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Abstract

There are approximately 277 000 new cases of pancreatic cancer and 266 000 deaths from
pancreatic cancer annually, indicating a mortality rate of 96% of the cases diagnosed. Because of
the ineffectiveness of therapies, a major emphasis needs to be placed on prevention. This paper
reviews the epidemiology and risk factors for pancreatic cancer, and uses this information to
propose plausible research directions for determining the biological mechanisms mediating the
effects of risk factors on the promotion of pancreatic cancer, with a focus on the pancreatic stellate
cell.
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Epidemiology and risk factors
Epidemiology

Recently, data published by the International Agency for Research on Cancer reported the
incidence and mortality from 182 countries in 2008 for 27 different cancers.! The estimated
number of new pancreatic cancer cases was 277 000 worldwide. The number of pancreatic
cancer deaths during this time period was estimated at 266 000. These were sobering
statistics, suggesting that the mortality rate is 96% of the incidence rate. Comparable
statistics for colon cancer were 1 233 000 new cases and 608 000 deaths for a mortality of
49%; breast cancer, with 1 383 000 new cases and 458 000 deaths for a mortality rate of
33%, and prostate cancer, with 913 000 new cases and 258 000 deaths for a mortality rate of
28%.

Pancreatic cancer death is the eighth or ninth most frequent cause of cancer death
worldwide, and is the fourth or fifth most common cause of cancer death in developed
countries.12 Japan has the highest incidence of pancreatic cancer, with a rate of 156 deaths
per 1 000 000 inhabitants. Comparable numbers for Italy are 138; for France, 118; for the
USA, 102; and for Russia, 86. The rates are three to four times greater in countries
significantly north or south of the Equator (i.e. North America, Europe, Australia, and New
Zealand) compared to those near the equator (i.e. South Asia). Some of these differences can
be accounted for by differences in life expectancy, as the incidence of this disease is highly
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age related. For example, the Japanese have a life expectancy of 82 years, while Russians
have a life expectancy of 65 years. Differences related to distances from the Equator could
be due to differences in cancer verification between countries. However, reports from Japan,
a country with a large range in latitude, showed that the incidence of pancreatic cancer
varies by region, and the variation is inversely related to the amount of global solar radiation
or daily maximum temperature for both males and females.3 These findings are supported
by worldwide studies* showing a negative correlation between amounts of solar radiation
and serum 25-(OH) vitamin D levels and pancreatic cancer incidence. Findings showing
relationships between solar radiation and cancer incidence, as well as vitamin D status, have
been rep??rted for other malignancies, including colorectal, prostate, breast, and renal
cancers.

Environmental factors are likely responsible for the majority of cases. Age is a key risk
factor for pancreatic cancer, with the median age at diagnosis of pancreatic cancer at 72
years. Less than 10% of patients develop pancreatic cancer before the age of 50, and this
younger group is likely to include a higher proportion of patients with underlying
predisposing genetic disorders.® There is a male predominance of the disease that is likely
explained by higher smoking rates in men than women.2>

Chronic pancreatitis represents the greatest risk for the development of pancreatic cancer, as
indicated by several studies. This disorder commonly results from alcohol abuse and
smoking, but also from rare hereditary forms (5-10% of the total group of patients with
chronic pancreatitis). There is a 14-fold risk of developing pancreatic cancer in patients with
chronic pancreatitis of at least 5 years’ duration.® The risk for those with hereditary forms of
pancreatitis is approximately 70 times greater than the normal population, giving this group
a lifetime risk of 40-55% for the development of cancer.

Cigarette smoking represents an independent risk for pancreatic cancer, resulting in an
approximate doubling of the risk.” The increased risk of cancer abates following the
cessation of smoking, diminishing over a 10-year period. Because of the high prevalence of
smoking in the world, it is estimated that approximately 25% of the burden of pancreatic
cancer is due to smoking.28

A recent meta-analysis convincingly showed that moderate alcohol use is not associated
with increased risk of pancreatic cancer, but that there is a 22% increased risk in those with
heavy alcohol consumption (i.e. 3 or more drinks per day).® The specific role of alcohol
drinking in pancreatic carcinogenesis is complicated by the high percentage of smokers
between drinkers and recent findings showing that smoking accelerates alcoholic chronic
pancreatitis.10 These results suggest the possibility of a complex interrelationship between
alcohol abuse and smoking in the initiation and promotion of pancreatic cancer.

Case-control and prospective studies demonstrate an increased risk of pancreatic cancer in
patients with long-standing type-2 diabetes, 112 type-1 diabetes,13 or abnormal glucose
tolerance.1* There is a high prevalence of diabetes in patients with pancreatic cancer (up to
40%), and is often new in onset.1® Finally, there is increasing recognition that abnormal
glucose metabolism, insulin resistance, and higher insulin levels are positively associated
with pancreatic cancer risk.16

There are several meta-analyses indicating a positive association between body mass index
(BMI) and pancreatic cancer.1” These studies indicate the development of pancreatic cancer
at a younger age in patients who are overweight or obese compared to those with BMI
values in the normal range.1” Of note, obesity and diabetes are linked by way of the
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metabolic syndrome, a cluster of medical disorders, including obesity, insulin resistance and
diabetes mellitus, raised blood pressure, dyslipidemia, and fatty liver disease.18 The
incidence of metabolic syndrome is increasing worldwide due to the proliferation of high-
fat, high-calorie diets. Although the percentage increased risk with diabetes, overweight, and
obesity is relatively small, the high prevalence of the metabolic syndrome risk factors
suggests that they are major contributors to overall risk for pancreatic cancer.

There is a 50-90% increase in the incidence of pancreatic cancer in African Americans
compared to the general population.1® The reasons for the higher incidence can be largely
explained by the increased prevalence of known risk factors in this population, including
cigarette smoking, BMI, diabetes, and moderate to heavy alcohol consumption.® In
addition, considering the epidemiology related to sunlight and the vitamin D system
described previously in this article, low levels of serum 25-(OH) vitamin D in African
Americans compared to white Americans might explain the increased incidence of
pancreatic cancer in the African American population.2°

Summary of epidemiology and risk factors

A conceptual framework and summary of the information provided in the literature related
to epidemiology and environmental risk factors for pancreatic cancer is provided in Figure
1. The Figure emphasizes that the greatest risk for this cancer is advancing age. Other risk
factors include substance abuse, the metabolic syndrome, and the vitamin D system. We
have condensed the risk factors into these larger categories because of the likelihood that
there is a cooperative interaction between smoking and alcohol abuse, as has been
demonstrated for other gastrointestinal cancers,?! as well as pancreatitis,1? which is a risk
factor of cancer, because diabetes, overweight, obesity, and insulin resistance are all part of
the metabolic syndrome, and because solar radiation, vitamin D levels, and vitamin D
receptor variants likely work through the same or similar pathways to promote pancreatic
cancer. The likelihood of interactions between the categories of risk factors is shown by
overlaps in the Figure.

Desmoplasia and the pancreatic stellate cell in the promotion of pancreatic cancer

Pancreatic cancer is unique among solid tumors because of the extremely dense
desmoplastic reaction that surrounds the cancer cell glands of this tumor. The desmoplasia,
containing myofibroblastic pancreatic stellate cells (PaSC), extracellular matrix (ECM)
proteins, and immune cells, modulates the growth of the cancer by providing a scaffold for
the cancer cells to grow, as well as growth factors, angiogenesis factors, and immune
modulators (Fig. 2).

Composition of pancreatic cancer desmoplasia

In pancreatic cancer desmoplasia, the major ECM proteins are type I, 111, and V collagens,
and fibronectin.22 The cell responsible for in the desmoplasia is the PaSC. Although the
cancer cells are able to produce ECM proteins, recent evidence demonstrates that the PaSC
is the main producer of ECM proteins, as well as cytokines, chemokines, and growth factors
during the development and progression of pancreatic cancer.

PaSC and desmoplasia

The potential role of the PaSC in pancreatic cancer development is receiving increased
attention.23-2% PaSC are normally located in the peri-acinar space in a “quiescent” state,
having long cytoplasmic projections that encircle the base of the pancreatic acinus.
Quiescent PaSC have a low rate of proliferation and production of ECM proteins, growth
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factors, and cytokines; they contain lipid droplets rich in vitamin A, and can be identified by
their expression of selective markers, such as desmin and glial fibrillary acid protein. PaSC
participate in disease pathogenesis after transforming from their normal “quiescent” state
into an “activated” state (also known as a “myofibroblastic” state). Activated PaSC
proliferate, migrate, and produce large amounts of ECM proteins, cytokines, chemokines,
and growth factors. During disease pathogenesis, the PaSC maintain the “activated” state
through exposure to cytokines, growth factors, and other ECM factors likely produced by
acinar cells, cancer cells, inflammatory cells, platelets, endothelial cells, and PaSC
themselves. Evidence that the stromal cells in cancer are “activated” PaSC comes from
findings indicating that cells expressing a-smooth muscle actin (a-SMA), a specific marker
of the “activated” state of the PaSC, colocalize with mRNA, encoding procollagen a; type-I
in the stromal component of the cancer.28

The complete networks of mechanisms by which PaSC and other components of
desmoplasia enhance the growth of tumor cells in pancreatic cancer are complex and barely
understood. A potential mechanism by which desmoplasia promotes cancer is through the
direct action of ECM proteins and growth factors coming from PaSC on the cancer cells. For
example, we have found that both ECM proteins (such as laminin and fibronectin) and
growth factors (such as insulin-like growth factor-1 [IGF-1]) promote the survival of
pancreatic cancer cells through their interactions with integrins in the cancer cells.2’:28
When bound to ECM proteins, the integrin receptors transactivate the IGF-1 receptor, which
in turn mediates the intracellular events that promote cancer cell survival and growth.
Furthermore, our studies revealed that both ECM proteins and growth factors promote the
survival of cancer cells through the activation of intracellular reactive oxygen species
(ROS)-generating systems. The ROS mediate prosurvival and proproliferative effects in
cancer cells through their regulation of phosphatases and kinases. Key generators of ROS in
pancreatic cancer cells are the NADPH oxidase enzymes.

Evidence is emerging that there is a symbiotic relationship between pancreatic cancer cells
and PaSC of the tumor that results in an overall increase in the rate of growth of the tumor
and possibly metastasis. For example, culture supernatants from human pancreatic tumor
cell lines stimulate PaSC proliferation and the production of ECM proteins via the ability of
the cancer cells to produce and secrete PDGF, transforming growth factor-g,, and fibroblast
growth factor-2.26:29 The growth rate of tumor cells injected s.c. into nude mice (mice that
lack T cells and are severely immune compromised) is markedly increased when PaSC are
included in the inoculum.29 In addition, the tumors that form when both cancer cells and
PaSC are used have a desmoplasia similar to that observed in human pancreatic cancer.29 In
a “converse” approach, conditioned media taken from PaSC cultures promoted pancreatic
cancer cell proliferation, migration, invasion, and anchorage-independent growth.30:31

In sum, PaSC are the major contributor to the tumor microenvironment, and as such, are
likely key participants in carcinogenesis for pancreatic cancer. Thus, it is likely that
information about epidemiology and risk factors and their potential impact on PaSC will
lead to a better understanding of pancreatic carcinogenesis.

and PaSC

The fibrosis of chronic pancreatitis from alcohol abuse smoking has the same characteristics
as the desmoplasia of pancreatic cancer.242% Of particular importance for the present
discussion is the fact that alcohol and its metabolites, mainly acetaldehyde, promote the
activation of pancreatic stellate cells,32:33 and the finding that lipopolysaccharide (LPS), a
gut microflora metabolite that increases in the blood of alcoholics, causes activation of
pancreatic stellate cells both /7 vitro and in vivo.3* Alcohol abuse is also associated with
increased circulating levels of oxidized lowdensity lipoprotein (oxLDL)3® and tumor
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necrosis factor-a. (TNF-a),3 both having potential effects on stellate cell activation, as
described later. Of note, there have been no studies reported on the effect of smoking
compounds alone or in combination with alcohol metabolites on PaSC activation. However,
there is information from pulmonary fibroblasts that nicotine causes transdifferentiation of
pulmonary fibroblasts to myofibroblasts involved in pulmonary fibrosis.3’

The metabolic syndrome is associated with increased circulating levels of leptin, IGF-1, and
oxLDL.38 A high-fat, high-calorie diet3%49 and type 11 obesity-induced diabetes mellitus*!
are associated with increased circulating levels of LPS. Patients with type Il obesity-induced
diabetes mellitus have increased secretion of TNF-a from their adipose tissue.*2

How might these circulating factors that increase in alcoholism and disorders of the
metabolic syndrome lead to the activation of PaSC to promote pancreatic carcinogenesis?
Although there is some information on the effects of LPS and TNF-a on PaSC responses,
most of the information on receptors and responses for the agents that are increased in
alcohol abuse and metabolic syndrome come from hepatic stellate cells (HSC; likely
identical to PaSC).24 Both HSC and PaSC contain Toll-like receptors (TLR) (e.g. TLR-4)
that interact with LPS and receptors responding to TNF-a., stimulation of which might result
in activation responses.*3 Leptin has profibrogenic effects in the liver.38 IGF-1 has been
demonstrated to have a proliferative effect in HSC.#* There are different receptors identified
that interact with oxLDL, and the specificity of interaction might depend upon the extent of
oxidation of the LDL.4> HSC express oxLDL receptors, and respond to oxLDL with
increased production of ECM proteins.#6:47

Finally, a recent report indicated that vitamin D inhibits HSC activation and the production
of the ECM in an animal model of liver fibrosis.#® In combination, the experimental results
described in this section suggest the possibility that the mechanism by which environmental
factors affect pancreatic carcinogenesis involves PaSC. Our hypothesis of the effects of
environmental factors on PaSC and pancreatic carcinogenesis is represented in Figure 3.

PaSC in early lesions of pancreatic cancer

The earliest lesions in the progression of pancreatic neoplasia are called pancreatic intra-
epithelial neoplasias (PanIN). We posited that if PaSC play an important role in the
development and progression of pancreatic cancer, they should be present in PanIN.

We found that PanIN lesions in mice with pancreas-specific and conditional overexpression
of KrasG120that leads to pancreatic carcinogenesis*® were accompanied by a marked
desmoplastic reaction characterized by extensive deposition of collagens, as visualized by
Sirius red staining and the high proliferation of active PaSC (a-SMA staining) (Fig. 4).
These data suggest a close relationship between the progression of PanIN lesions and PaSC
activation.

In order to determine the effects of diet on both PaSC and pancreatic carcinogenesis, we
treated mice with the pancreas-specific and conditional overexpression of Kras¢Z20for 3
months with either a standard diet or a high-fat, high-calorie diet for 6-9 months. We found
that the high-fat, high-calorie diet increased the number and advanced state of PanIN lesions
(data not shown). Further, we observed a greater number of active PaSC and extensive
deposition of fibronectin in pancreata of KrasGZ20 mice fed the high-fat, high-calorie diet
compared to the standard diet (Fig. 5).

Further, we found that conditioned medium from cultured pancreatic PanIN Kras©Z20 cells,
isolated from our conditional Kras mice, promoted the activation of quiescent mouse PaSC.
As shown in Figure 6, PanIN-conditioned medium stimulated PaSC proliferation, and
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markedly increased the protein levels of a-SMA, fibronectin, and the key metalloproteinase
(MMP), MMP-13. In addition, freshly-isolated PaSC cultured in the presence of PanIN-
conditioned medium acquired early in culture a myofibroblast-like phenotype characterized
by elongated cytoplasm with stress fibers and focal adhesions (data not shown). It is worth
noting that previous studies demonstrated that conditioned media taken from PaSC cultures
promoted pancreatic cancer cell proliferation and migration,3° indicating that a symbiotic
relationship exits between the PaSC and the cancer cell.

Studies using human and rat PaSC have examined a variety of factors known to be
systemically elevated during alcohol abuse as potential regulators of PaSC activation and
fibrogenesis. Circulating levels of the adipocyte-derived hormone leptin are elevated in
individuals who are obese and those with high-fat diets. We tested whether ethanol and
leptin potentiate PaSC responses. Leptin and ethanol in combination markedly induced
PaSC activation, as indicated by a marked increase in fibronectin production (Fig. 7). This
fibrogenic effect of leptin and alcohol was mediated by the PI3K/ AKT/mTOR signaling
pathway, a key signaling system that regulates metabolism and cellular survival in many
cells, including cancer cells. As illustrated in Figure 7, we found that the fibrotic response
induced by the combination of leptin and ethanol was significantly reduced in the presence
of the mTOR inhibitor rapamycin, and the PI3K inhibitor LY 294002. We also found that
other PaSC activators, such as IGF-1, TNF-a, and LPS, all elevated systemically in mice fed
ethanol and high-fat diets, and activated the PI3K/AKT/mTOR pathway (data not shown).
These studies demonstrate that PaSC certainly respond by activation to circulating factors
occurring in patients with risk factors for pancreatic cancer. Considering the symbiotic
relationship between PaSC and the pancreatic cancer cell, these results indicate that PaSC
participate in the promotion of pancreatic cancer.

Conclusion

The epidemiology and environmental risk factors for pancreatic cancer provide important
clues for mechanisms underlying pancreatic carcinogenesis. In the present study, we show
data providing support for a role for the PaSC in mediating carcino-genesis resulting from
environmental risk factors. Because this cancer is resistant to current therapies, and because
part of this resistance is a result of the PaSC, an enhanced research effort on PaSC functions
in carcinogenesis is a necessary step to improve outcomes.
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Figure 1.
Age and environmental risk factors for pancreatic cancer. Greatest risk factor for pancreatic

cancer is age. Risk further increases with smoking and alcohol abuse, the metabolic
syndrome, and solar radiation/vitamin D system.
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Components of desmoplasia in pancreatic cancer. Pancreatic cancer cells and pancreatic
stellate cells (PaSC) promote each others’ growth and proliferation, and together regulate
processes of extracellular matrix proteins deposition, angiogenesis, and disordered immune
surveillance. FGF, fibroblast growth factor; PDGF, platelet-derived growth factor; TGF-p,

transforming growth factor-.
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Figure 3.

Mechanisms of regulation of pancreatic stellate cells (PaSC) and pancreatic carcinogenesis
by environmental risk factors. Potential pathways emanating from the environmental risk
factors that regulate the activation state of PaSC and emphasizes the emerging role of PaSC
in pancreatic carcinogenesis are shown. LPS, lipopolysaccharide; TNF-a, tumor necrosis
factor-a.
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Figure 4.
Mice with pancreas-specific overexpression of Kras (Kras©Z29) display abundant

desmoplasia surrounding pancreatic intra-epithelial neoplasias (PanIN). Representative
images show Sirius red (a) and a-smooth muscle actin (a-SMA) staining (b) in serial
sections of pancreas from 8-month-old, conditional Kras@Z29 mice. As illustrated in (a),
tumor cells are surrounded by abundant collagen fibers (red staining). Moreover, a-SMA
staining (brown staining), representing active pancreatic stellate cells, is abundant in areas
with marked accumulation of collagen fibers.
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Figure5.

High-fat diets promote desmopla-sia in mice with pancreas-specific overexpression of Kras
(Kras©229), Conditional Kras©22% mice were fed either a standard diet (a) or a high-fat, high-
calorie (HFCD) diet (b) for 3 months. Mice also received a daily injection of cerulein to
promote pancreatic inflammation. Five-month-old mice fed the HFCD diet displayed a
greater number of active pancreatic stellate cells (a-smooth muscle actin marker, red
staining), and deposition of extracellular matrix proteins (fibronectin, green staining) than
mice fed the standard diet. Blue staining represents DAPI-positive nuclei.
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Figure®6.

Conditioned medium from pancreatic intra-epithelial neopla-sias (PanIN) cells stimulates
pancreatic stellate cell (PaSC) activation. Mouse PanIN cells were cultured for 2 days in
10% fetal bovine serum medium, and subsequently, aliquots of conditioned medium were
transferred onto freshly isolated mouse PaSC. PaSC were cultured for 3 days in 1% serum
medium in the presence of PanIN-conditioned media (up to 60% of the total culture
medium) or equal volume of cell-free 10% media as the control. PaSC activation was
evaluated by measuring (a) cell proliferation (total cell number) and (b) protein expression
levels of fibronectin, a-smooth muscle actin (a-SMA), and metalloproteinase-13 (MMP-13)
(proform) in cell lysates (Western blot analysis). ERK, extracellular signal-regulated kinase.
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Figure7.

Combination of ethanol and leptin treatment increases extracellular matrix deposition via the
PI3K/AKT/mTOR signaling in cultured activated mouse pancreatic stellate cells (PaSC). (a)
PaSC cultured in 1% fetal bovine serum medium were either untreated or treated with leptin
(0.5 mg/mL) and/or ethanol (50 mmol/mL) for 24 h. Immunoblots show cellular levels of
fibronectin and a-smooth muscle actin (a-SMA). (b) Immunaoblots show levels of
phosphorylated p70S6K, an mTOR substrate, p-Akt, and extracellular signal-regulated
kinase-1/2 in activated PaSC untreated or treated for 30 min with leptin (0.5 mg/mL) alone
or in combination with ethanol (50 mmol/mL). GAPDH was used as loading control.
Pretreatment with rapamycin (Ra) or LY 294002 (Ly) (data not shown) inhibited p70S6K

J Gastroenterol Hepatol. Author manuscript; available in PMC 2013 August 07.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pandol et al.

Page 17

phosphorylation. (c) Graphs show fibronectin levels in PaSC treated for 24 h with 0.5 mg/
mL leptin and 50 mmol/mL ethanol in the presence or absence of Ra or Ly.
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