF and its receptor
trkA ars overexpressed in pancreatic cancer cell lines and the perineurium of peripheral
nerves. Binding of NGF to trkA leads to activation of the p44/42 MAPK signaling pathway,
promotes cancer cell growth, increases the invasiveness and metastasis and eventually
mediates nerve invasion [30].

GDNF—In the recent studies, researchers found that nerve invasion was dependent on
GDNF secretion and mitogen-activated protein kinase activity. GDNF coreceptors RET
(rearranged during transfection) and GDNF family receptor alpha 1 (GFRα-1) were highly
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expressed in human pancreatic carcinomas by the same population of cells [15, 31–33].
GDNF-secreting glioma cells could increase matrix metalloproteinase-9 (MMP-9)
expression and activity, promote the migration of pancreatic cancer cells in a dosedependent
manner, suggesting both a chemotactic effect and a chemokinetic effect of GDNF on tumor
cells [32, 34].

BDNF—Brain-derived neurotrophic factor may be overexpressed by tumor cells to promote
neurite growth, and BDNF stimulates tumor cell invasion at low-to-moderate
concentrations. BDNF is overexpressed in pancreatic cancer and adenoid cystic carcinoma,
but the expression does not correlate with the presence of PNI, suggesting that the BDNF-
expressing phenotype may appear before nerves [21, 35–36].

NCAM—neural cell adhesion molecules (NCAM) and homophilic adhesion molecules,
expressed on the nerve cells, as a factor of neurotropism, were examined in 15 pancreatic
cancer resection specimens, especially in neural invasive lesions [37]. A histopathologic
study was performed on 24 patients with bile duct carcinoma who underwent resections.
NCAM expression was shown to be positive in 16 (76%) out of 21 cases in whom perineural
invasion was observed. A significant positive correlation was found between the expression
of NCAM and perineural invasion in bile duct cancer. These results highlight the important
role of NCAM in the development of perineural invasion in bile duct cancer. NCAM play
critical navigation and docking roles by binding to target cells during the growth and
development of the nervous system. NCAM are highly expressed in peripheral nerve tissue.
Some reported that PNI is correlated with NCAM expression, indicating that NCAM
molecules on the surface of cancer cells might induce them to migrate and adhere to nerve
cells after the tumors breach their capsules [38]. Recent evidence demonstrated that
activation of the proto-oncogene K-Ras in pancreatic cancer cells could induce the up-
regulation of polysialic acid neural cell adhesion molecule (PSA-NCAM) on tumor cell
surfaces. PSA-NCAM could bind to N-cadherin, blocking N-cadherin mediated cell
adhesion, increasing pancreatic cancer cell migration ability and facilitating tumor cell
metastasis to nerve tissue [39]. NCAM modulate neurite outgrowth and matrix adhesion of
beta-cells from pancreatic tumors by assembling a fibroblast-growth-factor receptor-4
(FGFR-4) signaling complex, stimulate beta1-integrin-mediated cell-matrix adhesion and
promote the dissemination of metastatic tumor cells [40].

MAG—Myelin-associated glycoprotein (MAG) is a membrane-bound protein expressed by
myelinating Schwann cells in the periaxonal membrane. MAG on Schwann cells binds to
gangliosides on axons and also the mucin MUC1 expressed by pancreatic tumor cells. The
results of Tumor cell–Schwann cell adhesion assay and immunohistochemical analysis
showed that the adhesive interactions between MUC1 and MAG are of biological
significance in pancreatic cancer perineural invasion [41]. Some researchers found that
laminin-5 released from the cancer cells has a close relation with PNI in head and neck
squamous carcinoma, supporting the hypothesis that the deposition of basement membrane
components may be required in the process of nerve invasion [42].

Chemokines—Marchesi et al. found that tumor cells from human pancreatic cancer
strongly up-regulate the chemokine receptor CX3CR1, not expressed in the normal
pancreatic epithelium, which is involved in the migration of cancer cells to the distant
organs and nerves, thus highlighting the role of CX3CL1/CX3CR1 axis in metastasis [43].
CX3CR1 exclusively binds the transmembrane chemokine CX3CL1 expressed by neurons,
nerve fibers and activated endothelial cells [44–47]. CX3CR1+ PDAC tumor cells migrating
in response to the ligand CX3CL1, specifically adhere to neural cells. Higher CX3CR1
presence and perineural invasion were strongly associated with local and earlier tumor
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recurrence. Studies of the role of fractalkine and CX3CR1 in human malignancies provide
the rationale to evaluate them as potential targets for therapeutics aimed at reducing tumor-
associated pain and tumor progression [43, 48].

γ-synuclein—Recent study indicated that-synuclein is aberrantly expressed by tumor cells.
The overexpression is the key biological marker of increased malignant potential and is
closely involved in perineural invasion and liver/lymph node metastasis in pancreatic
cancer. In surgically resected cases, γ-synuclein is a significant prognostic factor. γ-
synuclein may serve as a novel molecular target of early diagnosis as well as antimetastatic
therapy [49].

HYPOXIA
Solid tumors often contain heterogeneous hypoxic areas. In addition to diffusion-limited
chronic hypoxia in cells that are 100–150 mm away from blood vessels, some tumor cells
may also experience perfusion-limited intermittent hypoxia because of intermittent blood
supply caused by abnormal tumor vasculature. Interaction among cancer, stellate and
inflammatory cells leads to a critically hypoxic microenvironment in pancreatic tumor
tissues because of the inhibition of angiogenesis and aberrant extracellular matrix deposition
around the periacinar capillary network [50].

HIF-1 is the Key Factor in Tumor Hypoxia Response
HIF-1 is a heterodimeric transcription factor that consists of HIF-1α and β subunits. Under
normoxia conditions, the newly produced HIF-1α subunit is quickly hydroxylated by
proline hydroxylase (PHD) in a reaction requiring oxygen, ubiquitinated by the von Hippel-
Lindau (VHL) protein and then rapidly degraded in the proteosome. However, under
conditions of hypoxia in many cancers, oxygen-stimulated PHD is inactivated, and HIF-1α
thus cannot be degraded. HIF-1α accumulates in the nucleus, leading to the upregulation of
many hypoxia-response proteins, including glycolytic enzymes, angiogenic factors and
proteins involved in cell viability, such as glucose transporter 1 (GLUT-1) and vascular
endothelial growth factor (VEGF) [51–52].

The poor perfusion frequently found in tumors causes intratumoral hypoxia and therefore
stabilizes HIF-1α. On the other hand, cancer cells may accumulate metabolites that directly
inhibit PHD and thereby stabilize HIF-1α independent of hypoxia [51].

In both normal development and tumor growth, hypoxia results in the development of
additional vasculature through the increased vascular growth factors, notably VEGF-A [53].
VEGF-A was first identified as a vascular permeability factor (VPF) before it was
rediscovered as a mitogenic chemo-attractant and fenestrating factor for vascular endothelial
cells. Microvascular development is determined by the interplay between tissue cells and
microvascular endothelial cells. Vascular endothelial cells migrate to the source of VEGF-A,
proliferate and form blood vessels in response to VEGF-A (Fig. (2)) [54]. Because of the
importance of HIF-1α in cancer, targeting HIF-1α could become a novel approach in cancer
therapy.

Cancer Therapy Targeting HIF
Oxygen availability affects tumor therapy efficacy not only by the direct effects of severe
hypoxia (anoxia), but also by genetic components involving altered HIF-1 and HIF-1 target
gene expression in malignant cells. HIF-1α-deficient cells are more susceptible to
chemotherapeutic agents and radiotherapy [55].
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Tirapazamine—Tirapazamine (TPZ) is a newer class of cytotoxic drugs with selective
toxicity towards hypoxic mammalian cells. It represents a class of hypoxia-selective
cytotoxins and is currently in phase II and III clinical trials for the treatment of head and
neck cancers, cervical cancer and lung cancer [56]. TPZ also functions as a hypoxia-
activated topoisomerase IIa poison [57].

PX-478—PX-478 (S-2-amino-3-[4V-N,N,-bis(2-chloroethyl) amino]-phenyl propionic acid
N-oxide dihydrochloride) is an experimental small-molecule agent that suppresses
constitutive and hypoxia-induced HIF-1α in cancer cells at multiple levels [58]. In xenograft
mice with Panc-1 pancreatic cancer cells, treatment of mice with 125 mm3 tumors with
PX-478 at a dose of 100 mg/kg/day i.p. for 5 days caused a 40% tumor regression and a
tumor growth delay of 35 days. Treatment of mice with established 288 mm3 MIA PaCa-2
cancer xenografts with PX-478 on the same schedule resulted in a 20% tumor regression and
a tumor growth delay of 6 days, whereas mice with initial 100 mm3 BxPC-3 cell xenografts
displayed 20% tumor regression and 30 days tumor growth delay. The antitumor response to
PX-478 positively correlated with tumor HIF-1α levels. An important feature of PX-478 is
that it appears to cause a greater response in larger tumors with increased HIF-1α staining
than in smaller tumors. Tumor xenografts showing high levels of HIF-1α staining showed
marked tumor regression and growth delay caused by treatment with PX-478. The inhibition
of tumor growth appears to correlate with inhibition of glucose metabolism rather than
inhibition of angiogenesis because PX-478 gave a relatively small change in tumor VEGF
and a marked and prolonged decrease in tumor GLUT-1 [59]. In orthotopic human non-
small cell lung cancer cell PC14-PE6 mouse models, treatment with 20 mg/kg PX-478 daily
oral treatment significantly reduced the median primary lung tumor volume and mediastinal
metastasis and prolonged survival. In small cell lung cancer models, PX-478 was even more
effective [60]. In addition to producing cytotoxicity, PX-478 enhanced the radiosensitivity
of PC3 and DU 145 prostate carcinoma cells in vitro [61]. PX-478 also causes in vivo
radiosensitization to prevent postradiation HIF-1 signaling, and treatment also abrogates
downstream stromal adaptation through blockade of HIF-1-dependent reconstitution of
tumor stromal function in C6 glioma and HN5 head and neck squamous carcinoma cells
[62]. No experimental research in orthotopic mouse models of pancreatic cancer has been
reported.

Fusion protein—Kizaka-Kondoh et al. developed and validated a fusion protein called
TAT-PTD-ODD-procaspase-3 (TOP3) to specifically eradicate HIF-1–active hypoxic cells.
TOP3 consists of three domains: 1) a protein transduction domain (TAT-PTD) for efficient
delivery into cells, 2) an ODD domain containing a VHL-mediated protein destruction motif
from the human HIF-1α protein that confers hypoxia-dependent stabilization to the fusion
protein for oxygen-dependent regulation, and 3) a functional domain (procaspase-3, an
inactive proenzyme form of human caspase-3) for tumor cell killing via activation by
preexisting apoptotic signals in hypoxic cells [63–64]. The biologically active fusion protein
was specifically stabilized in solid tumors but was barely detected in the normal tissue. It did
not cause any obvious side effects in tumor-bearing mice, suggesting specific stabilization
and activation of the fusion protein in the hypoxic tumor cells [65].

Recently, another HIF-1–targeting fusion protein, POP33, was reported, which has a novel
protein transduction domain PTD3 that mediates significantly higher protein transduction
activity than TAT-PTD [63]. In an orthotopic SUIT-2/HRE-Luc cell pancreatic cancer
mouse model, POP33 suppressed peritoneal dissemination and improved survival of tumor-
bearing mice as well as selectively impaired HIF-1–active/hypoxic cells in the xenografts.

Endothelial cells at the sites of angiogenesis express high levels of VEGF receptors and
therefore may be particularly sensitive to VEGF-mediated drug delivery [66]. A SLT-VEGF
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fusion protein composed of VEGF121 and the catalytically active A subunit of Shiga-like
toxin 1 (SLT-1) produced by Escherichia coli O157:H7 [67–68] retained functional
activities of both SLT and VEGF121 moieties. The SLT-VEGF fusion protein is internalized
into cells through VEGFR-2 mediated endocytosis, and its cytotoxicity correlates with
cellular VEGFR-2 expression. It selectively inhibits growth of endothelial cells but does not
influence proliferation of pancreatic cancer cells. The SLT-VEGF fusion protein reduced
tumor growth, metastasis and microvascular density and increased 14-week survival in an
orthotopic pancreatic cancer model in nude mice.

DESMOPLASIA
Pancreatic adenocarcinoma has an extraordinary fibrotic component, the extent of which is
often greater than the epithelial component [69–73]. Several excellent reviews have reported
the molecular and cellular regulation of pancreatic fibrosis [74–75].

Role of Pancreatic Stellate Cells in Desmoplasia
In the desmoplasia progress of pancreatic cancer, the pancreatic stellate cells (PSCs) play an
important role. Activated PSCs, which express alpha-smooth muscle actin (α-SMA) and
colocalize with mRNA encoding procollagen αI, participate in the desmoplasia of human
pancreatic cancers [69] and contribute to most of the extracellular matrix (ECM) proteins
that constitute the desmoplasia [69, 73, 76–80]. PSCs are quiescent in healthy conditions. In
diseased states, under the influence of growth factors, cytokines or oxidant stress, PSCs
begin to morph into myofibroblast-like phenotypes that secrete significant levels of ECM as
well as matrix-degrading enzymes [81].

The pivotal regulation that orchestrates the persistent activation of PSCs in vivo is similar to
the regulation of the activation of primary PSCs in culture. Studies on human and rodent
primary PSCs in culture have found a large number of growth factors, cytokines, hormones,
intracellular signaling molecules, and transcription factors to be mediators of PSC
activation. Potential activators of PSCs in vivo include growth factors (platelet derived
growth factor (PDGF) and Transforming growth factor beta 1 (TGF-β1), paracrine factors,
such as cytokines (interleukin-1 (IL-1), IL-6, IL-8, and tumor necrosis factor alpha (TNF-α),
angiotensin II, and reactive oxygen species, which are released by damaged neighboring
cells, and leukocytes, which are recruited in response to pancreatic injury [82–88].

To maintain the activated phenotype, activated PSCs produce autocrine factors, such as
PDGF, TGF-β1, cytokines (e,g. IL-1, IL-6, and TRAIL), and proinflammatory molecules
(e.g. cyclooxygenase 2 (COX-2) [85, 87, 89–90]. Moreover, activin-A, a member of the
soluble factors of the TGF-β family, also performs its functions in an autocrine manner,
increasing collagen secretion and upregulating TGF-β1 expression and secretion [91]. Also,
rat PSCs in primary culture express endothelin-1, which in turn can stimulate their migration
and contraction [92]. Ample experimental evidence demonstrates that PDGF acts as a major
modulator, inducing the proliferation of PSCs and contributing to the migration capacity of
PSCs, and TGF-β1 and angiotensin II induce PSCs to express α-SMA and ECM proteins to
transform into an activated phenotype. Those three are considered modulators of the
persistently activated and profibrotic phenotype of PSCs (Fig. (3)) [74–75, 82, 86–91, 93–
94]. Moreover, several inflammatory factors released during pancreatitis have the potential
to activate PSCs. Recently, IL-13 has been shown to promote the proliferation of rat
pancreatic stellate cells through the suppression of the NF-γB/TGF-β1 pathway. Alcohol
metabolites and oxidative stress have also been considered to have the potential to activate
PSCs. Ethanol can be metabolized in pancreatic acinar cells, leading to toxic metabolites and
oxidative stress that can cause pancreatic damage [95]. In vitro cultured rat PSCs display
ethanol-induced alcohol dehydrogenase activity, implying that PSCs may also participate in
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metabolizing ethanol [95–96]. Ethanol and its metabolite acetaldehyde not only promote the
activation of rat PSCs but also cause lipid peroxidation in these cells [95]. Moreover, the
antioxidant vitamin E can prevent ethanoland acetaldehyde-induced activation of PSCs,
thereby indicating that oxidative stress regulates PSC activation [96]. Carbon monoxide
releasing molecule-2 inhibits PSC proliferation by activating p38 MAPK/HO-1 signaling
[97]. Conditioned medium from hypoxia-treated PSCs induced migration of PSCs, which
could be inhibited by an antibody against VEGF but not by an antibody against hepatocyte
growth factor. PSCs also express several angiogenesis-regulating molecules, including
VEGF receptors, angiopoietin-1, and Tie-2, and hypoxia induced type I collagen expression
in PSCs [98]. Fibrinogen induced the expression of IL-6, IL-8, monocyte chemoattractant
protein-1, VEGF, angiopoietin-1 and type I collagen, but not proliferation or intercellular
adhesion molecule-1. Fibrinogen increased α-smooth muscle actin expression and induced
the activation of NF-κB, Akt and three classes of MAPK (ERK, c-Jun N-terminal kinase and
p38 MAPK). IL-6 and IL-8 production induced by fibrinogen was inhibited by antibodies
against αvβ3 and α5β1 integrins, indicating that these integrins served as counter receptors
for fibrinogen in PSCs. In addition, fibrinogen-induced production of these cytokines was
eliminated by an inhibitor of NF-κB and partially suppressed by inhibitors of ERK and p38
MAPK [99]. Multiple studies have demonstrated that major signaling pathways are involved
in the regulation of PSC function [88, 92, 100–103]. MAPKs are pivotal activating signal
mediators initiated by growth factors, angiotensin II, and ethanol [91, 103]. Other signaling
pathways mediating PSC activation include PI3K, RHO kinase, the activator protein-1, and
the NF-κB, JAK/STAT, and TGF-β/SMAD–related pathways [92, 101, 104]. Additionally,
PPARγ ligands have been implicated in the downregulation of PSC activation [100].

Therapeutic Potential of Desmoplasia
In theory, treatments for pancreatic cancer by targeting PSCs should focus on the key
mechanisms involved in their activation and proliferation. Blocking the receptors for PDGF,
TGF-β, and angiotensin II, as well as blocking the intracellular signaling pathways
downstream of these receptors, seems to provide effective therapeutic benefits [93, 102,
105–106]. In vivo experiments have shown the important role of the angiotensin II system in
the development of pancreatic fibrosis [106]. Also, several studies in vitro using PSCs
showed pivotal roles for MAPK pathways in the activation and/or proliferation process: in
particular, ERK1/2, p38 kinase, and JNK [101, 103–104, 107–109], PKC and PI3K, PPARγ
[110], carbon monoxide releasing molecule-2 [97]; and ethanol metabolism to acetaldehyde
[75]. In the aforementioned studies, inhibition of most of these pathways attenuates the
activation and proliferation of PSCs, but activation of PPARγ and carbon monoxide
releasing molecule-2 is likely to block the PSC activation [97, 104, 110].

Studies have also shown that activated rat PSCs express COX-2 when stimulated by TGF-β1
and other cytokines [90] or conditioned medium from human pancreatic tumor cells [111].
Pharmacological blockade of COX-2 and inhibition of the TGF-β1 signaling pathway
reduced the expression of COX-2, α-SMA, and collagen I, indicating that COX-2 might be a
relevant therapeutic target for pancreatic cancer. Furthermore, inducing PSC
transdifferentiation from an activated to a quiescent state and increasing PSC apoptosis are
also attractive approaches. For example, administration of vitamin A transformed culture-
activated rat PSCs in a quiescent state [112]. As for the approach of targeting fibrosis in
pancreatic tumor models, antibodies to CTGF, which activates PSCs through their α5β1
integrin receptor [89], decreased tumor growth and metastasis in a xenograft mouse model
[113–114]. In addition, efforts aimed at blocking TGF-β signaling pathways [111, 115] have
proven effective in reducing experimental pancreatic fibrosis in rodents.

The expression of EMMPRIN (extracellular matrix metalloproteinase inducer) by cancer
cells plays a very important role in the interaction of stellate cells with tumor cells, the
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shedding of the extracellular part of EMMPRIN by MMPs in cancer cells, and the induction
of MMPs in stellate cells by soluble EMMPRIN [116]. EMMPRIN serum levels were
remarkably increased in pancreatic cancer patients [117]. Thus, EMMPRIN may be a
therapeutic target. Due to the important role of PSC pathobiology in pancreatic cancer,
increasing efforts should be mad to addressing PSC functions in this disease and the
development of therapeutic strategies targeting PSCs.

CONCLUDING REMARKS
In the present work, we shows the value of viable therapeutic targets among these molecular
factors, which also participate in the pathophysiological processes of perineural invasion,
hypoxia and desmoplasia. Various approaches have already been developed to modulate the
activities of these mediators, and develop new contexts for them in pancreatic cancer may
open up new opportunities for innovative therapeutic strategies.
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PDGF Platelet derived growth factor

TGF-β1 Transforming growth factor beta 1

IL Interleukin

COX-2 Cyclooxygenase 2
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MAPK Mitogen-activated protein kinase

HO-1 Heme oxygenase 1

NF-κB Nuclear factor kappa B

ERK Extracellular signal-regulated kinase
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Fig. (1). The interaction between neural cells and cancer cells in the generation of perineural
invasion (PNI) in pancreatic cancer
Several neurotrophic factors (e.g., NGF, GDNF, BDNF), chemokines (e.g., CSF, CX3CL1),
neurotransmitters (e.g., substance P) and cell-surface molecules (e.g., NCAM, MAG) are
involved in neuro-cancer interactions. Growth factors secreted by cancer cells attract neural
fibers to grow towards and into the cancer. Simultaneously, molecular factors derived from
neural tissues induce the proliferation and direct the migration of cancer cells. (C, cancer
cells; N, neural fiber)
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Fig. (2). HIF-1α is the key factor in hypoxia response
Hypoxic conditions can lead to several cellular and molecular changes, many of which are
transduced through the basic helix-loop-helix transcription factor HIF-1α. Under normal
oxygen conditions, the HIF-1α protein is rapidly ubiquitinated and degraded. Under hypoxic
conditions, the protein is stabilized, heterodimerizes with ARNT, and translocates to the
nucleus where it activates transcription from a number of hypoxia-responsive genes.
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Fig. (3). Interaction of PSCs with pancreatic cancer cells
Cancer cells accelerate transformation of quiescent PSCs to an activated phenotype in a
paracrine manner. Activated PSCs are attracted by cancers and stimulated to proliferate and
produce ECM and growth factors. Further, PSCs stimulate the proliferation,
chemoresistance, invasion, and motility of pancreatic cancers. (P, pancreatic acinar; F,
stroma fibrosis; C, cancer cells)
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