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Pancreatic Cancer has been and still is 
one of the deadliest types of human 
malignancies. The annual mortality rates 
almost equal incidence rates making 
this disease virtually universally fatal. 
The 5-year survival of patients with 
pancreatic cancer is a dismal 5% or less. 
Therapeutic strategies are extremely 
limited with gemcitabine extending the 
survival by a disappointing few weeks. 
The failure of several randomized clinical 
trials in the past decade investigating the 
therapeutic efficacy of different mono- and 
combination therapies reflects our limited 
knowledge of pancreatic cancer biology. 
In addition, biomarkers for early detection 
are sorely missing. Several pancreatic 
cancer risk factors have been identified. 
Unfortunately, the underlying mechanisms 
linking these risk factors to cancer 
development are poorly understood.

Well known possible and probable risk 
factors for the development of pancreatic 
cancer are age, smoking, chronic 
pancreatitis, obesity, and type-2 diabetes 
mellitus. Age is certainly of the most 
important risk factors as most cases of 

pancreatic cancer occur in the elderly population. Smoking ten cigarettes a day increases the 
risk by 2.6 times and smoking a pack per day increases it by 5 folds. Chronic pancreatitis 
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increases the risk of pancreatic cancer by up to 13 times. Patients with hereditary forms of 
chronic pancreatitis have an even higher risk. Obesity, a growing global health problem, 
increases the risk of pancreatic cancer by about 1.5 fold. Type-2 diabetes mellitus is also 
associated with an increased risk of pancreatic cancer by at least two-fold. The more recent 
the onset of diabetes, the stronger the correlation with pancreatic cancer is. In addition, heavy 
alcohol drinking, a family history of the disease, male gender and African American ethnicity 
are other risk factors for pancreatic cancer. 

Pancreatic cancer is characterized by several genetic alterations including mutations in the 
Kras proto-oncogene and mutations in the tumor suppressor genes p53 and p16. While 
Kras mutations are currently thought as early events present in a certain percentage of 
pancreatic intraepithelial neoplasias (PanINs), known precursor lesions of pancreatic ductal 
adenocarcinomas, mutations in tumor suppressor genes, e.g. p53, seem to accumulate later 
during progression. In addition, several intracellular signaling pathways are amplified or 
enhanced, including the MAPK/ERK and PI3K/AKT signaling modules. Overall, these genetic 
alterations lead to enhanced and sustained proliferation, resistance to cell death, invasive and 
metastatic potential, and angiogenesis, all hallmarks of cancers.

The scope of this Research Topic is to collect data and knowledge of how risk factors increase 
the risk of initiation/progression of pancreatic cancer. Of particular interest are potential 
underlying molecular mechanisms. Understanding the molecular mechanisms and driving 
signaling pathways will ultimately allow the development of targeted interventions to disrupt 
the risk factor-induced cancer development. This Research Topic is interested in a broad range 
of risk factors, including genetic and environmental, and welcomes original papers, mini and 
full reviews, and hypothesis papers. Manuscripts that address the effect of combination of risk 
factors on pancreatic cancer development and progression are of great interest as well.
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Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading
cause of cancer-related deaths among both men and women in
the United States and remains essentially without effective ther-
apies. The 5-year survival of patients with pancreatic cancer is a
dismal 6% or less. Environmental risk factors such as smoking,
diabetes, obesity, and alcoholism play major roles in the promo-
tion of PDAC. However, currently we have limited understanding
of how these risk factors promote the disease. The papers pre-
sented in this topic illustrate the latest knowledge regarding the
mechanisms of pancreatic cancer induction and promotion by
major risk factors such as smoking, pancreatitis, alcohol abuse,
obesity and diabetes (Kolodecik et al., 2013), and less studied fac-
tors such blood group types (Pelzer et al., 2013) and the genetic
mutations (Kong et al., 2013; Reznik et al., 2014; Weiss, 2014).

Indeed, an inherited predisposition to PDAC is believed to
present in familial cancer syndromes such as the Peutz-Jeghers
Syndrome, which is associated with germline mutations in the
STK11/LKB1 gene, Familial Atypical Multiple Mole Melanoma
syndrome, which results due to germline mutations in the
p16/CDKN2A gene, Hereditary Breast-Ovarian Cancer syndrome
(BRCA1/2 genes), Hereditary Non-polyposis Colorectal Cancer
(mismatch repair genes), and Familial Adenomatous Polyposis
syndrome (Reznik et al., 2014). Hereditary causes of pancreati-
tis, such as the autosomal dominant form caused by germline
mutations of the cationic trypsinogen gene, PRSS1, have been
indirectly linked to PDAC through early onset chronic pancre-
atitis with an associated 53-fold increased incidence and approx-
imately 40% of hereditary pancreatitis patients noted to develop
pancreatic cancer by age 70 (Weiss, 2014). Finally, more patients
with blood group A suffer from PDAC whereas blood group O
was less frequent in patients with PDAC (Pelzer et al., 2013). Kras
mutations remain the most abundant genetic alteration found in
pancreatic cancer patients. Kras mutations may lead to reducing
power for ROS detoxification, leading to low ROS levels in pan-
creatic pre-neoplastic cells and in cancer cells. In adult stem cells
and cancer stem cells, low ROS levels have been associated with
the formation of a proliferation-permissive intracellular environ-
ment and with perseverance of self-renewal capacities. Therefore,
it is conceivable that low intracellular ROS levels may contribute
significantly to oncogenic Kras-mediated PDAC formation (Kong
et al., 2013).

Specific gene-based, gene-product, and marker-based testing
for the early detection of pancreatic cancer are currently being

developed, with the potential for these to be useful as potential
therapeutic targets as well.

Today, the role of stromal cells is highly appreciated for pancre-
atic cancer development. Immune cell infiltration into the tumor
not only fail to contribute to disease eradication but rather due to
exhibiting a Th2-type inflammation and immunosuppression is
associated with more rapid disease progression, cachexia induc-
tion, and reduced survival. Polarization of macrophages toward
M2-type correlates with a poor prognosis after surgery in resected
patients. High CD163+ and CD204+ cell counts correlate with
metastasis and poor prognosis in PDAC patients (Protti and De
Monte, 2013; Tan et al., 2014).

Src kinase might serve as a critical mechanistic link between
inflammation and cancer, mediating and propagating a cycle
between immune and tissue cells that can ultimately lead to the
development and progression of cancer (Liu et al., 2013). In addi-
tion, there is now compelling evidence that pancreatic stellate
cells interact not only with cancer cells themselves, but with sev-
eral other cell types in the stroma (endothelial cells, immune
cells, and possibly neuronal cells) to promote cancer progres-
sion. Strategies to target the tumor microenvironment cells are
proposed (Wilson et al., 2014). The central role of the mam-
malian target of rapamycin (mTOR) in mediating a crosstalk
between the insulin/IGF-1 and GPCR signaling in pancreatic can-
cer cells is discussed in depth and strategies, including the use of
metformin, to target this signaling pathway in PDAC cells are pro-
posed (Rozengurt, 2014). Finally, a comprehensive review of the
latest animal models of pancreatic cancer are discussed, proposing
novel tools to study the mechanism of pancreatic cancer initiation
and promotion by major risk factors.
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Purpose of the review: Pancreatic cancer is extremely aggressive, forming highly
chemo-resistant tumors, and has one of the worst prognoses. The evolution of this
cancer is multi-factorial. Repeated acute pancreatic injury and inflammation are important
contributing factors in the development of pancreatic cancer. This article attempts to
understand the common pathways linking pancreatitis to pancreatic cancer.

Recent findings: Intracellular activation of both pancreatic enzymes and the transcription
factor NF-κB are important mechanisms that induce acute pancreatitis (AP). Recurrent
pancreatic injury due to genetic susceptibility, environmental factors such as smoking,
alcohol intake, and conditions such as obesity lead to increases in oxidative stress,
impaired autophagy and constitutive activation of inflammatory pathways. These
processes can stimulate pancreatic stellate cells, thereby increasing fibrosis and
encouraging chronic disease development. Activation of oncogenic Kras mutations
through inflammation, coupled with altered levels of tumor suppressor proteins (p53 and
p16) can ultimately lead to development of pancreatic cancer.

Summary: Although our understanding of pancreatitis and pancreatic cancer has
tremendously increased over many years, much remains to be elucidated in terms of
common pathways linking these conditions.

Keywords: pancreatitis, pancreatic cancer, inflammation, autophagy, stellate cells, K-ras

INTRODUCTION: PANCREATIC ANATOMY, PHYSIOLOGY,
AND PATHOLOGY
The pancreas is a glandular organ of the digestive system con-
sisting of (a) an endocrine component which secretes insulin,
glucagon, and stomatostatins, and (b) an exocrine component
that produces numerous digestive enzymes and 1500–2000 ml of
iso-osmotic alkaline fluid which is released into the small intes-
tine every day. The exocrine pancreas is composed of both acinar
and ductal cells; acinar cells (or acini) are responsible for syn-
thesis, storage and secretion of both active (amylase, lipase) and
inactive enzymes (zymogens; trypsinogen) (Ogami and Otsuki,
1998). Over 100 years ago it was first documented that the hor-
mone secretin could stimulate pancreatic secretion. Since then
it has become clear that pancreatic secretion is maintained and
modulated by a complex interaction between neural, hormonal
and mucosal factors (Bayliss and Starling, 1902). Gastric acid
influx into the small intestine initiates the release of secretin from
duodenal S-cells which then stimulates the release of bicarbon-
ate from pancreatic ductal cells to buffer this increase in intestinal
acid. Cholecystokinin (CCK) is released from duodenal endocrine
I-cells in response to proteins and fats in the small intestine. CCK
stimulates acinar cells both directly (Murphy et al., 2008) and
indirectly via stimulation of vagal nerve responses which acti-
vate muscarinic acetylcholine receptors on the acinar cell. This
results in release of pancreatic enzymes into the small intestine.
These normal physiological responses can be altered by many

factors that can ultimately lead to pathological responses and
development of pancreatitis and pancreatic cancer (Bayliss and
Starling, 1902; Ogami and Otsuki, 1998; Weiss et al., 2008). This
review will focus on common pathways that link the progression
from acute to chronic pancreatitis (CP) and finally pancreatic
cancer.

EPIDEMIOLOGY
Acute pancreatitis (AP) is a clinical syndrome which begins with
acute injury to the pancreas. It is one of the most frequent causes
of hospitalization, amounting to nearly 275,000 hospital admis-
sions every year in the United States at a cost of $2.6 billion
(Spanier et al., 2008). The most common causes of pancreatitis
include alcohol, gallstones, toxins, hyperlipidemia, and trauma,
with a small number of cases remaining idiopathic. These fac-
tors initiate distinct changes in pancreatic physiology causing
pathological activation of digestive enzymes within acinar cells,
decreased pancreatic enzyme secretion, increased inflammatory
responses and ultimately cell death (Spanier et al., 2008; Peery
et al., 2012). Traditionally AP is self-limited with complete resolu-
tion of function after the acute event. In some cases there may be
tissue scarring and stricture formation leading to pancreatic flow
obstruction and recurrent AP. The link between recurrent acute
and CP is unclear. Studies have shown that recurrent episodes of
pancreatitis set into motion various inflammatory pathways that
can lead to immunological and inflammatory responses. This in
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turn leads to increased fibrotic tissue formation and stellate cell
activation, well known hallmarks of CP.

CP is a fibro-inflammatory disease involving the pancreatic
parenchyma which is progressively destroyed and replaced by
fibrotic tissues. Histologically, acinar cell damage, mononuclear
cell infiltration, and fibrosis are observed (Shrikhande et al.,
2003). Traditionally, CP was thought of as a separate disease but
years of research have concluded that AP, recurrent AP and CP can
be part of the same disease continuum. There are various causes
that may lead to CP, but the exact pathophysiology of the disease is
still unclear. Three stages of CP development have been described
starting with stage one, the pre-pancreatitis phase, which is asso-
ciated with risk factors for CP such as alcohol, smoking and
genetic mutations. This is followed by stage two in the form of
AP, with release of inflammatory cytokines. If the attack is severe
enough it could activate macrophage dependent stellate cells
which ultimately lead to fibrosis, particularly if there is a contin-
uous stimulus causing interplay between pro-inflammatory and
anti-inflammatory pathways. Finally there is stage three which
is a progression to CP driven by factors that modulate immune
responses (Whitcomb, 2011, 2012). Thus CP develops due to
complex interactions between an impaired immune response to
low grade inflammation and environmental factors that decrease
the threshold for recurrent AP like alcohol intake and smoking.

CP has long been thought of as a strong risk factor for pancre-
atic cancer. Among patients with CP, a meta-analysis has shown a
relative risk of 13.3 for developing pancreatic cancer (Raimondi
et al., 2010). Chronic inflammation associated with CP facili-
tates this progression to cancer resulting in the occurrence of
three types of precancerous lesions: pancreatic intraepithelial
neoplasia (PanINs), intraductal papillary mucinous neoplasms
(IPMN), and mucinous cystic neoplasms (MCN). Subsequent
evolution of these precursor lesions into pancreatic ductal ade-
nocarcinoma (PDAC) ultimately involves a number of diverse
molecular changes (Yonezawa et al., 2008). Despite the strong link
between CP and pancreatic cancer, less than 5% of patients with
CP actually go on to develop the disease (Raimondi et al., 2010).

Pancreatic cancer is an extremely aggressive, invariably deadly
disease without any improvements in patient outcome over the
last 2 decades. With over 45,220 new cases of pancreatic can-
cer diagnosed every year in the USA the estimated number of
deaths in 2013 is projected to be around 39,000 making pan-
creatic cancer the fourth leading cause of cancer deaths in the
USA (Yadav and Lowenfels, 2013). The most effective treatment
is early resection of the cancer but this is not always possi-
ble because of late presentations and aggressive metastasis with
chemo-resistance. So only 20% of cases are eligible for surgery
and without surgery the median survival is only 6 months with a
5 year survival of 3–5% (Vincent et al., 2011; Siegel et al., 2012;
Yadav and Lowenfels, 2013). Pancreatic cancer is not prevalent in
patients under 20 years of age; the median age at onset is 71 years
(Yadav and Lowenfels, 2013). Hereditary pancreatitis is a severe
risk factor for pancreatic cancer with a lifetime risk of develop-
ing pancreatic cancer of 40–55% (Yadav and Lowenfels, 2013).
Smoking increases the risk of cancer in these patients and low-
ers the median age of diagnosis from 71 in non-smokers to 56 in
smokers (Howes et al., 2004).

Although epidemiology of the disease is well known, the
underlying cellular mechanisms of disease initiation and progres-
sion are less clear. Chemotherapeutic agents like gemcitabine have
been approved for pancreatic cancer not amenable to surgery, but
have not shown clear therapeutic effects (Lohr and Jesenofsky,
2009). In order to understand the complexities of molecular
mechanisms and drug interactions various mouse models have
been developed (Lee et al., 1995; Colby et al., 2008; Jung et al.,
2011). In the following sections, common cellular pathways in
pancreatitis and pancreatic cancer will be considered, and their
role in the transformation of acute to chronic disease, and ulti-
mately cancer, will be discussed.

COMMON CELLULAR PATHWAYS IN TRANSFORMATION OF
PANCREATITIS TO PANCREATIC CANCER
Premature activation of digestive zymogens and generation of
inflammatory mediators are key initiating events in pancreatitis.
Furthermore, these incidents can form the basis for progres-
sion from acute to CP and even pancreatic cancer (Figure 1). A

FIGURE 1 | Common pathways associated with disease progression

from acute to chronic pancreatitis and pancreatic cancer. Pancreatitis
starts with an initiating insult followed by changes in the cellular
environment and premature digestive enzyme activation. Mutations of
genes associated with trypsinogen activation/inactivation predispose the
pancreas to development of disease. As disease progresses defective
autophagy, increased inflammation, pancreatic stellate cell activation, and
fibrosis occur. Advancement toward pancreatic cancer and metastasis is
also associated with defective autophagy, as well as extracellular matrix
degradation, cell proliferation, expression of oncogenic Kras and loss of
tumor suppressors (e.g., P16 and P53). Autophagy and inflammation are
discussed further in Figures 2, 3.
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detailed review of these molecular events and their relevance in
disease advancement follows.

ROLE OF PREMATURE TRYPSINOGEN ACTIVATION
During pancreatitis lysosomal enzymes are mistargeted to
zymogen-containing organelles within the acinar cell. The lyso-
somal hydrolase cathepsin-B prematurely converts the digestive
zymogen, trypsinogen, to its active form, trypsin (Figarella et al.,
1988; Gorelick and Matovcik, 1995; Lerch et al., 1995; Wartmann
et al., 2010). This conversion requires an acidic pH and cathepsin-
B activates trypsinogen in a pH dependent manner (Kukor et al.,
2002). In addition, cleavage of trypsinogen to active trypsin
requires the folding of its N-terminal upon itself to form a globu-
lar molecule, a process which is also pH dependent (Nemoda and
Sahin-Toth, 2005). It has been shown that a low pH environment
sensitizes acinar cells to secretagogue induced zymogen activation
and cell injury. This process is mediated by a vacuolar ATPase
(vATPase) and the effects of low pH on zymogen activation can be
blocked by the vATPase inhibitor concanamycin (Bhoomagoud
et al., 2009). Once trypsinogen has been activated, trypsin can
activate more trypsinogen (autoactivation), and additional zymo-
gens, resulting in autodigestion of the pancreas. Inhibition (Van
Acker et al., 2002) or genetic deletion (Halangk et al., 2000)
of cathepsin B has been shown to attenuate trypsinogen activa-
tion and pancreatic inflammation. There are various protective
mechanisms to counter trypsinogen activation, mainly through
inhibition or degradation of activated trypsin. These mechanisms
include inhibition by Serine protease inhibitor, Kazal type 1 also
known as pancreatic secretory trypsin inhibitor (SPINK1/PSTI)
and degradation by chymotrypsin-C (CTRC). In addition, the
lysosomal hydrolase cathepsin-L degrades trypsinogen to an
inactive form of trypsin thus providing protection against pre-
mature zymogen activation. Paradoxically, when cathepsin-L is
genetically deleted there is also a switch from acinar cell necro-
sis to apoptosis with reduced severity of disease (Wartmann
et al., 2010). This indicates that cathepsin L may be involved
in additional pathways which contribute to pancreatitis. For
the most part though, when these protective mechanisms are
overwhelmed there is an increased predisposition to develop
pancreatitis.

Activation of trypsinogen is thought to be the initiating
event in the cascade of zymogen activation associated with
pancreatitis. This is supported by work done in mice lacking
trypsinogen-7 (T−/−), an ortholog of human cationic trypsino-
gen (PRSS1). Hyperstimulation with the CCK ortholog cerulein
induced zymogen activation and pancreatitis in wild type mice,
whereas necrosis and cell death was significantly reduced in T−/−
mice (Dawra et al., 2011). However, no effect on inflammation
and NFκB activation was observed in T−/− mice (Dawra et al.,
2011) suggesting that other mechanisms are also involved in the
pathogenesis of AP. Another study found, using a cell free sys-
tem where acinar cell components can be reconstituted, that
activation of other zymogens, such as chymotrypsinogen and
procarboxypeptidase, can occur independently of trypsinogen
activation (Thrower et al., 2006). Thus development of pancre-
atitis appears to include both trypsin dependent and independent
events.

CP is associated with several genetic mutations related
to trypsin activation and inactivation. Cationic trypsinogen
(PRSS1) has several mutations which lead to chronic hereditary
pancreatitis (Whitcomb et al., 1996). The two most common
are replacement of the arginine at position 122 with histidine
(R122H) and replacement of the asparagine at position 29 with
isoleucine (N29I). These substitutions lead to increased autoacti-
vation of trypsinogen and elevated levels of active trypsin (Chen
and Ferec, 2009, 2012). Mutation of SPINK1 which encodes
an endogenous trypsin inhibitor has been described as disease-
predisposing rather than a disease causing factor (Witt et al.,
2000; Chen and Ferec, 2012). Moreover meta-analysis studies
conducted in Europe and America has shown idiopathic CP to
be strongly associated with SPINK1 mutations (Pfutzer et al.,
2000; Threadgold et al., 2002). Chymotrypsin-C (CTRC) pro-
tects against intra-cellular trypsin activity by degrading both
trypsinogen and trypsin. Mutations in PRSS1 render it resis-
tant to CTRC-dependent degradation (Szabo and Sahin-Toth,
2012) while mutation of CTRC results in an inability to inacti-
vate trypsinogen and trypsin resulting in increased levels of active
trypsin (Beer et al., 2013). Cystic fibrosis transmembrane conduc-
tance regulator (CFTR), an anion channel, allows the movement
of chloride and bicarbonate from ductal cells to the ductal lumen.
In mutations of CFTR that lead to decreased bicarbonate con-
ductance, but not chloride, there is a higher risk of idiopathic CP
especially when paired with mutation of SPINK1 (Mounzer and
Whitcomb, 2013). Ethanol has been shown to reduce CFTR func-
tion via depletion of ATP (Judak et al., 2013). Thus, inhibition of
CFTR activity whether by genetic mutation or ethanol exposure
can lead to both AP and CP (Choudari et al., 1999; Pezzilli et al.,
2003).

Pancreatic cancer can also be modulated by pathways associ-
ated with trypsinogen activation and inactivation. SPINK1 has
been shown to cause cell proliferation in pancreatic cell lines
by binding to the epidermal growth factor receptor (EGFR)
and stimulating the mitogen-activated protein kinase pathway
(MAPK). Both SPINK1 and EGFR were found in PDAC as well as
PanINs including early stage PanIN-1A but not in adjacent nor-
mal duct cells (Ozaki et al., 2009). A Japanese study of PDAC
for 23 patients (20 invasive and 3 non-invasive) found pan-
creatic trypsinogen in 70% of tumors, but not in any of the
non-invasive tumors. The trypsinogen activator, cathepsin-B, was
also found in 70% of invasive tumors but not in non-invasive
tumors. Metastatic peripancreatic neural plexuses and lymph
nodes also stained intensely positive for trypsinogen. In addition,
they stained positive for cathepsin B, but only weak to moderate
(Ohta et al., 1994). In a more recent paper it has been shown that
knockout of cathepsin B is associated with slowed PDAC progres-
sion, extended survival and decreased liver metastasis in a mouse
model (Gopinathan et al., 2012). This data suggests that pancre-
atic trypsinogen (expressed in PDAC) and cathepsin-B play a role
in PDAC progression and metastasis. Cathepsin-L which can pro-
tect against pancreatitis by degrading trypsinogen and trypsin
has a very different effect in cancer. In one study, cathepsin-L
expression levels in PDAC epithelium was associated with median
survival time. The median survival time for tumors expressing
high levels of cathepsin-L was 6 months while those expressing
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low levels was 22 months (Singh et al., 2013). This difference
may be due to the ability of cathepsin-L to degrade extracellular
matrix allowing for more tumor growth in those tumors express-
ing high levels of cathepsin-L. Mesotrypsinogen (PRSS3) has been
found to be overexpressed in pancreatic cancer cell lines and pro-
motes cell proliferation and invasion in cell culture, while in vivo
it causes both tumor growth and metastasis. This data suggests
that modulation of the PRSS3 signaling pathway may be a viable
approach for treating pancreatic cancer (Jiang et al., 2010).

CALCIUM SIGNALING
Aberrant increases in intracellular calcium levels are critical in
acinar cell injury. Localized transient calcium spikes constitute
a normal physiologic response whereas a sustained global rise
in calcium is a pathological response causing pancreatic injury
(Cancela et al., 2002; Petersen et al., 2011). Endoplasmic retic-
ulum ryanodine receptors (RyR) and plasma membrane store
operated calcium channels (SOC) are an important means of
elevating calcium in pancreatic acinar cells (Glitsch et al., 2002;
Parekh, 2003; Husain et al., 2005). For example, mice deficient
in the transient receptor potential cation channel, subfamily C,
member 3, (TRPC3), a SOC, have reduced calcium elevations in
secretagogue, bile acid, and alcohol metabolite-mediated mod-
els of pancreatitis (Kim et al., 2009, 2011). Furthermore, ethanol
abuse has been shown to impact calcium signaling. Ethanol in
the pancreas is converted via non-oxidative pathways into fatty
acid ethyl esters (FAEEs) which can cause release of calcium
from intracellular stores and premature trypsinogen activation
(Wilson et al., 1992; Wilson and Apte, 2003). Ethanol itself
does not cause pancreatitis in rats, but it has been reported to
worsen cerulein stimulated pancreatitis, suggesting synergistic
association. Ethanol causes a dose dependent sensitization of the
pancreas to CCK or cerulein mediated pancreatitis. Furthermore,
free radicals generated through ethanol metabolism and FAEEs
have been shown to damage mitochondrial membranes causing
ATP depletion (Wilson and Apte, 2003). This alters the bioen-
ergetics of acinar cells and favors necrosis over apoptosis. ATP
is also needed for calcium homeostasis and decreased ATP lev-
els cause further increases in pathological calcium levels in the
cytosol (Criddle et al., 2006).

Downstream targets of calcium include Protein-Kinase
C (PKC) and the calcium-sensitive phosphatase calcineurin
(Gukovskaya et al., 2004; Satoh et al., 2004; Cosen-Binker et al.,
2007; Thrower et al., 2008, 2009; Muili et al., 2012). FK506
(Tacrolimus), a macrolide immunosuppressant that inhibits cal-
cineurin has been shown to markedly reduce intra-pancreatic
protease activation and pancreatitis severity in cerulein models
of pancreatitis (Kim et al., 2011; Muili et al., 2012). Furthermore,
pharmacological or genetic blocking of calcineurin also reduces
acinar cell injury in a bile-acid induced model of pancreatitis
(Muili et al., 2012). Interestingly, recent studies have shown that
NFATc1, a calcineurin responsive transcription factor, is asso-
ciated with aggressive pancreatic cancer and may mediate drug
resistance to anticancer agents (Murray et al., 2013). Thus, cal-
cineurin and its downstream effectors may represent attractive
therapeutic targets in the treatment of pancreatitis and pancreatic
cancer.

AUTOPHAGY
Autophagy is a process of lysosome-mediated degradation and
recycling of cellular components, lipids, and proteins. The mate-
rials that are marked for degradation are sequestered into double
membrane autophagosomes which join with lysosomes to form
single membrane autolysosomes, and recycled products are sent
back to the cytoplasm. In the basal state this process helps to
remove protein aggregates and damaged organelles such as mito-
chondria and maintain cellular homeostasis (Gukovsky et al.,
2013). However, under oxidative stress, hypoxia, pathogen infec-
tion, or radiation exposure autophagy increases significantly to
protect the cell from further damage. Autophagy can become dys-
regulated, due to recurrent injury to pancreatic acinar cells, and
result in acinar cell vacuolization, trypsinogen activation, and cell
death (Figure 2) (Gukovsky et al., 2012, 2013).

Impairment of autophagy is a key feature of pancreatitis and
chiefly involves defective functional lysosomes. Accumulation
of large vacuoles in the acinar cell is one of the hallmark
characteristics of pancreatitis and many of these vacuoles are

FIGURE 2 | Autophagy and pancreatic disease. Autophagy is
responsible for clearance of aggregates of the sequestosome p62,
damaged mitochondria, apoptotic bodies, the inflammasome, and
reduces levels of reactive oxygen species (ROS). This limits injury and
inflammation in healthy cells and prevents neoplastic transformation and
initiation of PDAC. Therefore the role of autophagy is normally beneficial.
In tumor cells, however, autophagy promotes survival, enabling cancer to
resist hypoxia, nutrient depletion, and chemotherapy. Pancreatitis and
obesity lead to arrested autophagy resulting in elevated cellular injury
and inflammation. This can predispose to chronic disease and even
progression to PDAC.
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autolysosomes with poorly-degraded contents (Mareninova et al.,
2009). Furthermore, increased pancreatic levels of the autophagy
marker proteins Atg8/LC3-II accompany this vacuole formation
(Fortunato et al., 2009; Mareninova et al., 2009; Grasso et al.,
2011; Gukovskaya and Gukovsky, 2012). During pancreatitis,
autophagic efficiency and degradation of long-lived proteins are
reduced. Lysosomal hydrolytic activity is compromised and alter-
ations in lysosome-associated membrane proteins (LAMPs) are
seen (Fortunato et al., 2009; Mareninova et al., 2009; Gukovskaya
and Gukovsky, 2012; Gukovsky et al., 2012). In addition, levels of
the sequestosome, p62, a multi-purpose protein which mediates
autophagic clearance and can itself be degraded by autophagy, are
elevated. Collectively, these observations indicate loss of lysoso-
mal function and impairment of autophagic flux in AP. These
changes have been observed both in human disease and in exper-
imental models of AP (Fortunato et al., 2009; Mareninova et al.,
2009; Grasso et al., 2011; Gukovsky et al., 2011, 2012; Alirezaei
et al., 2012).

Deficient autophagy can also mediate pathologic accumula-
tion of active trypsin (Hashimoto et al., 2008; Mareninova et al.,
2009; Gukovskaya and Gukovsky, 2012). The respective roles
of the lysosomal hydrolases, cathepsins B and L were discussed
earlier in this review (section Role of Premature Trypsinogen
Activation); cathepsin B activates trypsinogen, forming trypsin,
whereas cathepsin L degrades both trypsin and trypsinogen.
Malfunctioning lysosomes in pancreatitis allow an imbalance
between these two cathepsins, resulting in less cathepsin L
and accumulation of active trypsin (Mareninova et al., 2009;
Gukovskaya and Gukovsky, 2012). In addition, disruption of
endogenous trypsin inhibitors, similar to that seen in cases of
CP, can abrogate autophagy (Ohmuraya et al., 2005; Romac
et al., 2010). When Spink-3 (the mouse ortholog of SPINK-1) is
compromised, autophagy is impaired and acinar cell vacuoliza-
tion and pancreatic degeneration occurs. Although impaired
autophagy has primarily been investigated in models of AP, the
latter evidence indicates a similar role for autophagy in CP.
Furthermore, a critical cellular function of efficient autophagy
is to limit inflammation; any compromise in autophagy
leads to persistent inflammation, which sets the stage for
development of CP.

Autophagy and inflammation
Defective autophagy is a key component in promoting persis-
tent inflammatory responses (Levine and Kroemer, 2008; Deretic,
2012). Accumulation of p62 through faulty autophagy can ulti-
mately lead to activation of the transcription factor NF-κB, a
critical mediator of inflammation (discussed further in section
NF-κB) (Ling et al., 2012; Moscat and Diaz-Meco, 2012). Arrested
autophagy also leads to elevations in reactive oxygen species
(ROS), due to lack of removal of damaged mitochondria. ROS can
activate inflammasomes, large intracellular multiprotein com-
plexes that play a central role in innate immunity (see section
Inflammasome) (Nathan and Ding, 2010; Green et al., 2011;
Strowig et al., 2012). In addition, inflammasomes are normally
eliminated through autophagy; lack of autophagy in pancreatitis
therefore maintains their presence in the cell and hence their par-
ticipation in the inflammatory process (Shi et al., 2012). Finally,

impaired autophagy disrupts clearance of apoptotic material from
the acinar cell. This leads to secondary necrosis and the release
of damage-associated molecular pattern molecules (DAMPs),
which induce inflammation. Inflammation is a consistent theme
throughout the pancreatic disease continuum; if initial inflamma-
tory events subside, an acute episode results, however persistent
inflammation can lead to chronic disease. A more detailed dis-
cussion of inflammation and its multi-layered effects follows in
section Inflammation and Figure 3.

INFLAMMATION
NF-κB
NF-κB is a transcription factor which is involved in many cellular
signaling pathways involved in inflammation and stress-induced

FIGURE 3 | Inflammation and pancreatic disease. Insults lead to the
activation of NF-κB and inflammasomes. NF-κB activation leads to the
production of cytokines which, in turn, recruit immune cells and activate
Stat3. Neutrophils, macrophages and other immune cells infiltrate the
pancreas and produce more cytokines amplifying the inflammatory
response. Cytokines can lead to the activation of pancreatic stellate cells
which can, with repeated bouts of acute pancreatitis lead to fibrosis and
the development of chronic pancreatitis. Cytokines can activate oncogenic
Kras, a characteristic of nearly 90% of all pancreatic adenocarcinomas.
Chronic pancreatitis can also lead to the development of pancreatic cancer.

www.frontiersin.org January 2014 | Volume 4 | Article 415 | 11

http://www.frontiersin.org
http://www.frontiersin.org/Gastrointestinal_Sciences/archive


Kolodecik et al. Pancreatitis to cancer pathways

responses (Senftleben and Karin, 2002). Upon activation NF-
κB component RelA/p50 is released from the inhibitor, IκB, and
translocates to the nucleus where it increases the expression of
pro-inflammatory mediators. Cytokines and adhesion molecules
attract additional immune cells and inflammation persists within
the pancreas (see section Cytokines and Pancreatitis) (Rakonczay
et al., 2008).

Levels of NF-κB rise independently of, but concurrently with,
trypsinogen activation (Gukovsky et al., 1998). Pathological rises
in calcium levels and activation of PKC isoforms have been
implicated in NF-κB activation. Decreased NF-κB activation has
been observed following treatment with calcium chelators and
experimental data from ethanol and cerulein models of pan-
creatitis has determined that NF-κB activation is mediated by
calcium/calcineurin and PKC pathways (Satoh et al., 2004; Muili
et al., 2012).

Ethanol increases the effect of CCK on NF-κB activa-
tion via PKC pathways demonstrating the role of alcohol in
sensitizing acinar cells to inflammatory responses and pancre-
atitis (Gukovskaya et al., 2004). The sensitizing effects of alco-
hol have also been observed in in vivo models of the disease;
alcohol-fed rats do not experience pancreatitis, but when treated
with lipopolysaccharide (LPS; an endotoxin in the cell wall of
Gram-negative bacteria) AP develops in the animals. Disease pro-
gression occurs leading to acinar cell atrophy and fibrosis, the
latter via activation of pancreatic stellate cells (PSCs) [see section
Pancreatic Stellate Cells (PSCs)] (Vonlaufen et al., 2011).

The above studies and others point to the detrimental role of
NF-κB in pancreatitis. However, some studies have determined
it to be beneficial (Gukovsky and Gukovskaya, 2013). For exam-
ple, transgenic mice with the deletion of IκB, an NF-κB inhibitor,
led to constitutive NF-κB activation but a decrease in cerulein-
stimulated pancreatitis was observed (Neuhofer et al., 2013).
In contrast, transgenic mice overexpressing IκB kinase (IKK2)
exhibited high levels of NF-κB activation and spontaneous AP
was observed. Over time these mice developed pancreatic dam-
age such as fibrosis, acinar cell atrophy, and inflammatory cell
infiltration indicating CP (Huang et al., 2013). One way to rec-
oncile these conflicting results is to point to NF-κB’s dual role
as promoter of both pro- and anti-inflammatory pathways. Early
events, as described above, show NF-κB as the key initiator to
the pro-inflammatory cascade of cytokines and other mediators.
However, NF-κB can reduce inflammation by limiting apopto-
sis, necroptosis, and the inflammasome (Algul et al., 2007; Gaiser
et al., 2011; Strowig et al., 2012). In addition, NF-κB activation
in inflammatory cells may be quite different, if not opposite, than
that observed in acinar cells (Treiber et al., 2011).

Persistent NF-κB activation was found in CP as well as 67%
of the pancreatic cancer specimens examined in one study (Wang
et al., 1999; Sah et al., 2013). Constitutive NF-κB activation pro-
motes low-grade inflammation creating an environment favor-
able to the development of cancer (Grivennikov et al., 2010).
Studies suppressing NF-κB activity have shown a decrease in
tumorigenesis or an induction in cytotoxicity in cancer cell lines
(Fujioka et al., 2003; Fabre et al., 2012).

NF-κB activation can also occur via a non-canonical (or alter-
native) pathway which differs from the canonical pathway in

its activation and downstream effectors (Sun, 2012). Namely,
in the alternative pathway NF-κB activation occurs with the
proteasome-mediated processing of the NF-κB component p100
to p52 which then translocates to the nucleus in combination
with RelB. Unlike the canonical pathway which depends on the
trimeric IKK complex for activation, the alternative pathway relies
on NF-κB-inducing kinase (NIK) and IKKα (Sun, 2011). In pan-
creatic cancer cells NF-κB activation has been shown to occur by
both pathways; in the alternative pathway, NIK is upregulated,
often due to the suppression of TNF-associated factor 2 (TRAF2)
(Nishina et al., 2009; Wharry et al., 2009). In a recent study,
NIK upregulation was observed in each of the 55 human PDAC
samples examined and 69% of the samples showed decreased
expression of the NIK inhibitor, TRAF2 (Doppler et al., 2013).

NF-κB and its effectors have emerged as targets for the devel-
opment of potential therapies to treat CP and pancreatic cancer.
Examples include anti-inflammatory drugs, polyphenols, and
proteasomal inhibitors (Carbone and Melisi, 2012; Aravindan
et al., 2013; Doppler et al., 2013). Alternative pathway compo-
nents such as NIK and TRAF2 are key proteins and may prove
favorable as targets for therapies. Therapies trying to induce
apoptosis in cancer cells are often stymied by high levels of NF-κB
limiting apoptosis. To surmount this, therapies are being tested
using NF-κB inhibitors, such as proteasomal inhibitors like borte-
zomib in combination with apoptotic drugs such as gemcitabine
(Ahn et al., 2012; Walsby et al., 2012; Salem et al., 2013).

Inflammasome
The inflammasome is a large multi-protein complex concerned
with detection of pathogen- and damage-associated molecular
patterns (PAMPS and DAMPS) which arise during insult or
injury to the pancreas. A typical inflammasome consists of a
sensor or scaffolding protein such as a nucleotide oligomeriza-
tion domain leucine-rich repeat-containing receptor (NLR), an
adaptor protein designated ASC, and pro-caspase-1 (Drexler and
Yazdi, 2013). During AP, pancreatic acinar cell injury and necrosis
causes release of DAMPS, including nuclear DNA, mitochon-
drial DNA and ATP. Resident macrophages within the pancreas
detect these DAMPs via (i) Toll-like receptor-9 (TLR-9) which
induces NFkB activation and pro-IL-1β transcription and (ii)
plasma membrane purinergic receptor P2X7, which mediates IL-
1β maturation through inflammasomal components Nlrp3-ASC.
Subsequent generation of IL-1β results in further cytokine pro-
duction, recruitment of immune cells, and apoptosis (Hoque
et al., 2011).

The role of the inflammasome in the pathogenesis of acute
alcoholic pancreatitis has also been explored recently (Gu et al.,
2013). In alcohol-fed rats, treated with lipopolysaccharide (LPS),
pancreatic acinar cells had enhanced expression of cytokines
and chemokines, including the inflammasome-associated fac-
tors IL-18 and caspase-1. Furthermore, inflammasome mediated
responses were found to be initiated through TLR4-signaling.
Similar results were observed in acinar cells derived from patients
with acute/recurrent pancreatitis.

The inflammasome thus has a central role in promoting
chronic inflammation in pancreatitis but its contribution to pan-
creatic cancer remains largely unexplored. Generation of IL-1β
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and IL-18 may be the linking factor between inflammation and
tumor initiation/progression although current understanding is
limited (Drexler and Yazdi, 2013). In terms of treatment for
pancreatitis, targets in the inflammasome pathway merit inves-
tigation, although the implication for pancreatic cancer therapy
is less clear.

Cytokines and pancreatitis
In the early stages of AP, NF-κB (section NF-κB), and other tran-
scription factors such as activator protein-1 (AP-1) and nuclear
factor of activated T-cells (NFAT) are triggered resulting in the
production and release of cytokines from the acinar cell. Immune
cells such as neutrophils, macrophages, monocytes, and lympho-
cytes are recruited to the pancreas where they, in turn, produce
and secrete additional cytokines resulting in an amplification of
the inflammatory response. Key cytokines observed in serum and
the pancreas during AP, include the interleukins IL-1β, IL-6, IL-
8, as well as tumor necrosis factor (TNF-α) and soluble receptor
for tumor necrosis factor (sTNFr); furthermore, serum levels cor-
relate with disease severity (Mayer et al., 2000; Fisic et al., 2013).
Anti-inflammatory mediators such as interleukins IL-10, IL-11,
IL-22, TNF-α receptors, and IL-1 receptor antagonist (IL-1ra) are
produced in an effort to limit the inflammatory response; IL-10
and IL-22 have been shown to reduce AP in experimental animal
models (Feng et al., 2012; Koike et al., 2012; Xue et al., 2012; Fisic
et al., 2013).

Cytokines released during AP appear to also have roles in CP.
In contrast to its beneficial role in AP, IL-10 has been shown to
be instrumental in the development of CP in an experimental
animal model (Gu et al., 2009). Furthermore, cytokines TGF-β,
TNF-α, IL-1, IL-6, and IL-10 have been shown to activate pan-
creatic stellate cells which could either result in tissue repair or
the development of fibrosis [see section Pancreatic Stellate Cells
(PSCs)] (Apte et al., 1999; Mews et al., 2002).

Therapies for AP currently under study aim to inhibit pro-
inflammatory pathways, such as TNF-α, with neutralizing anti-
bodies, or up-regulate anti-inflammatory cytokines such as IL-10
or IL-22 (Feng et al., 2012; Xue et al., 2012; Sendler et al., 2013).
Elevation of anti-inflammatory cytokines as a therapy should be
approached with caution though, as up-regulation of cytokines
that reduce AP might also predispose to CP. Further study of
these pathways is required to resolve these complex issues, prior
to development of suitable therapies.

STAT3 and pancreatic cancer
Inflammation has been shown to be a key driver of pancreatic
cancer (Guerra et al., 2011; Yadav and Lowenfels, 2013). Immune
cells recruited to the pancreas and pancreatic stellate cells together
secrete a host of cytokines, growth factors and matrix modify-
ing enzymes that create a microenvironment favorable to PanIN
development and progression (Steele et al., 2013). Signal trans-
ducer and activator of transcription 3 (Stat3), a transcription
factor activated by cytokines such as IL-6 and growth factors such
as epidermal growth factor (EGF) is a key mediator of inflam-
mation (Grivennikov et al., 2010). Constitutively active Stat3 has
been observed in 30–100% of human pancreatic adenocarcinoma
samples examined (Scholz et al., 2003). Stat3 has also been shown

to be required for the activation and progression of PDAC (Scholz
et al., 2003; Corcoran et al., 2011; Fukuda et al., 2011; Lesina et al.,
2011). Interestingly, there is evidence for cross-talk between Stat3
and NF-κB: Stat3 promotes constitutively high levels of NF-κB
while NF-κB, in turn, may regulate Stat3 activation by recruiting
immune cells that secrete Stat3-activating cytokines (Bollrath and
Greten, 2009; Lee et al., 2009; Grivennikov and Karin, 2010).

Like NF-κB, Stat3 is an attractive target for therapies treating
pancreatic cancer. Inhibitors of a Stat3 kinase, Jak2, have reduced
solid tumor growth in animal models (Hedvat et al., 2009). Two
triterpenoids under study in animal models are Stat3 and NF-
κB inhibitors (Liby et al., 2010). Such compounds may also lend
themselves to be used in combination therapies with other drugs
such as gemcitabine.

COX-2 overexpression
The enzymes cyclooxygenase 1 and 2 (COX-1 and 2) are impor-
tant rate limiting factors in prostaglandin production. Whereas
COX-1 is constitutively expressed, there is very little COX-2
immunoreactivity in normal pancreatic acinar cells. However,
during inflammation COX-2 is upregulated and in CP it is over-
expressed in acinar, islet, and ductal cells. The presence of COX-2
in ductal cells points toward its role in modulating growth factors
and cytokines from ductal cells in fibrosis and inflammatory path-
ways (Eibl et al., 2004). COX-2 has been linked to development
of pancreatic dysplasia and PDAC and may form a potential link
between CP and subsequent development of pancreatic cancer.
Elevated COX-2 has been associated with pancreatic cancer cell
proliferation (Sun et al., 2009) and tumor growth (Colby et al.,
2008; Mukherjee et al., 2009; Hill et al., 2012). Moreover, a recent
study has shown that a combination therapy, involving pharma-
cologic inhibitors of COX-2 and histone deacetylases (HDAC),
a family of enzymes that regulate paramount cellular activities,
results in a complete inhibition of tumor growth.

HEAT SHOCK PROTEINS
Heat shock proteins (Hsp) are a family of survival proteins. Their
function in AP has often been considered protective although the
opposite is true in pancreatic cancer; they largely account for the
continued persistence of pancreatic tumors (Bhagat et al., 2002;
Banerjee et al., 2013). Triptolide is a naturally derived compound,
and its water-soluble pro-drug, Minnelide, have been shown to
down-regulate expression of Hsp 70 in pancreatic cancer cells,
resulting in cell death (Banerjee et al., 2013). This occurs via
decreased glycosylation of the transcription factor Sp1, and sub-
sequent down-regulation of pro-survival pathways like NF-κB.
Inhibition of Hsp70 and ultimately cell death follows. Given the
efficacy of this drug in preclinical trials, Minnelide studies have
now moved to Phase I clinical trials.

PANCREATIC STELLATE CELLS (PSCs)
Pancreatic stellate cells (PSCs) play an essential role in pancre-
atic fibrosis in CP and pancreatic cancer. These star-shaped cells
were first described in 1998 by two independent groups and since
then they have been extensively studied (Apte et al., 1998; Bachem
et al., 1998). Stellate cells lie in a quiescent state in periaci-
nar, perivascular, and periductal areas and store Vitamin-A lipid
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droplets in the cytoplasm (Apte et al., 1998). During pancreatic
injury, acinar cells, inflammatory cells, platelets, and endothelial
cells produce cytokines and growth factors such as transform-
ing growth factor beta (TGF-β) TNF-α, IL-1, IL-6, and activin
A which activate PSCs in a paracrine manner. PSCs also pro-
duce a range of growth factors and cytokines themselves and
could be activated in an autocrine manner. Upon activation PSCs
start expressing α-Smooth muscle actin (α-SMA), with a myofi-
broblast like phenotype, synthesizing excess extracellular matrix
components (ECM) such as collagen-1 and fibronectin (Omary
et al., 2007; Vonlaufen et al., 2008; Masamune and Shimosegawa,
2009; Masamune et al., 2009; Erkan et al., 2012a). In addition to
their pivotal role in fibrogenesis, PSCs synthesize matrix degrada-
tion enzymes like matrix metalloproteinases (MMPs) and their
inhibitors (tissue inhibitors of metalloproteinases or TIMPS)
(Phillips et al., 2003) that remodel the pancreatic parenchyma
(Yokota et al., 2002; Omary et al., 2007). Therefore PSCs may
play a role in maintenance of pancreatic architecture through
regulation of ECM turnover.

PSCs interact with, and may regulate, other pancreatic cell
types such as acinar cells and cancer cells. CCK has been shown
to initiate acetylcholine release from PSCs which subsequently
stimulates exocrine functions in acinar cells (Phillips et al., 2010).
These findings suggest a novel role for PSCs in physiological reg-
ulation of acinar cells. Whether such an interaction can initiate
pathological responses such as those observed in AP, remains
to be determined. It has also been reported that PSCs inter-
act with cancer cells and promote cancer progression through
multiple mechanisms including elevated proliferation, migra-
tion and metastasis (Bachem et al., 2005; Hwang et al., 2008;
Vonlaufen et al., 2008; Xu et al., 2010; Mantoni et al., 2011;
Erkan et al., 2012a,b). PSCs have been shown to induce epithe-
lial to mesenchymal transition (EMT) in pancreatic cancer cells.
EMT is a critical process in cancer progression, which allows a
polarized epithelial cell to assume a mesenchymal phenotype,
enabling it to acquire invasive and metastatic properties and resis-
tance to apoptosis and therapies. Furthermore, recent studies
have shown that PSCs can augment stem cell-like phenotypes
in pancreatic cancer cells, enhancing tumorigenicity (Hamada
et al., 2012). Interactions between PSCs and other pancreatic cell
types therefore appear to be an essential component of pancre-
atic regulation and disease development. Further research on the
role of PSCs in development of pancreatitis and pancreatic can-
cer is required, given the emerging multi-functional roles these
cells play.

Kras
Kras is a guanine nucleotide binding protein and individual Kras
proteins act as binary molecular “switches” to activate a range
of important cellular signaling pathways. Kras can bind either
guanosine triphosphate (GTP) or guanosine diphosphate (GDP).
When occupied by GDP, Kras does not activate downstream sig-
naling pathways and is effectively “switched off.” Extracellular
signals coming from the environment in the form of growth
factors, cytokines, damage molecules (DAMPs), hormones, or
other molecules activate Kras. These molecules indirectly inter-
act with guanine nucleotide exchange factors (GEFs), replacing

GDP for GTP and switching Kras “on.” The active Kras sub-
sequently interacts with a wide range of downstream signaling
pathways including STAT3, NFκB, COX-2, and Scr. Some of these
pathways can generate signals, such as inflammatory mediators
that further activate Kras through positive feedback. Normal Kras
is rapidly inactivated by GTPase-activating proteins (GAPs) that
help hydrolyze GTP to GDP. Although individual Kras molecules
may act as a “binary switch,” populations of Kras proteins have
varying degrees of activity; at the cellular level, Kras is never truly
“on or off.” It is the number of active Kras proteins which define
the level of the resulting downstream signals. However, specific
point mutations in Kras, particularly those that affect Kras-GAP
interactions, limit GTP hydrolysis resulting in sustained activ-
ity for Kras. Such pathological responses can ultimately lead to
cancer.

Oncogenic Kras was first linked to pancreatic cancer over 20
years ago. The most common mutation in the majority of pan-
creatic tumors was identified as KrasG12D (Almoguera et al., 1988;
Smit et al., 1988). Development of genetic mouse models with
this mutation enabled researchers to learn more about pancre-
atic cancer development, although these models were found to
have limitations (Di Magliano and Logsdon, 2013). The mouse
models do not exactly match human disease; oncogenic Kras is
expressed in all pancreatic cells in mice, unlike pancreatic tumors
in humans. A combination of approaches, including the use of
human pancreatic cancer cell lines, primary human cultures and
human xenograft tumors in mice has yielded a broader view of
disease mechanisms.

Mouse models have been used to demonstrate how cellular
changes induced during pancreatitis, may actually lead to can-
cer progression in the presence of a Kras mutation. Induction of
AP with the CCK ortholog cerulein in wild-type mice leads to
acinar cell damage, infiltration of immune cells, and edema; the
level of damage peaking within a 24 h period. Tissue repair rapidly
occurs, and normal pancreatic histology is restored within 1 week.
In contrast, pancreata from mice with a Kras mutation (the KC
and iKras∗ models) fail to undergo tissue repair after cerulein
treatment (Morris et al., 2010; Collins et al., 2012a). In these mice,
acinar to ductal metaplasia progresses forming dysplastic ductal
structures, surrounded by extensive fibrosis, within 1 week. After
3 weeks, the majority of ductal structures exhibit characteristics
of PanINs. With time, higher-grade PanIN lesions populate the
pancreas resulting in development of carcinoma.

Merely the presence of a mutant copy of Kras may not be
entirely sufficient for development of pancreatic cancer. It is
widely thought that a threshold level of mutant Kras activity
must be reached for cancer progression to occur (Di Magliano
and Logsdon, 2013). In addition, sustained Kras activity may lead
to cellular stress which could result in apoptosis or senescence.
Factors which allow the cells to overcome the senescence barrier
such as inflammation or loss of tumor suppressor genes such as
p16 or p53 may allow transformation to cancerous cells. In mouse
models of oncogenic Kras, pancreatic lesions rarely progress to
carcinoma unless additional mutations are introduced. Tumor
suppressors such as p53 and p16 are spontaneously lost at dif-
ferent rates, depending on levels of inflammation and/or Kras
activity. KC mice express endogenous levels of oncogenic Kras,
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and the tumor suppressor p53 has a tendency to be mutated or
lost in the later stages of tumor development (Hingorani et al.,
2003). In contrast, mice engineered to express high levels of onco-
genic Kras in pancreatic cells (Elastase- CreER;cLGL-KrasG12D,
or LGL model), rapidly lose p16 (Ji et al., 2009). These observa-
tions are consistent with those seen in patients, whereby pancre-
atic adenocarcinoma does not occur without the accumulation of
multiple genetic alterations, potentially over the course of many
years (Yachida et al., 2010). Loss, inactivation, or mutation of a
range of tumor suppressors (e.g., Tp53 and p16) is commonly
detected in human pancreatic tumors.

Onogenic Kras activation mediates many downstream cel-
lular targets including RAF-mitogen activated protein kinase,
Phosphoinositide-3-kinase (PI3K) and RalGDS pathways. The
P13-kinase-AKT pathway can play an important role in cell
survival and malignant transformation and is Ras dependent
(Fernandez-Medarde and Santos, 2011). It has been shown
that Kras plays a role in activation of the Hedgehog pathway.
Inhibition of the Hedgehog pathway dramatically decreases pro-
liferation of pancreatic cancer cells due to its impact on the cell
cycle regulators, Cyclin D1, N-myc, and Wnt proteins (Morton
et al., 2007). Since both Notch and Hedgehog pathways are
not activated in normal pancreas, it is postulated that there
is a link between their activation and molecular and genetic
alterations that occur during repetitive cell damage and repair
processes.

A more detailed view of the critical role played by Kras in
pancreatic disease is beyond the scope of this current review.
Kras is an integral player in pancreatic disease progression and
may play a role in transition of pancreatitis to pancreatic cancer.
Cellular processes involved in pancreatitis, such as inflamma-
tion and autophagy, may interact with Kras and its downstream
pathways, resulting in pancreatic lesions and PDAC development.
The interplay of Kras with autophagy will be discussed further
in the next section. Finally, in conjunction with other genetic
mutations, Kras can facilitate progression to pancreatic cancer.
In terms of therapy for pancreatic cancer, Kras is an attractive
target. In mouse models, inactivation of oncogenic Kras results
in tumor regression and the animals remain healthy over time
with no signs of relapse (Collins et al., 2012a,b; Ying et al., 2012).
Thus development of effective inhibitors for Kras, or targeting its
downstream effectors such as the kinase Akt or MAP Kinase may
be the direction to go in terms of drug development.

AUTOPHAGY AND DEVELOPMENT OF PANCREATIC CANCER
Earlier in this review, the role of autophagy in development of
acute and CP was discussed. Autophagy also plays a complex part
in the development of pancreatic cancer, with reports indicating
both pro-tumorigenic and tumor-suppressive roles (Liang et al.,
1999; Yue et al., 2003; Levine and Kroemer, 2008; Guo et al.,
2011, 2013; Takamura et al., 2011; Wei et al., 2011; Yang et al.,
2011; Aghajan et al., 2012; Mah and Ryan, 2012; White, 2012).
PDAC cells have higher basal levels of autophagy than most other
types of tumor cells, facilitating their survival under stressful con-
ditions including nutrient deprivation, hypoxia, metabolic stress
and chemotherapy (Aghajan et al., 2012). As the tumor environ-
ment is hypoxic, autophagy is often induced by hypoxia-inducible

factor-α signaling, or adenosine monophosphate activated pro-
tein kinase (AMPK), the latter also being associated with pan-
creatitis (Shugrue et al., 2012). Elevated levels of autophagy in
PDAC cells are critical in removal of ROS, preventing DNA dam-
age and maintaining energy homeostasis, thus optimizing PDAC
cell survival and proliferation (Yang and Kimmelman, 2011).

In contrast, in non-transformed epithelial cells, PDAC initia-
tion is suppressed by autophagy. ROS production, genomic dam-
age, inflammation, and cellular injury are limited. In addition,
oncogenic aggregates of p62 are eliminated. However, as discussed
earlier, when impairment of autophagy and lysosomal dysfunc-
tion occurs pancreatitis is initiated. This can lead to chronic
pancreatic injury and compensatory proliferation of stem cells,
resulting in ductal metaplasia and regenerative responses which
contribute to tumorigenesis. Pathways such as Notch, Hedgehog,
and Wnt-β catenin are activated in pancreatic tissues in CP during
the regenerative response and dysregulation of these pathways has
been attributed to pancreatic tumorigenesis (Bhanot and Moller,
2009).

Several clinical trials are currently using inhibitors of
autophagy, such as hydroxychloroquine (which halts lysosomal
acidification and autophagosome degradation), in the treatment
of PDAC (Amaravadi et al., 2011). Inhibition of autophagy has
been shown to retard growth of pancreatic xenograft tumors in
mice, and development of tumors in mice with pancreata contain-
ing oncogenic Kras (Yang et al., 2011). However, a recent study
demonstrated that treatment of PDAC maybe more complex
(Rosenfeldt et al., 2013). In a humanized genetically-modified
mouse model of PDAC, the role of autophagy in tumor devel-
opment was found to be inherently linked to the status of the
tumor suppressor p53. Kras mice developed a small number of
pre-cancerous lesions that became PDAC over time. However, it
was found that mice also lacking the essential autophagy genes
Atg5 or Atg7 accumulated low grade pre-malignant PanIN lesions,
which did not progress to high grade PanINs and PDAC. In
contrast, in mice lacking Kras and p53, a loss of autophagy no
longer blocked tumor progression, but actually accelerated the
onset of tumors and increased uptake of glucose to fuel tumor
growth. Furthermore, this study showed that treatment of the
mice with hydroxychloroquine actually accelerated tumor forma-
tion in mice with onogenic Kras but lacking p53. Thus the role
of autophagy in pancreatic cancer is extremely complex and care
needs to be taken when designing appropriate therapies.

OBESITY AND PANCREATIC DISEASE
Obesity is a major health problem worldwide and leads to
increases in risk for cardiovascular disease, stroke, and a vari-
ety of cancers (Hotamisligil and Erbay, 2008; Osborn and
Olefsky, 2012). Obesity can result in low grade chronic inflam-
mation which renders patients vulnerable to these diseases,
although the underlying cellular mechanisms between obe-
sity and inflammation remain vague (Weisberg et al., 2003;
Hotamisligil and Erbay, 2008; Johnson et al., 2012; Osborn
and Olefsky, 2012). Obesity is known to increase the num-
ber of CD8+ T-cells and decrease T-regulatory cells, promoting
recruitment of macrophages (Johnson et al., 2012). Elevated
levels of inflammatory mediators such as TNF-α, IL-1β, IL-6,
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and IL-18 are seen within adipose tissue and also systemically
through inflammasome activation in macrophages (Stienstra
et al., 2011). Inflammatory mediators secreted by macrophages
further augment general inflammation. In addition, levels of
the pro-inflammatory hormone leptin are increased by obesity
and decreases in adiponectin, its anti-inflammatory counterpart,
are observed. Obesity, or a high fat diet (HFD), can also affect
autophagy, increasing ER stress and inflammation (Yang et al.,
2010; Hasnain et al., 2012). Obesity inhibits autophagy by acti-
vating Akt and mTOR signaling pathways, and down-regulating
autophagic genes such as Ulk1/Atg1, Atg5, Atg6/Beclin 1.

Obesity has been linked to increased risk and severity of pan-
creatitis (Frossard et al., 2009; Navina et al., 2011). Deletion
of leptin (ob/ob) or the leptin receptor (db/db), or administra-
tion of an HFD, in mice caused obesity and increased sever-
ity of pancreatitis. Following induction of pancreatitis with
cerulein, levels of pancreatic IL-1β, IL-6, CCL2/MCP-1, and
neutrophil infiltration were much greater in ob/ob and db/db
mice compared to their lean littermates (Zyromski et al., 2008).
Furthermore, in a model of AP induced by a combination
of IL-12 and IL-18, severe disease occurred in ob/ob mice
compared to wild type mice (Sennello et al., 2008). Finally,
in a model of taurocholate-induced pancreatitis TNF-α lev-
els increased while IL-10 was reduced, resulting in necrosis of
adipose tissue (Franco-Pons et al., 2010). Thus obesity-related
inflammatory mediators appear to play a pivotal role in severity of
pancreatitis.

Obesity and HFD have further been identified as prominent
risk factors for pancreatic cancer (Wiseman, 2008). Consumption
of an HFD in mice with oncogenic Kras expression increased
PanIN formation, fibrosis, inflammation, and PDAC, resulting in
reduced survival (Philip et al., 2013). In contrast, control mice
lacking Kras expression and fed with HFD, or Kras-expressing
mice fed a control diet (CD), showed minimal pancreatic pathol-
ogy. This model underscores the risk posed by an HFD in humans
that express pancreatic oncogenic Kras. Activity of Kras and its
downstream effectors such as COX-2 and phospho-ERK are ele-
vated. Infiltration of macrophages into the stroma and activation
of quiescent PSCs producing α-SMA and collagen I also occurs.
COX-2 forms a positive feed-forward loop thus maintaining Kras
activity and further augments inflammation, fibrosis, and recruit-
ment of inflammatory mediators to the pancreas. This ultimately
leads to development of PanINs and PDAC. Given that many
healthy individuals express oncogenic Kras, consumption of HFD
could put them at greater risk of developing PDAC. Consuming
a reduced fat diet and ingestion of COX-2 inhibitors could limit
pancreatic inflammation and fibrosis and may prevent formation
of PanINs and progression to PDAC.

CONCLUSION
Although our knowledge of underlying mechanisms of pan-
creatitis and pancreatic cancer have advanced in the past few
years much remains unknown. Recent studies have strongly
implicated smoking, alcohol, and obesity as common etiolog-
ical factors in pancreatitis-to-cancer pathways. At the cellular
level, aberrant zymogen activation, particularly through muta-
tions in trypsinogen, can lead to repeat bouts of AP. This can

result in low grade inflammation, autophagy, stellate cell activa-
tion, and fibrosis, culminating in chronic disease. Furthermore,
oncogenic Kras mutations and modifications of tumor sup-
pressor genes (p16 and p53) may all contribute to progression
from CP to PDAC (Figure 1). Development of multiple drugs
that target various aspects of this complex tapestry of cellular
pathways will be paramount in halting disease initiation and
progression.
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Inflammation is part of the body’s immune response in order to remove harmful
stimuli—like pathogens, irritants or damaged cells—and start the healing process.
Recurrent or chronic inflammation on the other side seems a predisposing factor for
carcinogenesis and has been found associated with cancer development. In chronic
pancreatitis mutations of the cationic trypsinogen (PRSS1) gene have been identified as
risk factors of the disease. Hereditary pancreatitis (HP) is a rare cause of chronic pancreatic
inflammation with an early onset, mostly during childhood. HP often starts with recurrent
episodes of acute pancreatitis and the clinical phenotype is not very much different from
other etiologies of the disease. The long-lasting inflammation however generates a tumor
promoting environment and represents a major risk factor for tumor development This
review will reflect our knowledge concerning the specific risk of HP patients to develop
pancreatic cancer.

Keywords: cancer risk, pancreatitis, hereditary pancreatitis, PRSS1, chronic inflammation

INTRODUCTION
Chronic pancreatitis (CP) and carcinoma of the pancreas are
common in Western countries. Incidence rates of CP range from
2 to 23 per 100,000 and are around 10 per 100,000 for the inci-
dence and death rate of pancreatic cancer (Dufour and Adamson,
2003; Lévy et al., 2006; Ferlay et al., 2010; Spanier et al., 2013).
However, not all CP develops into cancer, even not in the very
long-standing cases, and the majority of patients presenting with
pancreatic carcinoma have no history of CP.

In a recent pooled analysis by the International Pancreatic
Cancer Case-Control Consortium (PanC4) Duell et al. reviewed
a total of 5048 cancer cases and 10947 controls. Interestingly, only
6.2% of pancreatic cancer patients reported a history of pancreati-
tis. Duell et al. calculated a ∼5.6-fold increased pancreatic cancer
risk in patients with a history of pancreatitis (Duell et al., 2012).
In the first two years following diagnosis of pancreatitis, the risk
is even higher (OR: 13.6), probably reflecting increased likelihood
of cancer diagnosis in people undergoing medical investigations,
and possible misdiagnosis of pancreatic cancer as pancreatitis.
The type of pancreatitis was not determined in most of the eval-
uated studies, preventing a more detailed analysis of the specific
risk of acute vs. CP.

Much more than a single inflammatory event, the recurrent
or persistent chronic inflammation is regarded as an important
risk factor for cancer development, not only in the pancreas, but
in many different organs (Mantovani et al., 2008). Observations
that tumors often arise at sites of chronic inflammation were first
made in the nineteenth century (Balkwill and Mantovani, 2001).
Since that time several lines of evidence, based on histologic find-
ings of inflammatory cells in tumor samples and also genetic
and molecular analyses have supported the general concept that
inflammation and cancer are linked. In addition, epidemiologic
studies have shown that chronic inflammation is associated with
the development of several types of cancer. Factors that drive the
chronic inflammation process are many-fold and include toxins

like cigarette smoke, alcohol, microbial infection (helicobacter
pylori), autoimmune diseases (M. Chron), inflammatory con-
ditions of unknown origin, a genetic predisposition (hereditary
pancreatitis) or a combination of several factors.

Numerous studies which analyzed the pancreatic cancer risk
of CP patients reported considerably different results, probably
reflecting methodological variation concerning the recruitment,
diagnosis and evaluation of patients. This review will mainly
focus on the question if pancreatic cancer is especially frequent
in those patients that are predisposed to CP by the presence of a
PRSS1 mutation.

HEREDITARY PANCREATITIS
Hereditary pancreatitis is a rare cause of CP with an estimated
frequency of 0.3 /100.000 in Western countries. In 1952, Comfort
and Steinberg reported a family with hereditary CP over three
generations. Affected patients had chronic relapsing pancreatitis
with an unusual early onset of the disease (5–23 years) (Comfort
and Steinberg, 1952). In 1996 Whitcomb et al. identified from
a large HP family with an autosomal dominant inheritance pat-
tern a first genetic defect of the cationic trysinogen gene (PRSS1)
through sequencing analysis of the 7q35 chromosome region.
They identified a G to A transition in exon 3 of the PRSS1
gene that encodes the replacement of Arginine 122 by Histidine
(Whitcomb et al., 1996). Trypsins are digestive enzymes that
are synthesized and secreted in large amounts by the acinar
cells of the exocrine pancreas. Three different trypsinogen iso-
forms are known and cationic trypsinogen represents 2/3 of the
total amount of trypsinogen in the pancreatic juice. Anionic
trypsinogen accounts for another 1/3 of the trypsinogen, whereas
mesotrypsin is expressed only in small traces. Trypsinogens are
synthesized as enzymatically inactive pro-enzymes or zymogens
that are stored and released from the secretory compartment of
the acinar cell. Under physiological conditions trypsinogens are
activated in the duodenum by enterokinase, which is produced by
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cells of the duodenal mucosa and which cleaves the N-terminal
activation peptide bond and releases the enzymatic activity of
trypsins. Trypsin is the main digestive enzyme of the gastroin-
testinal tract and has autoactivation as well as autolysis properties.
Influenced by ambient pH and calcium concentration the protein
may therefore either tend to self-activation or self-destruction.
Subtle changes in the trypsin protein structure seem sufficient
to disrupt the mechanism of normal trypsin activation lead-
ing to increased premature intrapancreatic trypsin activation or
impaired inactivation. Both ways PRSS1 mutations may lead
to enhanced trypsin activity which eventually increases the risk
for recurrent pancreatic injury and inflammation. Since 1996
more than 30 different PRSS1 mutations have been identified
(www.uni-leipzig.de/pancreasmutation). The majority of these
mutations were reported only in one or a few families and the
biochemical analysis of these mutations gave valuable insights
in the disease mechanism. Some mutations like K23R, D22G,
or D19A are localized in the area where enterokinase activation
of trypsinogen occurs. These mutations were found to facilitate
trypsin autoactivation (Geisz et al., 2013).

Autoactivation of cationic trypsinogen is also influenced by
chymotrypsin C (CTRC), which opposes the trypsin activity
by promoting trypsinogen and trypsin degradation (Szmola
and Sahin-Tóth, 2007). Chymotrypsin C selectively cleaves the
Leu81-Glu82 peptide bond within the Ca2+ binding loop of
cationic trypsin. Further degradation and inactivation is then
achieved through tryptic cleavage of the Arg122-Val123 peptide
bond. Therefore, mutation of either Leu81 or Arg122 blocks
chymotrypsin C-mediated trypsin degradation (Szabó and Sahin-
Tóth, 2012). The mechanistic basis of increased trypsinogen
activation involves either resistance to degradation (N29I, N29T,
V39A, R122C, and R122H) and/or increased N-terminal process-
ing by CTRC (A16V and N29I). In hereditary pancreatitis the
CTRC-dependent control of cationic trypsinogen autoactivation
is disturbed giving rise to intrapancreatic trypsinogen activation.
Most frequent PRSS1 mutations R122H and N29I lead with high
penetrance (∼80%) to CP, in most cases with an early onset of
symptoms. The A16V and R122C mutants were found to have
a more variable disease penetrance ∼40–50% (De Las Heras-
Castaño et al., 2009; Grocock et al., 2010). Apart from some
variation in disease penetrance the clinical phenotypes of these
most relevant HP mutations seem rather comparable and—with
the exception of an early onset—resemble the same features of CP
of other etiologies.

Lowenfels and colleagues from the International Hereditary
Pancreatitis Study Group were one of the first to review the med-
ical records of 246 patients with a diagnosis of HP. Comparison
of observed and expected frequency of cancer in this historical
group of patients revealed and standardized incidence ratio (SIR)
of pancreatic cancer of 53 (95%CI: 23–105). In those individ-
uals that developed pancreatic cancer the mean age at onset of
symptoms of pancreatitis was 17.3 ± 6.9 years and mean age
at diagnosis of pancreatic cancer was 56.9 ±11.2 years, indicat-
ing a high risk of pancreatic cancer several decades (39.6 ± 9.7
years) after the initial onset of pancreatitis(Lowenfels et al., 1997).
The risk was not different in males or in females or for different
nationalities and the cumulative risk in these patients until the

age of 70 was 40%. The diagnosis of HP in the study was mainly
based on early onset of pancreatitis, a positive family history and
the absence of other known causes of pancreatitis. Today we know
that many HP patients have an underlying causative PRSS1 muta-
tion, but at the time of the study by Lowenfels the genetic testing
for PRSS1 had only just started and therefore could not yet be
systematically analyzed.

Such a genotype-phenotype correlation was done in 2004 by
Howes et al. on behalf of the European registry of hereditary
pancreatitis and pancreatic cancer (EUROPAC) (Howes et al.,
2004). Their study cohort comprised 112 families (418 individ-
uals) from 14 countries and included 52% R122H-families, 21%
N29I-families, 4% A16V-families and 19% without detectable
mutation. The high mutation rate of 81% in HP was much
higher than previously reported and presumably due to the strict
diagnostic criteria of HP by the EUROPAC group. The authors
confirmed that onset of symptoms starts at young age for R122H
mutation carriers with a median onset at 10 (95%CI: 8–12) and
14.5 (95%CI: 10–21) for mutation negative patients. Interestingly
time to development of exocrine and endocrine failure showed no
significant differences, neither by mutation status nor by gender.
Still the cumulative risk for exocrine failure or diabetes is much
higher in HP (60.2 and 68.6%) than in idiopathic or alcoholic
pancreatitis patients. Pancreatic cancer was diagnosed in 26 (6%)
patients and arose in individuals carrying any of the common
mutations as well as in PRSS1-mutation negative families (14x
R122H, 7x N29I, 1x A16V and 4x no PRSS1 mutation). The time
to develop cancer was not influenced by mutation status, gender
or if the mutation was transmitted from the father or the mother.
The study further showed that the cumulative risk of pancreatic
cancer is rather negligible until the age of 50 (3.4%) in both sexes.
However, after 50 years the risk of pancreatic cancer rises con-
siderably, reaching 18.8% at 70 years and 33.3% at 80 years. In
other words: the cumulative risk of pancreatic cancer after onset
of symptoms slowly increases from 1.5% at 20 years and 2.5% at
30 years after first symptoms to 25.3% at 60 years and 44% at 70
years after the onset of the disease. The calculated SIR of pan-
creatic cancer in the EUROPAC cohort after correction for age,
smokers, nationality and surgical intervention, was 67 (95%CI:
50–82).

In a national series in 2008 Rebours et al. investigated the
SIR of pancreatic adenocarcinoma in an exhaustive cohort of
French HP patients (Rebours et al., 2012). In their nation-wide
survey genetic laboratories, pediatricians and gastroenterologists
contributed 200 individuals from 78 families with know PRSS1
mutation or the diagnosis of recurrent acute or CP in the absence
of known precipitating factors. PRSS1 mutations were present
in 68% (78% R122H, 12% N29I, 10% others) of the study
cohort and again the PRSS1 mutation type did not correlate
with the development of pancreatic cancer, which was diagnosed
in ten individuals at a median age of 55. The cumulative risk
at age 50 was ∼10% and increased to ∼50% at age 75. The
SIR of pancreatic cancer in the French cohort was 87 (95%CI:
42–113) for the whole population and seemed higher in females
(142; 95%CI: 38–225) compared to males (69; 95%CI: 25–150).
Whereas Lowenfels et al. also found a slightly higher SIR in
females (73 vs. 46) the results from the EUROPAC study indicated
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a higher SIR in men (72 vs. 60). A gender impact therefore
seems not generally operative in the development of pancreatic
adenocarcinoma.

In comparison to the general population HP patients clearly
carry an increased absolute risk of developing pancreatic cancer.
Smoking was identified as a main associated risk factor and HP
patients therefore should be strongly advised to stay away from
tobacco consumption. Diabetes and calcifications are also more
frequently seen in patients that develop pancreatic cancer, prob-
ably indicating a correlation of the cancer risk not only with the
duration but also with the severity of pancreatitis.

PANCREATIC CANCER RISK IN SPORADIC PANCREATITIS OF
MUTATION CARRIERS
In the clinical situation HP is diagnosed mainly in patients with
idiopathic recurrent acute or CP families. However, sometimes
also sporadic cases without a corresponding family history have
a positive finding of an HP mutation. Inheritance from unaf-
fected carrier parents, uncertain paternity and spontaneous de
novo mutations must be considered in such cases (Simon et al.,
2002). A recent study by Hamoir et al. identified a total of 17.4%
carriers of CFTR, PRSS1, or SPINK1 mutations in a cohort of 351
Belgium patients with idiopathic recurrent or CP and no family
history (Hamoir et al., 2013). The authors claim that the clinical
features were not influenced by the presence of a gene mutation
except for an earlier age at onset and a higher incidence of pan-
creatic cancer, especially in patients with a CFTR mutation (four
cancer patients had CFTR mutations, one a PRSS1 mutation).
The SIR for pancreatic cancer in their cohort was 26.5 (95%CI:
8.6–61.9). However, all cancer patients were also smokers. The
authors suggest to “include patients with CFTR variants present-
ing with risk factors in a screening and surveillance program and
to strongly advise them not to smoke.” Three of the four can-
cer patients with CFTR mutation carried the p.L997F mutation
(2× compound heterozygous, 1× heterozygous) which also had
been identified at high frequency in patients with recurrent idio-
pathic pancreatitis (Gomez Lira et al., 2000). Whereas there is no
disagreement concerning the adequacy of a non-smoking advice
other reports find a modest increased risk for carriers of disease-
relevant CFTR mutations (OR:1.4; 95%CI: 1.04–1.89) and are
more reluctant concerning the role of CFTR mutations as risk
factors of pancreatic cancer (Whitcomb, 2004; McWilliams et al.,
2010).

CHRONIC INFLAMMATION AND CANCEROGENESIS
The link between CP and pancreatic cancer is unknown to date,
but several signaling pathways were identified to become activated
in the inflamed pancreas which may trigger cellular transfor-
mation and ultimately stimulate the development of pancreatic
cancer.

It is generally accepted that inflammation results in repeated
DNA damage, error-prone repair-mechanisms and the pro-
gressive accumulation of genetic mutations. In the pancreas
pre-cancerous histologic changes have been described that are
associated with a sequential accumulation of genetic defects.
These pancreatic intra-epithelial neoplasms (PanIN) are present
in sporadic pancreatic adenocarcinomas and also in patients

with a history of CP. Histologically, PanINs progress through
stages of increasing architectural and cytological atypia, start-
ing from a low grade dysplasia (PanIN-1A, PanIN-1B) to
moderate dysplasia (PanIN-2) and to high grade dysplasia
(PanIN-3). First genetic mutations seen in the early stages
include kRas mutations, followed by p16/CDKN2A, TP53, and
SMAD4/DPC4 (Hruban et al., 2004). Mutations in all four
genes have been recognized as driver mutations that trigger
neoplastic transformation and tumor progression (Korc, 2010).
In a mouse model kRas mutations were shown to give rise
to pancreatic intraepithelial neoplasms and pancreatic can-
cer and that concomitant mutation of p16, p53 or smad4
greatly enhanced the process of carcinoma formation (Hingorani
et al., 2005). These mutations are more frequent in advanced
PanIN stages and are well-characterized in invasive pancreatic
carcinoma.

Signaling mechanisms involving Hedgehog and Notch, as
well as cyclooxygenase 2 (COX-2) have also been implicated
in the triggering mechanisms that stimulate the generation of
pancreatic cancer from pancreatic inflammation (Maitra et al.,
2002; Avila and Kissil, 2013; Hamada et al., 2013). COX-
2 mediates prostaglandine synthesis which triggers cell pro-
liferation and cytokine synthesis. Cox-2 inhibitors have been
demonstrated to have anti-cancer effects and are effective
especially in patients with cancers that have a high COX-2
expression. Extensive inflammation exposes the organ tissue to
pro-inflammatory cytokines and reactive oxygen species. Local
production of both may activate cellular protective mechanisms,
including apoptosis and regenerating mechanisms that stimu-
late cell proliferation in order to rebuild the lost tissue structure.
Increased proliferation in the presence of elevated concentra-
tions of potential mutagens such as reactive oxygen species may
set an environment where growth promoting mutations accu-
mulate and provide selective growth advantage for individual
cell clones.

Another signaling pathway that has been suggested to drive
cancerogenesis from inflammation involves NFkB (Karin, 2006).
Important cancer-associated genes, such as c-myc, jun B Cyclin
D1, TP53, and VEGF are under the control of this transcrip-
tion factor. In addition it’s a major factor controlling the ability
of malignant cells to resist apoptosis-based tumor-surveillance
mechanisms.

PERSPECTIVE
PANCREATIC CANCER SURVEILLANCE
Today there is no rationale for early diagnostic screening of pan-
creatic cancer in the general population. It’s a rare disease, specific
diagnostic markers are missing and a survival benefit of such
screening programs has nowhere been demonstrated. However,
pancreatic cancer screening is recommended for families and
individuals at an elevated risk. Counseling and surveillance guide-
lines have been established that recommend screening studies as
part of peer-reviewed protocols with scientific evaluation and
human subjects protection(Brand et al., 2007). Candidates for
pancreatic cancer surveillance should carry a >10-fold increased
risk for developing pancreatic cancer, which includes individuals
with HP.
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SURGERY
Generally, the survival rate for patients with CP is poor (Jupp
et al., 2010). CP patients tend to die of other causes such as
smoking related cancers, cardiovascular disease and alcoholic
liver cirrhosis. The potential cancer risk of a persistent inflamma-
tion may suggest beneficial effects of anti-inflammatory therapy
or surgery for CP. A recent retrospective multicenter study from
Japan investigated associated factors with the pancreatic cancer
risk in 506 patients with CP (Ueda et al., 2013). Nineteen of 506
enrolled patients developed pancreatic cancer (3.7%) with a SIR
of 11.8 (95% CI, 7.1–18.4). Interestingly, among 9 patients with
HP, no patient developed pancreatic cancer (follow-up period:
3.4–43.8 years, median, 8.4 years). Among the 352 CP patients
who had not received surgical treatment a total of 18 patients
(5.1%) developed pancreatic cancer, which otherwise occurred in
only 1 (0.7%) of the 147 patients who had undergone surgery
for CP. Apparently surgery for CP inhibits the development of
pancreatic cancer in those patients.

In addition the study confirmed that patients who continued
to drink alcohol after the diagnosis of CP showed a significant
higher incidence of pancreatic cancer than those who stopped
drinking.

BIOMARKER
The goal for diagnostic screening is the identification of early can-
cer lesions before the onset of metastasis and tissue invasion. Until
today no biomarker in plasma or serum has generally been rec-
ommended for screening or diagnosing of pancreatic cancer and
there is an urgent need to identify novel markers of pancreatic
cancer. The search is on for new strategies that help to improve
the sensitivity and specificity of diagnostic procedures.

One example is a study of Yokoi et al. who analyzed proteins
from circulating mononuclear cells (MNC) to identify surrogate
markers of pancreatic cancer (Yokoi et al., 2011). Continuous
interactions between tumor cells and host stroma cells is a funda-
mental requirement for tumor cell growth, invasion, and metasta-
sis (Fidler et al., 2007). In histologic stainings the stroma typically
occupies 70–90% of pancreatic tumors. Among the cellular com-
ponents of the stroma, MNCs are believed to play a central role
in the progression and chemoresistance of tumors (Condeelis
and Pollard, 2006; Noonan et al., 2008). Circulating MNCs, such
as monocytes and/or macrophages, are recruited into the tumor
microenvironment, where they extravasate and differentiate into
tumor-associated macrophages (TAMs) (Shojaei et al., 2008).
Even small tumors could generate a detectable immune response
that may include changes in protein content or phosphorylation
of MNCs. Analysing circulating MNCs in a nude mouse model of
orthotopic human pancreatic cancer, Yokoi et al. found significant
higher Src-expression (c-src tyrosinkinase) and phosphorylation
in MNCs from mice bearing tumors. The identified surrogate
marker Src may not be a convincing finding so far, but circulating
MNCs may represent a good source for the identification of novel
biomarkers of early tumor development.

In summary HP markedly increases the risk for pancreatic
adenocarcinoma. PRSS1 and other pancreatitis-associated gene
mutations are not directly important in the development of pan-
creatic cancer, but rather lead to a high-risk inflammatory milieu

for the accumulation of oncogenic mutations. The risk is poten-
tiated by known cofactors such as tobacco smoking and, likely,
by genetic factors that are yet to be identified. Future genetic
and molecular studies will help to a better understanding of the
relationship between inflammation and cancerogenesis and may
lead to new diagnostic and therapeutic possibilities for those
subjects with CP that are at high risk of developing pancreatic
carcinoma.
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Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading cause of cancer deaths in
both men and women in the United States, carrying a 5-year survival rate of approximately
5%, which is the poorest prognosis of any solid tumor type. Given the dismal prognosis
associated with PDAC, a more thorough understanding of risk factors and genetic
predisposition has important implications not only for cancer prevention, but also for
screening techniques and the development of personalized therapies. While screening
of the general population is not recommended or practicable with current diagnostic
methods, studies are ongoing to evaluate its usefulness in people with at least 5- to
10-fold increased risk of PDAC. In order to help identify high-risk populations who would be
most likely to benefit from early detection screening tests for pancreatic cancer, discovery
of additional pancreatic cancer susceptibility genes is crucial. Thus, specific gene-based,
gene-product, and marker-based testing for the early detection of pancreatic cancer are
currently being developed, with the potential for these to be useful as potential therapeutic
targets as well. The goal of this review is to provide an overview of the genetic basis
for PDAC with a focus on germline and familial determinants. A discussion of potential
therapeutic targets and future directions in screening and treatment is also provided.

Keywords: pancreatic ductal adenocarcinoma, familiar pancreatic cancer, pancreatic cancer syndromes, pancreatic

cancer oncogenes, pancreatic cancer tumor suppressor genes

INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading
cause of cancer deaths in both men and women in the United
States, carrying a 5-year survival rate of approximately 5% (Klein,
2012), which is the poorest prognosis of any solid tumor type.
Such outcomes are largely due to the fact that 80% of patients
have locally advanced or metastatic disease at diagnosis (Siegel
et al., 2013). Furthermore, for the 10–20% of patients who present
with resectable disease, the overall 5-year survival rate is only
15–20% and median survival is a dismal 18–24 months (Ducreux
et al., 2007). PDAC accounts for approximately 90% of pancreatic
neoplasms and is synonomous with the term, “pancreatic can-
cer;” the remaining 15% of pancreatic tumors are represented by
acinar cell carcinoma, pancreatoblastoma, solid pseudopapillary
neoplasm, serous cystadenoma and pancreatic neuroendocrine
tumors (Li et al., 2004a; Hezel et al., 2006; Maitra et al., 2006;
Ducreux et al., 2007). Given the dismal prognosis associated with
PDAC, a more thorough understanding of risk factors and genetic
predisposition has important implications not only for cancer
prevention, but also for development of personalized therapies.
The goal of this review is to provide an overview of the genetic
basis for PDAC with a focus on germline and familial deter-
minants, with a discussion of potential therapeutic targets also
provided.

INHERITED RISK FACTORS
Increasing knowledge of inherited genetic mutations is leading
to a better understanding of pancreatic cancer risk, as these
genetic variations are known to contribute to both familial and

non-familial (sporadic) PDAC. Studies have estimated up to 10%
of patients demonstrate an inherited predisposition to PDAC
based on familial clustering (Lynch et al., 1990, 1996; Hruban
et al., 1998; Schenk et al., 2001; Del Chiaro et al., 2007; Hruban
et al., 2010), while two prospective studies from Sweden and
Germany have suggested lower rates of 2.7 and 1.9%, respec-
tively (Hemminki and Li, 2003; Bartsch et al., 2004). A systematic
review by Permuth-Wey and Egan revealed the proportion of their
study population with a positive family history of pancreatic can-
cer was only 1.3%. In the latter study, the lower rate was attributed
to adjusting for shared environmental factors, such as smoking.
Additionally, a majority of the weight (82%) of the meta-analysis
was contributed by a prospective cohort study, as opposed to
case-control studies, which inherently pose potential for increased
biases, such as recall and publication (Permuth-Wey and Egan,
2009).

An inherited predisposition to PDAC is believed to occur in
three distinct clinical settings. Firstly, familial cancer syndromes
have a well-known association. Peutz-Jeghers Syndrome (PJS),
which is associated with germline mutations in the STK11/LKB1
gene, leads to a 36% lifetime risk for pancreatic cancer (Hahn
et al., 2003); similarly, Familial Atypical Multiple Mole Melanoma
(FAMMM) syndrome, which results due to germline mutations
in the p16/CDKN2A gene, leads to an approximate 17% lifetime
risk for pancreatic cancer (Hahn et al., 2003); other syndromes
include Hereditary Breast-Ovarian Cancer (HBOC) syndrome
(BRCA1/2 genes), Hereditary Non-polyposis Colorectal Cancer
(HNPCC; mismatch repair genes), and Familial Adenomatous
Polyposis (FAP) syndrome (APC gene) (Table 1). Secondly,

www.frontiersin.org March 2014 | Volume 5 | Article 87 | 27

http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/about
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/journal/10.3389/fphys.2014.00087/abstract
http://community.frontiersin.org/people/u/106101
http://community.frontiersin.org/people/u/127733
http://community.frontiersin.org/people/u/129186
mailto:richard.tuli@cshs.org
http://www.frontiersin.org
http://www.frontiersin.org/Gastrointestinal_Sciences/archive


Reznik et al. Genetics and targets of PDAC

Table 1 | Pancreatic cancer susceptibility genes.

Genes Associated Freq. of PDAC risk References

syndrome mutation (%)

ONCOGENE

BRAF 30 Maitra et al., 2006; Koorstra et al., 2008

AKT2 10–60 Koorstra et al., 2008

KRAS 30–100 Hezel et al., 2006; Koorstra et al., 2008

TUMOR SUPP

BRCA1 HBOC 2.0–2.5× Thompson et al., 2002; Hahn et al., 2003; Lynch et al., 2008; Ferrone et al., 2009

BRCA2 HBOC 3–10 3.5× Hahn et al., 2003; Koorstra et al., 2008; Lynch et al., 2008; Klein, 2012

PALB2 3–5 10–32× Jones et al., 2009; Slater et al., 2010; Schneider et al., 2011; Klein, 2012

PTEN

p16/CDKN2A FAMMM 80–95 13–22 ×17% LR Koorstra et al., 2008; Lynch et al., 2008; Bartsch et al., 2012; Klein, 2012

MMR (MLH1,2) HNPCC 4 3.7% LR Koorstra et al., 2008; Bartsch et al., 2012; Klein, 2012

APC FAP 4.5 ×<5% LR Goggins et al., 2000; Bartsch et al., 2012

TP53 Li-Fraumeni 75–85 7.3× Koorstra et al., 2008; Bartsch et al., 2012

ATM <10 2.4× Maitra et al., 2006; Koorstra et al., 2008

SMAD4/DPC4 50–60 Hezel et al., 2006; Maitra et al., 2006; Koorstra et al., 2008

STK11/KKB1 Peutz-Jeghers 35% lifetime

HBOC, hereditary breast and ovarian cancer; FAMMM, familial atypical multiple mole melanoma syndrome; FAP, familial adenomatous polyposis; LR, lifetime risk;

HNPCC, hereditary non-polyposis colorectal cancer.

hereditary causes of pancreatitis, such as the autosomal dominant
form caused by germline mutations of the cationic trypsinogen
gene, PRSS1, have been indirectly linked to PDAC through early
onset chronic pancreatitis with an associated 53-fold increased
incidence and approximately 40% of hereditary pancreatitis
patients noted to develop pancreatic cancer by age 70 (Hahn et al.,
2003; Hezel et al., 2006; Koorstra et al., 2008). Finally, Familial
Pancreatic Cancer (FPC) is defined as two or more first-degree
relatives having pancreatic cancer without fulfilling criteria for
one of the familial cancer syndromes noted above. Although at
significantly increased risk for PDAC, pancreatic cancer patients
with a hereditary predisposition have not shown any significant
difference in clinical course or median survival when compared
to sporadic pancreatic cancer patients (James et al., 2004).

FAMILIAL PANCREATIC CANCER
The presence of an inherited genetic component and possibility
of a hereditary pancreatic cancer syndrome was first suggested
by several case reports describing familial aggregation of pan-
creatic cancers (MacDermott and Kramer, 1973; Reimer et al.,
1977; Ehrenthal et al., 1987). Lynch et al performed the first sys-
tematic study of 18 families with pancreatic cancer in 1990 and
subsequent case-control and cohort studies have shown that indi-
viduals with a family history of PDAC are at an increased risk
of developing pancreatic cancer themselves (Lynch et al., 1990,
1996; Klein et al., 2001). Furthermore, the odds of having a fam-
ily history of PDAC are 1.9- to 13-fold higher in pancreatic cancer
patients compared to healthy controls (Ghadirian et al., 1991;
Jacobs et al., 2010; Klein, 2012). Jacobs et al performed a pooled
analysis of data from 5 cohort and one case-control study, which
estimated the odds of pancreatic cancer to be 1.76-fold higher
(95% CI = 1.19–2.61) among individuals with at least one first-
degree relative with PDAC compared to those without a family

history. This risk was noted to be even higher in those individuals
with at least two first-degree relatives with PDAC with an OR =
4.26 (95% CI = 0.48–37.79) (Jacobs et al., 2010). Tersmette et al
similarly noted an increased risk among those with a family his-
tory of pancreatic cancer, specifically noting that individuals with
a pair of affected first-degree relatives had an 18-fold increased
risk of developing PDAC and an estimated lifetime risk of 9–18%,
while there was an even more significant 57-fold increased risk in
FPC kindred with three or more affected family members when
compared to the SEER age-adjusted incidence of pancreatic can-
cer in the US (Tersmette et al., 2001). The National Familial
Pancreas Tumor Registry (NFPTR) has similarly concluded that
the risk of pancreatic cancer increases with the number of affected
first degree relatives (RR of 6.4 with two first-degree relatives;
32% with three first-degree relatives) (Klein et al., 2004). Based
on such conclusive findings, the clinical entity of FPC has been
defined (Tersmette et al., 2001; Hahn et al., 2003; Rulyak et al.,
2003; Brand et al., 2007; Bartsch et al., 2012; Klein, 2012).

The inheritance pattern of FPC is mostly autosomal domi-
nant and demonstrates a heterogenous phenotype (Slater et al.,
2010) The genetic mutations responsible for the majority of
clustering in families with PDAC have yet to be identified,
although germline mutations in high-penetrance genes such as
BRCA2 and PALB2 have been established along with mutations
in p16/CDKN2A, STK11/LKB1, PRSS1, BRCA1, mismatch repair
genes (hMLH1, hMSH2, hMSH6), VHL, and ATM (Table 1).
Despite sharing many of the same genetic mutations associated
with well-established familial cancer syndromes, FPC patients
must not fulfill criteria for one of the familial cancer syndromes,
and thus likely represent phenotypic variants with the associated
influence of environmental risk factors. Brand and Lynch noted
that the heterogeneity seen within pancreatic cancer cases in both
FPC and familial cancer syndromes may indeed be due to the fact
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these are similar entities that fall along a spectrum. Furthermore,
they suggested that the heterogeneity of FPC may actually lie in
the varying penetrance of the associated deleterious mutations
and the interplay of non-genetic factors, such as environmental
risk factors noted above (Brand and Lynch, 2006). The exact rela-
tionship between affected family members is also an important
indicator of risk and serves as the basis of quantitative risk mod-
eling and prediction tools, such as PancPRO, which is a Bayesian
prediction model developed at Johns Hopkins as an extension of
BRCAPRO and validated using an FPC registry with an observed-
to-predicted pancreatic cancer ratio of 0.83 (Wang et al., 2007;
Klein, 2012).

Whereas the incidence of sporadic pancreatic cancer dramat-
ically increases with age, with a peak incidence in the seventh
to eighth decade, studies examining the impact of age in FPC
patients have yielded inconclusive results. Some studies have sug-
gested a younger age of onset (8–10 years younger) in individuals
with a family history or known germline mutation (i.e., BRCA2),
while other studies have shown no association with age of onset
in those with a hereditary predisposition (Lynch et al., 1990;
Phelan et al., 1996; Ozcelik et al., 1997; Hruban et al., 1999;
Silverman et al., 1999; Lal et al., 2000; Schenk et al., 2001; Hahn
et al., 2003; James et al., 2004; Hezel et al., 2006; Brune et al.,
2010; Schneider et al., 2011; Klein, 2012). This may be explained
by epigenetic factors and the interaction between genetic and
environmental factors in the development of pancreatic cancer
(McFaul et al., 2006). This differs from the data on early-onset
breast cancer defined as less than 50 years of age, where a conclu-
sively stronger association with predisposing germline mutations,
such as BRCA1/2, is seen (Langston et al., 1996; Krainer et al.,
1997; Couch et al., 2007). Additionally, BRCA1/2 mutations car-
riers may be more likely to die from aggressive breast or ovarian
cancer at an early age, thereby masking an underlying diagnosis
of pancreatic cancer. Interestingly, the phenomenon of “antici-
pation,” which is a reduction in the age of onset of hereditary
pancreatic cancer with successive generations, has been described
in 59–85% of FPC families from studies by the European Registry
of Hereditary Pancreatitis and Familial Pancreatic Cancer and
FaPaCa (German national case collection for FPC) registries
(James et al., 2004; McFaul et al., 2006; Schneider et al., 2011).
Analysis of 80 affected child-parent pairs by McFaul et al revealed
the children died a median of 10 years earlier than the parent,
thereby providing strong implications for genetic counseling and
secondary screening per the authors (McFaul et al., 2006).

PANCREATIC CANCER SUSCEPTIBILITY GENES
The genetic basis for the majority of PDAC has yet to be dis-
covered. Although several important and high-penetrance genes
associated with increased risk of pancreatic cancer have been
identified, including BRCA2 and PALB2, it is clear that most cases
of pancreatic cancer that demonstrate familial clustering are not
explained by known genetic syndromes. This is evident by the
fact that only 10–20% of PDAC with familial aggregation results
from high-penetrance genes. Novel susceptibility genes in famil-
ial aggregating pancreatic cancer still remain to be identified in
approximately 80% of affected families, and discovery of such
genes is most likely to occur using family-based studies examining

linkage or genome-sequencing approaches (Maitra et al., 2006;
Bartsch et al., 2012; Klein, 2012).

GERMLINE MUTATIONS
Genes with germline mutations that have been identified in
FPC kindred include BRCA2 (and other Fanconi anemia DNA
repair pathway genes, including FANCC and FANCG genes),
PALB2, PTEN, STK11/LKB1, p16/CDKN2A, TP53, ATM, and
PRSS1 (Table 1). Those mutations with high-penetrance, includ-
ing BRCA2, PALB2, and PTEN, are discussed below. Notably,
genetically engineered mouse models have been created for many
of these mutations (across a wide range of malignancies), thereby
allowing for a tractable in vivo system to help determine the bio-
logic impact of oncogenic mutations as well as helping establish
genotype-phenotype relationships. Furthermore, these mouse
models have the potential to identify early markers of disease and
associated genetic mutations, as well as providing improved pre-
clinical models for therapeutic targets and initiatives (Hezel et al.,
2006).

BRCA2 (FANCONI ANEMIA DNA REPAIR PATHWAY GENE)
The BRCA2 protein is encoded by the BRCA2 gene located on
chromosome 13q and functions in the Fanconi anemia pathway,
which is partly responsible for genome-maintenance. Genomic
integrity is maintained by enabling homologous recombination
(HR)-based double-stranded (DS) DNA repair following inter-
strand crosslinking damage, in addition to acting in intra-S phase
DNA damage checkpoint control (van der Heijden et al., 2005;
Xia et al., 2006). Therefore, BRCA2 mutant cells exhibit defective
HR repair, proliferation arrest, impaired cytokinesis, radioresis-
tant DNA synthesis (due to impairment of intra-S phase DNA
damage checkpoint control), genomic instability, and hypersensi-
tivity to DNA damaging agents (e.g., PARP inhibitors, mitomycin,
platinum, etc.) (Sharan et al., 1997; Patel et al., 1998; Kraakman-
van der Zwet et al., 2002; Xia et al., 2006; Couch et al., 2007). The
majority (80%) of BRCA2 germline mutations are nonsense or
frameshift mutations, such as the 6174delT mutation and other
exon 11 mutations, which lead to the development of premature
stop codons and result in truncated and non-functional BRCA2
proteins similar to what is seen in BRCA2-mutated breast cancers
(Hahn et al., 2003). Additionally, several rare missense mutations
have been detected (Couch et al., 2007). Of note, it is estimated
that 1% of the Ashkenazi Jewish population in North America
harbors the germline BRCA2 6174delT founder mutation, which
has been associated with a 10-fold increased risk of develop-
ing pancreatic, breast, prostate, and ovarian cancers (Oddoux
et al., 1996; Ozcelik et al., 1997) Interestingly though, the BRCA2
6174delT mutation has been described to have independent
origins in both Ashkenazi Jewish and non-Jewish populations
(Berman et al., 1996; Hahn et al., 2003). BRCA2-deficient murine
models of pancreatic cancer have been established in order to
evaluate both diagnostic and therapeutic strategies for FPC. In
this setting, biallelic loss of BRCA2 alone and certainly in con-
junction with p53 deregulation, has been shown to induce the
spectrum of pancreatic ductal neoplasia although after a fairly
long latency period (Skoulidis et al., 2010; Feldmann et al., 2011;
Rowley et al., 2011). The FANCC (located on chromosome 9q)
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and FANCG (located on chromosome 9p) genes are additional
Fanconi complementation group genes which have been impli-
cated in the pathogenesis of pancreatic cancer (Goggins et al.,
1996; Maitra et al., 2006).

Previous studies analyzing families with known BRCA2 muta-
tions found young-onset breast and/or ovarian cancer BRCA2
mutation carriers to have a 3.5- to 10-fold increased risk and
estimated 5% lifetime risk of developing PDAC relative to non-
BRCA2 carriers (Breast Cancer Linkage Consortium, 1999; van
Asperen et al., 2005). Although the average age of onset of PDAC
does not differ between non-BRCA2 and BRCA2 mutated fami-
lies, it has been noted that the presence of one young-onset case of
PDAC in a pancreatic cancer family may be predictive of the pres-
ence of a BRCA2 mutation (Couch et al., 2007) Additionally, it has
been suggested that BRCA2 germline mutation carriers exhibit
at least two different cancer phenotypes, although it is not yet
understood which genetic or environmental factors cause each of
these phenotypic variations, it may be due to different mutational
loci within the BRCA2 gene (Lubinski et al., 2004; Couch et al.,
2007). One phenotype demonstrates a preponderance for breast
and ovarian cancers, while a second phenotype is associated with
familial pancreatic cancer without an increased incidence of, or
high penetrance for, breast and/or ovarian cancer (Couch et al.,
2007). The overall prevalence of BRCA2 mutations in moderate-
risk (two or more affected first-degree relatives) and high-risk
(three or more affected first-degree relatives) pancreatic cancer
families, was noted by Couch et al to be approximately 6% with
a frequency ranging from 3 to 15% for families depending on the
number of affected family members (Couch et al., 2007). Other
studies have suggested the prevalence of BRCA2 germline muta-
tions to be significantly higher (12–19%) among individuals with
a family history of PDAC, albeit those specifically fulfilling crite-
ria for FPC (Murphy et al., 2002; Hahn et al., 2003). Thus, BRCA2
germline mutations are currently the most frequently identified
genetic alteration in FPC even in the absence of breast and/or
ovarian cancer (Goggins et al., 1996; Ozcelik et al., 1997; Hahn
et al., 2003).

Given that approximately 10% of high-risk FPCs are noted to
carry BRCA2-truncating mutations, it has been suggested that
these individuals undergo genetic screening for the presence of
BRCA2 mutations (Couch et al., 2007). The advantages of clinical
testing include the possibility for close monitoring for pancre-
atic, as well as other BRCA2 mutation-associated cancers (breast,
ovarian, prostate) in carriers. Although prophylactic surgical
intervention to reduce the risk of breast and ovarian cancer onset
is acceptable for BRCA2 mutated female carriers from families
with numerous individuals affected with breast and/or ovarian
cancers, it is unclear whether there would be risk reduction con-
ferred by similar surgeries in women with BRCA2 mutations from
families that only display a history of pancreatic cancer (Couch
et al., 2007).

BRCA1
HBOC is commonly associated with an inherited germline muta-
tion in one of the BRCA1 or BRCA2 alleles with the remain-
ing functional/wildtype allele lost via somatic mutation (Bryant
et al., 2005). As previously noted, BRCA2 mutation carriers far

outnumber BRCA1 mutation carriers in both HBOC-associated
pancreatic cancer and FPC (Hruban et al., 1999; Hahn et al.,
2003; Bartsch et al., 2012). The majority of studies examining
the prevalence of pancreatic cancer in BRCA1 mutated patients
have shown no increased risk, however, others have estimated a 2-
to 2.5-fold increased risk (Thompson et al., 2002; Ferrone et al.,
2009). Ferrone et al examined 145 Ashkenazi Jewish pancreatic
cancer patients and found no increase in frequency of BRCA1
mutations among this group (Ferrone et al., 2009). In addition,
an analysis of 66 familial pancreatic cancer patients from NFPTR
kindred with three or more relatives with PDAC did not iden-
tify any deleterious BRCA1 germline mutations in these patients
(Axilbund et al., 2009). In examining whether BRCA1 mutations
confer an increased risk of pancreatic cancer, Moran et al stud-
ied 268 British BRCA1 mutation-associated HBOC families to
determine whether BRCA-mutations conferred an increased risk
of PDAC and found no overall increased risk (Moran et al., 2012).
In addition, when specifically analyzing for the BRCA1 185delAG
founder mutation in pancreatic cancer patients, it was suggested
that BRCA1 germline mutations do not contribute to an increased
risk of pancreatic cancer (Schnall and Macdonald, 1996).

PALB2
Germline truncating mutations in the “partner and localizer of
BRCA2” (PALB2) gene, which is located on chromosome 16p12
have been identified in approximately 3% of patients with FPC
(Jones et al., 2009; Slater et al., 2010). The PALB2 gene encodes
for a nuclear protein which co-localizes with BRCA1/2 in nuclear
foci, acts as functional bridge between the two proteins, and
provides stability to this complex by preventing proteosomal
degradation, thereby allowing it to function in HR repair and
checkpoint control as part of the Fanconi Anemia DNA repair
pathway (Xia et al., 2006). Although it appears that PALB2 allows
for stable BRCA2 association with certain nuclear structures,
PALB2 is not required for BRCA2 entry into the nucleus. Nearly
50% of nuclear bound BRCA2 is associated with PALB2 and
more than 50% of PALB2 is associated with BRCA2, as PALB2
appears to participate in only a subset of cellular responses to
DS DNA breaks. Germline BRCA2 missense mutations within the
PALB2-binding motif have been shown to disrupt PALB2 bind-
ing, thereby disabling BRCA2 function, and PALB2-depleted cells
share a phenotype similar to those deficient in BRCA2 function,
further highlighting the importance of this complex (Xia et al.,
2006). Although mutated PALB2 has been linked with HBOC
syndrome and Fanconi Anemia, its role in the pathogenesis of
PDAC has only recently been shown. Indeed, according to Slater
et al, PALB2 mutation carriers in FPC families demonstrated a 10-
to 32-fold increased risk for the development of pancreatic can-
cer depending on the number of affected family members (Brand
et al., 2007; Rahman et al., 2007; Jones et al., 2009; Slater et al.,
2010).

Using whole-exome sequencing to examine patients with FPC,
Jones et al identified a total of four PALB2 truncating mutations
in 3.1% of patients with pancreatic cancer (Jones et al., 2009).
While some families with PALB2 stop mutations were noted to
have a history of breast and pancreatic cancer, breast cancer was
not seen in all families (Jones et al., 2009; Slater et al., 2010).
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Further studies have identified additional PALB2 mutations in
1–3% of FPC kindred (Tischkowitz et al., 2009; Slater et al., 2010).
Nonsense and frameshift mutations, particularly in exon 11 of
the PALB2 gene, result in a variety of premature stop codons and
ultimately a truncated PALB2 protein, which is exceedingly rare
in the general population and those without cancer (Slater et al.,
2010). Additionally, while some studies have suggested an earlier
age of onset of pancreatic or breast cancer in those with PALB2
mutations in the setting of FPC, recent studies have not observed
similar findings (Slater et al., 2010).

PTEN
Phosphatase and tensin homolog (PTEN) is a major tumor sup-
pressor gene located on chromosome 10q, which encodes a reg-
ulator of the NF-kB cytokine network in PDAC. It specifically
inhibits activated PI3K (phosphoinositide-3-kinase) and forma-
tion of its enzymatic product, phosphorylated phosphatidyli-
nositides (PIP3) (Koorstra et al., 2008). Whereas initiation of
PDAC tumorigenesis has been found to be driven by oncogenic
KRAS mutations, disease progression has been associated with
frequent loss of tumor suppressors within tumor cells, such as
the PI3K/PTEN pathway. Possibly due to promoter hyperme-
thylation, aberrant expression and deletion of the PTEN gene
has been frequently noted in primary tumor tissue (Asano
et al., 2004). Furthermore, the PI3K/PTEN pathway has been
reported to be activated in PDAC precursor lesions via acti-
vating mutations of PIK3CA, which is the gene that encodes
PI3K (Schonleben et al., 2006; Koorstra et al., 2008). Even in
the absence of such mutations, it has been observed that the
PI3K/AKT pathway is constitutively activated in the majority
of pancreatic cancers, through aberrant expression of PTEN as
well as amplification or activation of AKT2 kinase (Cheng et al.,
1996; Ruggeri et al., 1998; Schlieman et al., 2003; Asano et al.,
2004; Reichert et al., 2007; Koorstra et al., 2008). In mouse
models, PDAC is driven by combined oncogenic KRAS muta-
tion and haploinsufficient PTEN deficiency, which together pro-
mote marked NF-kB activation, its cytokine network (CCL20,
CXCL1, IL-6, and IL-23), stromal activation, and immune cell
infiltration; these processes shape the pancreatic cancer tumor
microenvironment, stimulate the development of peritumoral
stroma, and promote local and metastatic progression (Ying et al.,
2011). The desmoplastic host response is a hallmark patho-
logic feature of pancreatic cancer and is characterized by the
aforementioned peritumoral stroma consisting of fibroblasts and
inflammatory cells. This process is felt to be partly mediated
by increased TGF- β levels, and contributes to the decreased
tumor vascular density which in turn is felt to compromise
delivery of systemic agents and promote radioresistance through
hypoxia. As a result, stromal targeting agents are currently under
active clinical investigation in patients with locally advanced and
metastatic pancreatic cancer (Hezel et al., 2006; Ying et al., 2011).
Moreover, constitutively-activated NF-kB and correspondingly
upregulated PI3K/AKT signaling have been observed in many pri-
mary PDAC cell lines, but not in normal pancreatic tissue speci-
mens suggesting angiogenesis-based pro-survival mechanisms via
VEGF, urokinase, and other proinvasive/angiogenic factors (Hezel
et al., 2006). Furthermore, activated NF-kB is hypothesized

to contribute to pancreatic tumor chemoresistance via upreg-
ulation of BCL-2, BCL-XL, and other anti-apoptotic proteins
(Hezel et al., 2006).

CARCINOGENESIS AND SOMATIC MUTATIONS
The genetic progression model for PDAC, comparable to that
of the adenoma-carcinoma sequence seen in colorectal cancer,
results from sequential acquisition of mutations in the proto-
oncogene KRAS followed by mutations in tumor suppressor
genes such as p16/CDKN2A/INK4A, TP53, and SMAD4 that
lead to disturbance in cell cycle regulation, and promote the
PanIN-to-PDAC progression (Hruban et al., 2000; Schneider
and Schmid, 2003). The noninvasive pancreatic intraepithelial
neoplasia (PanIN) lesion may harbor many of the same muta-
tions found in invasive PDAC, although there are likely to be
an increasing number of mutations associated with increasing
degrees of dysplasia within the PanIN (Hruban et al., 2000).
The major genetic alterations leading to sporadic pancreatic can-
cer are thought to be mutations in the proto-oncogene, KRAS,
as well as the p16/CDKN2A/INK4A, TP53, and DPC4/SMAD4
tumor suppressor genes, while mutations in BRCA2, the mis-
match repair genes (hMLH1, hMSH2, and hMSH6), and the
AKT2 and STK11/LKB1 genes are noted to be rare (Schneider
and Schmid, 2003; Hezel et al., 2006). Since p16/CDKN2A and
BRCA2 mutations are not detected in the earliest sporadic prema-
lignant pancreatic lesions and are more commonly found in later
intermediate and advanced PanIN lesions, supports the hypothe-
sis that these changes likely accumulate and impact the malignant
progression of precursor lesions into PDAC rather than partici-
pate in cancer initiation (Hezel et al., 2006). It is likely that the rel-
ative late event of biallelic loss of BRCA2 in PDAC tumorigenesis
is similar and shared between PDAC in those with germline and
somatic mutations in the BRCA2 gene (Goggins et al., 2000; Hezel
et al., 2006). KRAS gene mutations occur first in the lowest grade
of intraductal lesions, known as PanIN-1 and are subsequently
followed by p16/CDKN2A gene mutations, which are noted in
PanIN-2 (moderately advanced/intermediate grade) lesions; the
TP53, SMAD4, and sporadic BRCA2 inactivating mutations are
not identified until further progression to a PanIN-3 (high grade)
lesion (Hruban et al., 2000; Hezel et al., 2006). Knowledge of the
underlying molecular mechanisms involved in pancreatic cancer
tumorigenesis will offer new diagnostic and therapeutic options
for the treatment and early detection of PDAC and its precursor
lesions.

ONCOGENES
Mutated, constitutively activated oncogenes contribute to onco-
genesis in PDAC, and include KRAS, BRAF, AKT2, and AIB I
(Table 1) (Maitra et al., 2006).

KRAS
PDAC harbors the highest incidence of mutations in RAS pro-
teins, which are known to mediate pleiotropic effects, includ-
ing cell proliferation, differentiation, survival, and migration
via GTP-binding cytoplasmic protein activity (Schneider and
Schmid, 2003; Hezel et al., 2006). Oncogenic KRAS, located on
chromosome 12p, is one of the most frequently mutated genes in
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PDAC with over 90% of tumors harboring a KRAS gene mutation
(Hruban et al., 1993; Maitra et al., 2006). The vast majority of the
KRAS activating point mutations occur at codon 12 and less fre-
quently at codons 13 and 61, thereby resulting in a constitutively
activated protein product and downstream stimulatory signals
to RAS effector pathways, such as RAF-mitogen-activated pro-
tein (MAP) kinase, PI3K, and RalGDS pathways independent of
growth factor stimulation (Hruban et al., 1993; Hezel et al., 2006;
Maitra et al., 2006; Koorstra et al., 2008). These mutations appear
to occur very early in the development of pancreatic neoplasia,
as evidenced by the presence of KRAS mutations in noninva-
sive precursor lesions, including intraductal papillary mucinous
neoplasms (IPMN) and PanINs (Hezel et al., 2006; Maitra et al.,
2006). KRAS mutations are the first known genetic alterations
known to occur sporadically in normal pancreatic tissue, chronic
pancreatitis, and smokers; moreover, they are detected in approx-
imately 30% of early pancreatic neoplasms and close to 100% of
advanced PDAC lesions. KRAS-mediated oncogenesis has thus
been considered a likely necessary event in the development of
PDAC (Rozenblum et al., 1997; Hezel et al., 2006). Biomarker
studies have suggested KRAS activation alone is unlikely to single-
handedly promote carcinogenesis given the finding of oncogenic
KRAS in normal tissues, such as lung, pancreas and colon (Lu
et al., 2002). Follow up murine studies have suggested a thresh-
old level of oncogenic KRAS expression is required to initiate
transformation through downstream activation of KRAS-effector
genes (Ardito et al., 2012; di Magliano and Logsdon, 2013).
Although KRAS has been considered an attractive therapeutic
target, its specific biochemical properties have made it an elu-
sive target. Oncogenic mutations in KRAS result in a decreased
intrinsic rate of GTP hydrolysis and make the molecule insen-
sitive to GTPase activating proteins (GAPs) (Hezel et al., 2006).
These oncogenic mutations inhibit the protein’s enzymatic activ-
ity; thus, an effective KRAS inhibitor would increase the GTPase
activity or make the KRAS protein more susceptible to GAPs
(Hezel et al., 2006). This differs from the traditional paradigm of
attempting to inhibit an oncogene’s enzymatic function.

The mammalian Hedgehog family of secreted signaling pro-
teins (Shh, Ihh, and Dhh) regulate the embryonic growth and
patterning of many organs, including the pancreas. Activating
mutations in Hedgehog proteins have been associated with a
variety of cancers. Hedgehog pathway activation, specifically
the overexpression of the pathway’s principal activating ligand,
sonic hedgehog (Shh), has been implicated in both the initia-
tion and maintenance of pancreatic ductal neoplasia as well as
more advanced lesions with a relative increase in the expression
of Hedgehog ligands observed during pancreatic ductal tumori-
genesis. This increased expression of ligands differs from the
undetectable expression of Hedgehog ligands in normal human
pancreatic ducts. Furthermore, it has been confirmed that the
Hedgehog pathway also plays a role in metastases, with inhibi-
tion of Hedgehog signaling shown to reduce the incidence of
systemic metastasis seen in PDAC xenografts (Berman et al., 2003;
Maitra et al., 2006; Koorstra et al., 2008). Studies in pancre-
atic cancer cell lines have revealed crosstalk between oncogenic
KRAS and the Hedgehog signaling pathway, which may suggest
oncogenic KRAS plays an important role in activating Hedgehog

signaling through the RAF/MEK/MAPK pathway in the absence
of Hedgehog ligands during pancreatic tumorigenesis (Koorstra
et al., 2008).

BRAF
The BRAF gene found on chromosome 7q encodes a ser-
ine/threonine kinase, which is regulated by binding to RAS and
also functions in the RAS-RAF-MEK-ERK-MAP kinase pathway
(Koorstra et al., 2008). It is mutated in 1/3 of pancreatic cancers
with known wild-type KRAS (Calhoun et al., 2003; Maitra et al.,
2006; Koorstra et al., 2008). Thus, KRAS and BRAF oncogenes
may function in a mutually exclusive manner in the transfor-
mation and carcinogenesis of pancreatic cancers; indeed, some
studies suggest that a mutation in one of these two genes invari-
ably results in retention of wild-type copies of the other (Maitra
et al., 2006; Koorstra et al., 2008). This suggests a potential
requirement for either oncogenic KRAS or BRAF-related signal
transduction as a critically important step in the malignant trans-
formation of most pancreatic tumors, and also implies that the
RAF-MAP signaling pathway plays a critical role in mediating
cancer-causing signals in the RAS pathway (Maitra et al., 2006;
Koorstra et al., 2008).

AKT2
The AKT2 gene is located on chromosome 19q and encodes a
serine-threonine kinase that acts as a downstream effector of the
PI3K/AKT pathway. This gene is amplified and overexpressed in
approximately 10–60% of PDAC (Ruggeri et al., 1998; Schneider
and Schmid, 2003; Hezel et al., 2006; Koorstra et al., 2008). It can
be activated by epidermal growth factor, platelet-derived growth
factor, and basic fibroblast growth factor, all of which are known
to be overexpressed in pancreatic cancer, as well as through the
PI3K/AKT pathway (Friess et al., 1996; Schneider and Schmid,
2003; Hezel et al., 2006; Koorstra et al., 2008). AKT signaling has
also been linked to enhanced insulin-like growth factor I receptor
(IGF-IR) expression in PDAC by promoting invasive potential of
cells (Tanno et al., 2001; Schneider and Schmid, 2003; Hezel et al.,
2006).

AIB I
Located on chromosome 20q, the AIB I gene is amplified in
as many as 60% of PDAC. The nuclear receptor coactivator,
Amplified In Breast cancer 1 (AIB I/SRC-3), belongs to the
p160/steroid receptor coactivator family (SRC) (Koorstra et al.,
2008). AIB I amplification and overexpression are not only
detected in hormone-sensitive tumor types, such as breast, ovar-
ian, and prostate cancers, but also in nonsteroid-targeted tumors
including colorectal, hepatocellular, and pancreatic cancers
(Koorstra et al., 2008).

TUMOR SUPPRESSOR GENES
Tumor suppressor genes are recessive and promote tumor growth
when inactivated. Loss of function of several tumor suppres-
sor genes has been observed in PDAC. Biallelic inactivation
of these genes can occur via several mechanisms, including
intragenic mutation of one allele coupled with loss of the sec-
ond allele (loss of heterozygosity mutations), deletion of both
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alleles (homozygous deletion), or hypermethylation of the gene’s
promotor resulting in silencing of gene expression. The most
common tumor suppressor genes noted to be inactivated in
greater than half of all PDAC are p16INK4A/CDKN2A, TP53,
and SMAD4/DPC4 (Table 1). BRCA2, which is inactivated less
frequently (7%), is discussed above (Rozenblum et al., 1997;
Hahn and Schmiegel, 1998; Maitra et al., 2006; Koorstra et al.,
2008).

P16INK4A/CDKN2A
The p16INK4A/CDKN2A (cyclin-dependent kinase inhibitor 2A)
tumor suppressor gene is located on chromosome 9p and encodes
the p16INK4A protein, which regulates the cell cycle through the
p16/Rb pathway and controls progression through the G1/S tran-
sition. Subsequent inhibition of the cyclin D1/CDK4/6 kinase
complex results in inappropriate phosphorylation of Rb and
blocks entry into S phase of the cell cycle (Schneider and Schmid,
2003; Hezel et al., 2006). Although germline and sporadic muta-
tions have been identified with carriers of the germline p16-
Leiden mutation, having an estimated 17% risk of developing
pancreatic cancer by the age of 75, CDKN2A has been identi-
fied as one of the most frequently inactivated somatic tumor
suppressors in PDAC (Koorstra et al., 2008). Inactivation of the
gene during sporadic mutation occurs via homozygous deletion
in 40% of cases, loss of heterozygosity in 40%, and gene inacti-
vation through promotor hypermethylation in 15–20% (Caldas
et al., 1994; Rozenblum et al., 1997; Maitra et al., 2006; Koorstra
et al., 2008). p16INK4A/CDKN2A mutations cooperate with
KRAS mutations in the development of PDAC, and are known
to accelerate tumor progression in the setting of concurrent p53
mutations (Hezel et al., 2006).

Germline mutations in exon 1α of the p16INK4A/CDKN2A
gene are associated with FAMMM syndrome (Gruis et al.,
1995; Schneider and Schmid, 2003). In addition to a signifi-
cantly increased risk of developing melanoma, individuals with
FAMMM syndrome have a 20- to 34-fold increased risk of devel-
oping PDAC, although the penetrance is much lower potentially
suggesting a modulating role by environmental factors (Hahn
et al., 2003; Schneider and Schmid, 2003; Hezel et al., 2006;
Maitra et al., 2006). Homozygous deletions resulting in inactiva-
tion of the p16INK4A/CDKN2A gene also frequently inactivate
an adjacent gene on chromosome 9p, MTAP (methylthioadeno-
sine phosphorylase), which is located 100 kilobases telomeric and
plays an important role in the synthesis of adenosine. As a result
of this coincident inactivation, MTAP function is completely lost
in approximately 30% of PDAC and is also under active investi-
gation as a potential therapeutic target using purine biosynthesis
inhibitors, such as L-alanosine (Hustinx et al., 2005; Maitra et al.,
2006; Koorstra et al., 2008). It has been suggested that use of such
a targeted agent may be effective against the 1/3 of PDACs that
harbor the deletion of this adjacent gene (Hustinx et al., 2005;
Maitra et al., 2006; Koorstra et al., 2008).

TP53
The p53 protein is encoded by the TP53 gene located on chro-
mosome 17p and is responsible for modulating cellular responses
to cytotoxic stress by maintaining genomic stability. Specifically,

p53 is responsible for regulation of the G1/S cell cycle check-
point, maintenance of G2/M arrest, induction of apoptosis, and
protection against genomic rearrangement and accumulation of
mutations. It also suppresses cellular transformation caused by
oncogenic activation or loss of tumor suppressor pathways; thus,
deletion or inactivation of TP53 is associated with aneuploidy, as
well as the growth and survival of cells harboring chromosomal
aberrations and genetic instability with potential for carcinogenic
transformation (Schneider and Schmid, 2003; Hezel et al., 2006;
Maitra et al., 2006; Koorstra et al., 2008). The loss of p53 function
results in deregulation of two essential controls over cell num-
ber, cell proliferation, cell division and cell death (Schneider and
Schmid, 2003; Hezel et al., 2006). Notably, TP53 inactivation is
the most common somatic alteration in human cancer, has been
described in Li-Fraumeni syndrome, and is inactivated in 75–85%
of PDAC almost always via intragenic mutation coupled with a
somatically acquired loss of the second allele (Redston et al., 1994;
Rozenblum et al., 1997; Schneider and Schmid, 2003; Hezel et al.,
2006).

Additionally, p53-induced growth arrest is achieved by trans-
activation of p21. Binding of p53 to DNA stimulates p21 protein
production, which negatively regulates the cyclin D/CDK2 com-
plex and prevents the cell from progressing through G1-S phase.
This process also allows time for damaged DNA to be repaired.
However, mutated p53 is unable to bind DNA, p21 is not avail-
able, and abnormal and deregulated growth occurs as a result.
Loss of p21 activity through lack of transactivation has been
observed in approximately 30–60% of PDAC specimens (Koorstra
et al., 2008).

SMAD4
The SMAD4 gene, also known as DPC4 (deleted in pancreatic
carcinoma, locus 4) is located on chromosome 18q21 and is inac-
tivated in approximately 50–60% of PDAC (Hezel et al., 2006;
Maitra et al., 2006; Jones et al., 2008). In 30–35% of the tumors,
the gene is inactivated by homozygous deletion and by a loss of
heterozygosity mutation in another 20–30% of cases. The pro-
tein product of the SMAD4 gene functions in transcriptional
regulation and localizes to the nucleus following activation of
the TGF-β intracellular signaling cascade (Derynck and Zhang,
2003; Hezel et al., 2006; Maitra et al., 2006). Once Smad4 is in
the nucleus, it exhibits growth-controlling effects by regulating
expression of specific gene targets (Maitra et al., 2006). Loss of
SMAD4 interferes with the intracellular signaling cascades down-
stream from TGF-β, resulting in decreased growth inhibition via
loss of pro-apoptotic signaling or via inappropriate G1/S tran-
sition (Koorstra et al., 2008). Although it is assumed that the
growth-inhibitory function of TGF-β is important in SMAD4
tumor suppressor activity, data has also suggested a TGF-β inde-
pendent function of SMAD4, which modulates the interaction of
the tumor with the microenvironment. This includes a decrease
in pro-angiogenic VEGF expression and an increase in angiogen-
esis inhibitor TSP-1 (Schneider and Schmid, 2003). Thus, SMAD4
tumor suppressor function may also occur through regulation of
an angiogenic mechanism (Schneider and Schmid, 2003; Hezel
et al., 2006). Frequent inactivation of the SMAD4 gene appears
to be specific to PDAC, as inactivation is rarely noted in other
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tumor types or in non-ductal neoplasms of the pancreas (Maitra
et al., 2006; Koorstra et al., 2008). Immunohistochemical staining
for the Smad4 protein on tissue sections correlates strongly with
SMAD4 gene status; thus, immunostaining can be used diagnos-
tically to determine SMAD4 gene status in biopsies and resected
tissues, as well as to suggest a pancreatic primary in the setting
of occult metastatic adenocarcinoma (Wilentz et al., 2000; Maitra
et al., 2006; Koorstra et al., 2008). This is particularly useful since
PDAC with loss of Smad4 reportedly demonstrate an increased
propensity for distant metastases and thus have a generally poorer
prognosis, although SMAD4 gene status is not yet utilized for
prognostic stratification (Schneider and Schmid, 2003; Blackford
et al., 2009).

STK11/LKB1 AND OTHER TUMOR SUPPRESSOR GENES
Genetic alterations in tumor suppressor genes found in lower
frequency (<10%) in pancreatic cancer include STK11/LKB1,
MKK4, TGFβR1 (ALK 5, chromosome 9q), TGFβR2 (chromo-
some 3p), ACVR1β (ALK 4, chromosome 12q), ACVR2 (chro-
mosome 2q), FBXW7 (CDC4), EP300, BRCA2, ATM, and AKT2
(Maitra et al., 2006; Koorstra et al., 2008). These infrequently
mutated genes provide further insight into cellular pathways
altered in PDAC, as well as potential therapeutic targets for gene-
specific therapies (Maitra et al., 2006). The STK11/LKB1 gene
on chromosome 19p13 encodes for a serine/threonine kinase
that regulates cell polarity and metabolism (Jenne et al., 1998;
Schneider and Schmid, 2003; Hezel et al., 2006). Inactivation of
the STK11 gene appears to play a role in both hereditary and
sporadic PDAC (Schneider and Schmid, 2003; Hezel et al., 2006).
Germline mutations in this gene are associated with PJS and are
identified in approximately 50% of PJS families who typically
present with hamartomatous polyps of the GI tract, pigmented
macules of the lips and buccal mucosa, as well as a 36% lifetime
risk for the development of pancreatic cancer (>40-fold increased
RR) (Giardiello et al., 2000; Sato et al., 2001; Hahn et al., 2003;
Hezel et al., 2006). Somatic STK11 mutations have been observed
in approximately 5% of sporadic PDAC, particularly those that
arise in association within an IPMN, whereas loss of heterozygos-
ity is seen in approximately 25% of patients with IPMN who lack
PJS features (Sato et al., 2001; Hezel et al., 2006).

In a smaller percentage of PDAC, intragenic mutations and
homozygous deletions of the MKK4 gene are noted. This gene
encodes for a component of a stress-activated protein kinase cas-
cade and functions in apoptosis and growth control (Koorstra
et al., 2008). MKK4 is preferentially inactivated in specific sub-
sets of pancreatic cancer metastases and less commonly in the
primary tumors of the same patients (Xin et al., 2004; Koorstra
et al., 2008). Thus, it has been suggested that the MKK4 protein
product may function as a suppressor of metastasis in pancre-
atic cancer, as it is does in breast and prostatic carcinomas (Xin
et al., 2004). There is also a noted trend toward worse survival
in those patients with loss of MKK4 expression and thus eval-
uation of MKK4 immunolabeling may have prognostic value.
Furthermore, there lies the potential for MKK4 to be a therapeutic
target for restoration of the stress-activated protein kinase path-
way in advanced PDAC patients (Xin et al., 2004; Koorstra et al.,
2008).

BIOMARKERS AND THERAPEUTIC TARGETS
A better understanding of the genetic causes of sporadic and FPC
has afforded the opportunity to investigate novel mechanism-
based targeted and systemic therapies, as well as predictive and
prognostic biomarkers.

TARGETING DNA REPAIR
BRCA1/2, other Fanconi anemia family proteins, and PARP-1/2
among others, function in a coordinated series of early events in
DNA damage repair. When this process is impaired, cells become
exquisitely sensitive to DNA damaging agents. The potential to
exploit this strategy exists in PDAC. Mitomycin C is an alky-
lating antineoplastic agent that works by inducing interstrand
DNA crosslinking with eventual production of DS-breaks. Early
xenograft studies by van der Heijden et al showed a more pro-
nounced response of FANCC and BRCA2-deficient pancreatic
tumors to mitomycin C relative to Fanconi anemia proficient
xenografts (van der Heijden et al., 2005). This enhanced pre-
clinical response to mitomycin C involved cell cycle arrest in
late S or G2/M phase and caspase-dependent apoptosis; simi-
lar findings were noted with cyclophosphamide, another DNA
interstrand crosslinking agent (van der Heijden et al., 2005). In
spite of such promising preclinical data, clinical results with both
mitomycin C and cyclophosphamide have been disappointing.
In a retrospective analysis by Brunner et al, the combination
of 5-fluorouracil and mitomycin C-based chemoradiotherapy
demonstrated worse median overall survival (9.7 vs. 12.7 months)
and 1 year overall survival (53 vs. 40%) compared to gemc-
itabine and cisplatin-based chemoradiotherapy in patients with
locally advanced PDAC with similar toxicities. (Brunner et al.,
2011). A phase II study by Cereda et al looking at salvage therapy
with mitomycin C and ifosfamide (analog of cyclophosphamide)
in gemcitabine-resistant metastatic pancreatic cancer was closed
prematurely based on poor clinical outcomes with 71% of
patients experiencing chemotherapy interruption due to progres-
sive disease and 80% of patients demonstrating grade >2 toxicity.
This study concluded that the mitomycin C and ifosfamide regi-
men was considered insufficiently active in gemcitabine-resistant
metastatic pancreatic cancer (Cereda et al., 2011).

Poly (ADP-ribose) polymerase-1/2 (PARP-1/2) activity and
poly (ADP-ribose) polymerization are essential for the repair of
single stranded (SS)-DNA breaks through the base excision repair
(BER) pathways (Bryant et al., 2005). Additionally, enhanced
PARP-1 expression is seen in many tumor types compared to
normal cells, and represents one of the mechanisms by which
tumors avoid apoptosis caused by DNA damaging agents (Berger
et al., 1978). In the absence of PARP-1, spontaneous SS-breaks
can collapse replication forks and trigger HR repair (Bryant et al.,
2005). Despite its role in cellular responses to genotoxic stress,
in knockout mouse models, PARP-1 has been shown to not be
required for survival or fertility in the absence of such insults;
thus, PARP-1 can be considered a non-essential DNA repair pro-
tein in the setting of functional HR repair mechanisms (Bryant
et al., 2005). Inhibition of PARP is therefore known to sen-
sitize tumor cells to cytotoxic agents, such as topoisomerase-I
inhibitors and alkylators, which induce DNA damage normally
repaired by BER. The resulting increase in HR repair that occurs
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in PARP-1 deficient mice is felt to represent an error-free mecha-
nism, which likely explains why the genetic instability in PARP-1
deficient cells is not associated with accumulation of mutations or
cancers (Bryant et al., 2005). BRCA2 and other Fanconi Anemia-
pathway defective cells are felt to be sensitive to single-agent PARP
inhibition and restoring functional BRCA abrogates this activity.
(Bryant et al., 2005). Therefore, compromise of both BER and HR
repair is felt to result in a lethal persistence and accumulation
of recombinogenic lesions, chromosomal instability, cell cycle
arrest, and resulting apoptosis partly through use of alternative
error-prone repair pathways, such as SS annealing and non-
homologous end joining (NHEJ) (Farmer et al., 2005). Bryant et
al demonstrated that PARP inhibitors were profoundly cytotoxic
to a BRCA2-deficient cell line at low concentrations relative to
BRCA2-competent cells and normal cells, thus suggesting poten-
tial for a wide therapeutic index (Bryant et al., 2005). Whereas
clonogenic survival was significantly reduced following PARP-1
and BRCA2 protein co-depletion in human cells using siRNA,
depletion of PARP-2 with BRCA2 had no effect on clonogenic
survival following treatment with PARP inhibitors. Depletion of
PARP-2 in PARP-1- and BRCA2-depleted cells also did not result
in added toxicity. Thus, it has been suggested that PARP-1, rather
than PARP-2, is responsible for protection against spontaneously
occurring recombinogenic lesions in cells. In turn, these lesions
may convert to persistent DS breaks and collapsed replication
forks during replication, which may ultimately result in cellu-
lar apoptosis in the absence of PARP-1-mediated repair (Bryant
et al., 2005). Preclinical studies have demonstrated the potential
effectiveness of PARP inhibitors in targeting pancreatic cancers
demonstrating biallelic inactivation of the ATM gene and clini-
cal trials are underway investigating the role of PARP-inhibition
with DNA damaging agents in patients with or without BRCA-
mutations (NCT01908478, NCT01585805) (Williamson et al.,
2012).

HEDGEHOG SIGNALING PATHWAY INHIBITION
Aberrant activation of previously quiescent developmental signal-
ing pathways, such as the Hedgehog pathway has been implicated
in PDAC tumorigenesis, progression and development of metas-
tases (Koorstra et al., 2008). Targeting of sonic hedgehog, the
overexpressed principal activating ligand of the Hedgehog sig-
naling pathway, has been a focus of much investigation (Berman
et al., 2003; Maitra et al., 2006). Drugs such as cyclopamine have
been developed which specifically inhibit the hedgehog path-
way, thereby producing dramatic anti-tumor effects in murine
xenograft PDAC models without significant side effects (Berman
et al., 2003; Maitra et al., 2006). Given the dramatic results seen
with cyclopamine, development of additional inhibitors of the
hedgehog pathway, such as IPI-926 and GDC-0449, have and
continue to be explored in clinical studies in the treatment of both
pancreatic and other solid tumors with varied responses noted
thus far (Berman et al., 2003; Maitra et al., 2006; Kelleher, 2011;
LoRusso et al., 2011). One such study by Olive et al, examined
the addition of IPI-926 to gemcitabine applied in a genetically
engineered pancreatic cancermouse model, which demonstrated
a significant depletion of tumor-associated stroma and a corre-
sponding increased intratumoral concentration of gemcitabine

(Olive et al., 2009). Unfortunately, a follow-up double blind,
placebo-controlled phase II study randomizing patients with pre-
viously untreated metastatic pancreatic cancer to gemcitabine
with or without IPI-926 (saridegib) was discontinued following
interim analysis due to inferior survival of the investigational
arm. As a result, clinical excitement over hedgehog inhibition
has waned. Additionally, given the relationship between the
RAS/MAPK and Hedgehog signaling pathways in PDAC, it has
been suggested that synergistic targeting of both the RAS and
Hedgehog pathways may represent a new therapeutic strategy for
the treatment of PDAC (Pasca di Magliano et al., 2006; Koorstra
et al., 2008; Mimeault and Batra, 2010; LoRusso et al., 2011).

KRAS AND BEYOND
Benzodiazepine peptidomimetics have been shown to block the
post-translational attachment of farnesyl groups to Ras proteins,
which are required for attachment to the cellular membrane.
In preclinical studies, such farnyltransferase inhibitors restored
normal growth patterns to Ras-transformed cells suggesting ther-
apeutic potential in PDAC (James et al., 1993). However, when
this was examined in a Phase III clinical study, the addition of tip-
ifarnib (farnyltransferase inhibitor) to gemcitabine in advanced
pancreatic cancer did not demonstrate any improvement in over-
all, 6-month, and 1-year survivals over gemcitabine alone, with
acceptable toxicity noted in both arms (Van Cutsem et al., 2004).
Based on the significant clinical benefit noted in patients with
locally advanced disease, it was suggested that the negative results
of this study could be explained by 76% of the patients in the
study having metastatic disease and correspondingly large tumor
burdens (Van Cutsem et al., 2004). As noted previously, tumors
with oncogenic KRAS are often associated with relative drug
resistance and poor prognosis (Hezel et al., 2006; Barbie et al.,
2009). Thus, the combination of oncogenic KRAS mutation with
PTEN-deficiency seen in PDAC promote NF-kB activation and
sustained activity of the NF-kB downstream cytokine pathway.
This is mediated via an elevated PI3K pathway, which provides
yet an additional avenue for targeted therapies for those tumors
demonstrating altered PI3K regulation (Ying et al., 2011).

Targeting of KRAS effectors such as mTOR, which act down-
stream of AKT2 have previously been shown to be activated in
PDAC. Targeting of mTOR with an mTOR inhibitor (rapamycin
analog) has shown tumor growth inhibition in several PDAC
cell lines (Asano et al., 2005; Hezel et al., 2006). Additionally,
rapamycin has been shown to inhibit PDAC xenograft growth and
metastasis (Bruns et al., 2004). The possible mechanisms by which
these agents work include induction of endothelial cell death and
tumor vessel thrombosis (Bruns et al., 2004). A phase II study
by Wolpin et al examined the use of everolimus in gemcitabine-
refractory, metastatic PDAC patients. Single-agent everolimus
was well-tolerated, but showed minimal clinical activity with no
clear evidence of treatment response, only 21% of patients having
stable disease at 2 months, a median PFS of 1.8 months, and an
overall survival of 4.5 months (Wolpin et al., 2009).

Dramatic tumor shrinkage was noted in a recent mutated
KRAS lung cancer model when treated with a combination of
a dual PI3K/mTOR inhibitor and a MEK (MAP/ERK kinase)
inhibitor (Engelman et al., 2008). This provides preclinical
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feasibility of the concept that targeting KRAS surrogates and
downstream targets is potentially a feasible therapeutic strategy.
As a result, numerous IV and oral PI3K and MEK inhibitors are
in various stages of clinical development and testing (Phase I and
II) (Engelman et al., 2008; Ying et al., 2011; Britten, 2013). Given
the known cooperation between oncogenic KRAS and PTEN defi-
ciency in PDAC tumorigenesis, further investigation is validated
for combined therapies with MEK inhibitors and PI3K or NF-kB
inhibitors. This concept of combination therapies with multiple
targets is further supported by the poor results seen in Phase
I/II studies of single-agent MEK inhibitors (CI-1040, selume-
tinib), which have shown minimal clinical response and only
a marginal improvement in median survival when used alone
(Rinehart et al., 2004; Lorusso et al., 2005; Bodoky et al., 2012;
Britten, 2013).

GROWTH FACTOR INHIBITION
The epidermal growth factor receptor (EGFR), which consists of 4
separate receptors [HER1 (ErbB-1), HER-2/Neu (ErbB-2), HER-
3 (ErbB-3), and HER-4 (ErbB-4)], is overexpressed and plays a
distinct role in PDAC (Koorstra et al., 2008). HER-2/neu over-
expression is most prominent in well-differentiated PDAC and
early-stage precursor lesions, and appears to correlate with degree
of dysplasia in the latter (Koorstra et al., 2008). In PDAC, HER-
2/neu amplification has been observed in 10–60% of patients.
(Stoecklein et al., 2004; Talar-Wojnarowska and Malecka-Panas,
2006; Koorstra et al., 2008). This gene amplication is of interest
as it could potentially be a target of trastuzumab, the monoclonal
antibody directed against the HER2/neu receptor. (Koorstra et al.,
2008). In addition, increased levels of fibroblast growth factor
(FGF), FGF-receptor, insulin-like growth factor I (IGF-I), IGF-
I receptor, nerve growth factor, and vascular endothelial growth
factor (VEGF) have also been reported in PDAC. Targeted ther-
apies directed toward several of these growth factors have been
examined with some under active clinical investigation, as noted
below (Koorstra et al., 2008).

EGFR
Despite the complexity of the EGFR signaling cascade, which is
known to provide a multitude of resistance mechanisms to EGFR-
targeted agents in PDAC, the small molecule tyrosine kinase
inhibitor (TKI) of EGFR, erlotinib, has been approved in the US.
Moore et al conducted a phase III double-blind study randomiz-
ing patients with advanced PDAC to gemcitabine with or without
erlotinib. A small but statistically significant improvement in PFS,
one-year OS, and median OS was seen (Bruns et al., 2000; Li et al.,
2004b; Ducreux et al., 2007; Moore et al., 2007). Interestingly,
the subset of patients who developed erlotinib-related skin tox-
icity had a significantly more profound clinical response. It has
been hypothesized that these results may be due to a decrease in
tumor vasculature mediated through endothelial apoptosis, given
that EGFR is expressed not only on tumor cells but also on divid-
ing endothelial cells (Bruns et al., 2000; Li et al., 2004b; Ducreux
et al., 2007). Furthermore, the effect of erlotinib may also poten-
tially be due to inhibition of proangiogenic factors (VEGF, IL-8)
by EGFR inhibitors, given that activation of the EGF receptor on
tumor cells is known to induce the production of VEGF (Bruns

et al., 2000; Li et al., 2004b; Ducreux et al., 2007). Attempts
to correlate expression of molecular targets, such as EGFR, to
outcomes in erlotinib-based therapies have been unsuccessful to
date (da Cunha Santos et al., 2010). EGFR expression as quanti-
fied by immunohistochemistry techniques is unlikely to identify
those tumors predominantly driven by the EGFR signaling path-
way and thus would potentially be responsive to EGFR inhibition
(Philip et al., 2010). A phase III study investigated the addition
of cetuximab to gemcitabine in an unselected patient popula-
tion (not selected for presence of EGFR mutations) and found
no significant improvement in overall or progression-free sur-
vival observed relative to gemcitabine alone (Ducreux et al., 2007;
Philip et al., 2010). Ongoing and future research focusing on iden-
tification of molecular predictors of resistance and sensitivity to
EGFR blockade will potentially improve our understanding of
such therapies and selected patient response (Philip et al., 2010).

SMAD4/DPC4
Iacobuzio-Donahue et al recently reported on Smad4 as a poten-
tial predictor of local vs. distant failure using rapid autopsy
specimen of patients with PDAC (Iacobuzio-Donahue et al.,
2009). Interestingly, intact Smad4 immunolabeling strongly cor-
related with a locally destructive phenotype (p = 0.007) and
cause of death was attributed to local progression in 30% of
patients. In a prospective single arm study of locally advanced
PDAC patients treated with induction cetuximab, gemcitabine,
and oxaliplatin followed by cetuximab, capecitabine, and radio-
therapy, Crane et al similarly found Smad4 expression correlated
with local rather than distant disease progression and potentially
represented a predictive biomarker (Crane et al., 2011). Based
on these results, RTOG 1201 is currently randomizing patients
to upfront gemcitabine followed by high-intensity capecitabine-
based IMRT (63.0 Gy) vs. upfront gemcitabine followed by stan-
dard intensity capecitabine-based 3D-CRT (50.4 Gy) vs. upfront
FOLFIRINOX followed by standard intensity capecitabine-based
3D-CRT (50.4 Gy) and stratifying patients for intensification of
local therapy based on Smad4 status (NCT01921751).

VEGF
It is well-known that VEGF and VEGFR are frequently over-
expressed in PDAC. Disruption of VEGF signaling and tumor
angiogenesis using soluble VEGFR, VEGF high-affinity binding
chimeras, anti-VEGF monoclonal antibodies (e.g., bevacizumab),
and ribozymes have shown strong antitumor activity in PDAC
mouse xenografts and cultured pancreatic cancer cell lines (Hezel
et al., 2006; Koorstra et al., 2008). Unfortunately, clinical results
have been disparate. Kindler et al conducted a single arm phase II
study investigating the addition of bevacizumab to gemcitabine in
patients with advanced PDAC and noted a promising median OS
of 8.8 months, PR of 21%, and SD of 46% (Kindler et al., 2005).
The follow up CALGB phase III placebo-controlled study ran-
domized patients to gemcitabine with or without bevacizumab
and found no statistically significant improvement in clinical out-
comes (Kindler et al., 2010). Similar disappointing results have
been noted with small molecule TKI of VEGFR1-3, axitinib.
(Spano et al., 2008). In addition, based on the enhanced radiosen-
sitization seen with the addition of bevacizumab to 5-FU-based
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radiotherapy in rectal cancer, similar strategies for radiosensitiza-
tion could be considered in the treatment of PDAC (Willett et al.,
2006; Ducreux et al., 2007). A phase I study evaluating the safety
of bevacizumab with concurrent capecitabine-based radiotherapy
in locally advanced PDAC initially showed bevacizumab-related
GI toxicity of duodenal mucosal ulceration, bleeding, and perfo-
ration, with protocol mandated dose reductions in capecitabine
required in 43% of patients, thus concluding that further study
of bevacizumab with chemoradiotherapy was indicated (Crane
et al., 2006). A future therapeutic target may be the VEGF-C,
a regulator of lymphangiogenesis, which is noted to be overex-
pressed in PDAC, and may contribute to the lymphatic spread and
metastasis that are commonly seen in pancreatic cancer (Hezel
et al., 2006).

IGF-I
Elevated expression of IGF-I has been noted in PDAC tumor
cells and their surrounding stroma (Hezel et al., 2006). In addi-
tion, there is aberrant activation and constitutive overexpression
of the IGF-I receptor (IGF-IR) in approximately 64% of pan-
creatic tumor cells (Bergmann et al., 1995; Hakam et al., 2003;
Ouban et al., 2003; Stoeltzing et al., 2003; Hezel et al., 2006).
Furthermore, in a particular PDAC cell line, aberrant expres-
sion and activation of IGF-IR via paracrine and autocrine IGF-I
signaling was noted to promote cell proliferation and growth-
factor-independent survival (Nair et al., 2001). Therefore, inhi-
bition of this pathway using anti-IGF-IR antibodies or expression
of truncated IGF-I receptors (via recombinant adenovirus tech-
nique) that function as a dominant-negative form of IGF-IR has
been examined in the preclinical setting and shown to inhibit
the growth of xenograft tumors by up-regulating stressor induced
apoptosis, blocking IGF-I and IGF-II induced activation of AKT-
1, as well as sensitizing tumor cells to chemotherapy (Maloney
et al., 2003; Min et al., 2003; Hezel et al., 2006). Given the encour-
aging preclinical results, several phase I and II studies of IGF-IR
monoclonal antibody and small molecule agents have been pur-
sued (Carboni et al., 2009; Hewish et al., 2009; Kindler et al.,
2012). Kindler et al performed a randomized phase II study of
ganitumab (AMG 479; monoclonal antibody antagonist of IGF-
IR) and gemcitabine vs. gemcitabine and placebo in previously
untreated metastatic PDAC. The ganitumab arm demonstrated
acceptable toxicity, as well as trends toward improved 6- and 12-
month survival, PFS, and overall survival. Given these favorable
results, a randomized Phase III study of AMG 479 and gemc-
itabine in metastatic pancreatic adenocarcinoma was pursued,
randomizing patients to AMG 479 (12 or 20 mg/kg) and gemc-
itabine vs. placebo and gemcitabine. Unfortunately, this study was
stopped early for futility based on pre-planned interim analysis
(NCT01231347).

FUTURE DIRECTIONS/SCREENING
While screening of the general population is not practicable with
current diagnostic methods, studies are ongoing to evaluate its
usefulness in people with at least 5- to 10-fold increased risk
of PDAC. This would include patients with FPC or carriers of
a mutation in an established high-penetrance PDAC suscepti-
bility gene (e.g., BRCA2 or PALB2) with at least one case of

pancreatic cancer in a first-degree relative (Brand et al., 2007;
Bartsch et al., 2012; Klein, 2012; Canto et al., 2013). Furthermore,
it has been suggested that such individuals undergo screening
for any extrapancreatic tumors associated with their respective
germline mutation prior to the development of any respective
clinical symptomatology.

USPSTF Screening Guidelines for PDAC have been given a
D recommendation indicating harm outweighing any potential
benefit and recommending against routine screening in asymp-
tomatic adults using abdominal palpation, ultrasonography, or
serologic markers. International Cancer of the Pancreas Screening
(CAPS) Consortium summit recommendations for PDAC con-
cluded that screening is recommended for high-risk individuals,
although more evidence is needed regarding optimal manage-
ment of patients with detected lesions. These high-risk candidates
for screening include first degree relatives of patients with PDAC
from familial kindred with at least two affected first-degree rela-
tives, patients with PJS, and carriers of p16, BRCA2, or HNPCC
mutations with at least one affected first-degree relative. The
CAPS Consortium was not able to reach a consensus on the
age to initiate screening or stop surveillance, as well as screen-
ing intervals, although agreement was made that initial screening
should include EUS and/or MRI/MRCP, and not CT or ERCP
(Canto et al., 2013). At this time, based on the current knowl-
edge of pancreatic susceptibility genes, affected patients of FPC
families should consider being tested for the most frequently
inherited genetic defects identified in FPC, BRCA2, PALB2, and
ATM germline mutations. The use of PDAC biomarkers, such as
CA-19-9 and CEACAM-1, have not yet been validated for clinical
use in screening (Bussom and Saif, 2010).

To help identify high-risk populations who would be most
likely to benefit from early detection screening tests, discov-
ery of additional pancreatic cancer susceptibility genes is crucial
(Brentnall et al., 1999; Canto et al., 2006; Koorstra et al., 2008;
Vasen et al., 2011; Klein, 2012). Gene expression patterns in serum
and tissue biopsies can be studied using whole-genome assay-
ing, including technologies such serial analysis of gene expres-
sion (SAGE), cDNA arrays, and oligonucleotide arrays (i.e., gene
chips) (Maitra et al., 2006). Further, specific gene-based, gene-
product, and marker-based testing for the early detection of pan-
creatic cancer are currently being developed, which may include
miRNAs, which may also be useful as potential therapeutic targets
as well (Koorstra et al., 2008).
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Pancreatic ductal adenocarcinoma (PDAC) is a devastating disease without clearly
known disease causes. Recent epidemiological and animal studies suggest that the
supplementation of dietary antioxidants (e.g., vitamins C and E) decreases cancer risk,
implying that increased reactive oxygen species (ROS) may play a role in pancreatic
carcinogenesis. However, oncogenic Kras mutations (e.g., KrasG12D), which are present
in more than 90% of PDAC, have been proven to foster low intracellular ROS levels. Here,
oncogenic Kras activates expression of a series of anti-oxidant genes via Nrf2 (nuclear
factor, erythroid derived 2, like 2) and also mediates an unusual metabolic pathway of
glutamine to generate NADPH. This can then be used as the reducing power for ROS
detoxification, leading collectively to low ROS levels in pancreatic pre-neoplastic cells
and in cancer cells. In adult stem cells and cancer stem cells, low ROS levels have
been associated with the formation of a proliferation-permissive intracellular environment
and with perseverance of self-renewal capacities. Therefore, it is conceivable that low
intracellular ROS levels may contribute significantly to oncogenic Kras-mediated PDAC
formation.

Keywords: pancreatic cancer, redox equilibrium, reactive oxygen species, oncogenic Kras, pancreatic cancer stem

cells, KrasG12D

INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) is a highly aggres-
sive tumor entity without clearly known disease causes (Kong
et al., 2011; Siegel et al., 2013). Oncogenic KRAS (v-Ki-ras2
Kirsten rat sarcoma viral oncogene homolog) mutations (e.g.,
KRASG12D or KRASG12V) have been considered as the initiat-
ing genetic event for this disease (Kong et al., 2011). Recently,
prospective studies have demonstrated that dietary antioxidants
(e.g., vitamins C and E) significantly decreased cancer risk, under-
scoring an important role of the redox equilibrium in the etiology
of PDAC (Gong et al., 2010; Banim et al., 2012; Heinen et al.,
2012). Furthermore, genetic variations in antioxidant genes seem
to modify the risk to develop PDAC in humans (Tang et al.,
2010). In line, long-term treatment with δ-tocotrienol (a bioactive
vitamin E derivative) which has putative anti-oxidative activity
dramatically inhibited KrasG12D-driven formation of pancreatic
intraepithelial neoplasms (mPanINs) in a genetically engineered
mouse model (GEMM) of pancreatic cancer (Husain et al., 2011,
2013; Shin-Kang et al., 2011). These data suggest that a systemic
reduction in the production of reactive oxygen species (ROS) may
prevent/delay the development of PDAC. Paradoxically, recent
studies have also demonstrated that oncogenic KrasG12D mediates
activation of metabolic programs, which effectively detoxify ROS
and thus reduce ROS levels in pancreatic pre-neoplastic cells and
in cancer cells. Furthermore, low intracellular ROS levels seem to
be essential for KrasG12D-driven carcinogenesis in mice (deNicola
et al., 2011; Son et al., 2013). In this case, a “chemo-” preven-
tive effect of dietary antioxidants cannot be explained by reduced
intracellular ROS levels in pancreatic epithelial cells. Thus, we

reviewed and discussed the potential biological significance of
KrasG12D-mediated ROS-detoxifying networks.

ONCOGENIC Kras INITIATES PANCREATIC CANCER
Characterization of human cancer genomes confirmed that more
than 90% of human PDACs harbor oncogenic KRAS mutations
(Almoguera et al., 1988; Smit et al., 1988). The mutated KRAS
encodes a protein locked in a constitutively active state, lead-
ing to persistent downstream signals such as activation of the
RAF-MEK-ERK (extracellular signal-regulated kinase) cascade
(Barbacid, 1987). The ability of oncogenic KRAS in initiating
PDAC has been demonstrated in GEMMs of pancreatic cancer.
Here, pancreas-specific expression of KrasG12D recapitulated the
whole spectrum of human PDAC pathologies, from its precur-
sor lesions to locally invasive and metastatic entities (Hingorani
et al., 2003). Recent studies have demonstrated that the activity
of KrasG12D is required for all stages of carcinogenesis includ-
ing inception, progression and metastasis because inactivation
of KrasG12D using genetic approaches invariably reversed the
ongoing carcinogenic process (Collins et al., 2012). However, it
remains largely elusive how KrasG12D exactly promotes PDAC
development.

REACTIVE OXYGEN SPECIES (ROS) METABOLISM
Chemically reactive molecules containing oxygen, which are
usually termed as ROS, consist of free radical ROS [e.g., oxy-
gen ions (O−

2 )] and non-radical ROS [e.g., peroxide (H2O2)].
The free radical ROS has unpaired electrons in the molecular
orbital whereas non-radical ROS contains no unpaired electrons
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(Shi et al., 2012). ROS formation, as a natural byproduct of aer-
obic metabolism, can be derived from exogenous and endoge-
nous sources (Castro and Freeman, 2001). As for the exogenous
sources, substances (e.g., metals and chemicals) inducing ROS
formation can be directly metabolized to radicals in cells or
can trigger intracellular ROS production (Bonney et al., 1991;
Halliwell and Aruoma, 1991; Dreher and Junod, 1996; Jaruga
and Dizdaroglu, 1996; Wang et al., 1998). Under physiological
circumstances, the mitochondrion is an intracellular organelle
which is responsible for energy production through cellular res-
piration. However, the leaking electron from the mitochondrial
electron transport chain eventually interacts with oxygen and
generates superoxide radicals, producing approximately 98% of
the endogenous ROS (Freeman and Crapo, 1982; McCord, 2000;
Salvador et al., 2001). Apart from the mitochondrion, biochem-
ical reactions within the endoplasmatic reticulum (ER), the per-
oxisome or the cytoplasm also generate additional ROS (Butler
and Hoey, 1993; Conner and Grisham, 1996; Li and Jackson,
2002; Klaunig and Kamendulis, 2004; Valko et al., 2004). For
instance, cytochrome P450 in the ER uses oxygen to oxidize and
to detoxify foreign compounds; a process in which ROS are gen-
erated (Butler and Hoey, 1993). In addition, membrane-bound
NADPH (nicotinamide adenine dinucleotide phosphate) oxidase
in immune cells (e.g., neutrophils and macrophages) produces
ROS via a biochemical process known as the respiratory burst,
which is essential for these cells to eliminate bacteria (Conner and
Grisham, 1996).

Since excessive ROS can cause oxidative damage to macro-
molecules (e.g., DNA and lipids) and can alter intracellular
signal transduction (e.g., through NF-κB), intracellular ROS
is constantly eliminated via a sophisticated ROS-detoxifying
system including non-enzymatic antioxidants (e.g., Vitamins
C and E) and enzymatic antioxidants [such as superoxide
dismutase (SOD), catalase (CAT) and glutathione peroxides
(GPX)] (Mates et al., 1999; McCall and Frei, 1999). Notably,
the majority of these enzymes require the activity of reduced
glutathione (GSH) which further relies on NADPH. In this
case, NADPH provides the ultimate reducing power for ROS
detoxification. Taken together, both non-enzymatic antioxi-
dants and enzymatic antioxidants act as an “antioxidant net-
work” which maintains a fine-tuned intracellular redox balance
(Sies et al., 2005).

KrasG12D MAINTAINS LOW ROS LEVELS IN PDAC CELLS
Until today, it remains elusive how KrasG12D promotes PDAC.
Recent studies demonstrated that KrasG12D induces maintenance
of low intracellular ROS levels via the transcription factor Nrf2
(nuclear factor, erythroid derived 2, like 2), which is a master
switch in the antioxidant network (deNicola et al., 2011). To
provide a reducing power for this Nrf2-mediated antioxidant pro-
gram, KrasG12D promotes a concerted metabolic program (e.g.,
thorough glutamine and fatty acid) that continually sustains the
intracellular NADPH/NADP+ ratio (Khasawneh et al., 2009; Son
et al., 2013) (Figure 1).

An earlier study demonstrated that ectopic expression of onco-
genic Ras increased ROS production through NADPH-oxidase
(Nox; Irani et al., 1997). Later on, a follow-up study provided

FIGURE 1 | Schema showing how oncogenic Kras induces low

intracellular ROS levels.

evidence that such an increased ROS generation is functionally
relevant to oncogenic Ras-mediated malignant transformation of
NIH3T3 cells (Mitsushita et al., 2004). However, this concept
has been challenged by a recent study which substantiated that
ROS production was actually repressed by endogenous expres-
sion of the KrasG12D allele in mouse cell lines (deNicola et al.,
2011). Further investigation uncovered that KrasG12D activated
Nrf2 via MAPK pathways (mitogen-activated protein kinase),
which then initiated a set of antioxidant programs. Consistently,
human PanINs and PDACs exhibit activation of NRF2 and
have low ROS levels in comparison to normal pancreatic ducts
cells. NRF2, which is negatively regulated by KEAP1 (kelch-like
ECH-associated protein 1), controls the expression of a series
of proteins involved in different steps of ROS detoxification—
such as NADPH generation (Cullinan et al., 2004; McMahon
et al., 2006; Hayes and McMahon, 2009). Unlike many other
tumor entities such as lung cancers (Shibata et al., 2008; Kim
et al., 2010), however, PDACs rarely harbor somatic mutations
in either the KEAP1 or NRF2 genes that usually result in an
active NRF2. Hence, the Nrf2-mediated antioxidant program in
PDAC is activated in an oncogenic Kras-dependent manner. In
line, silencing of Kras or blockade of the MAPK pathway effec-
tively decreased Nrf2 expression and increased intracellular ROS
levels.

As early illustrated, ROS detoxification is a biochemical pro-
cess that consumes NADPH (NADPH provides the reducing
power). Thus, generation and maintenance of constant intra-
cellular NADPH levels is essentially important. In this regard,
a previous study demonstrated that KrasG12D enhanced glycol-
ysis of PDAC cells and that it directed glycolytic intermediates
into the non-oxidative pentose phosphate pathway (PPP) whereas
the NAPDH-producing oxidative arm of the PPP remained unaf-
fected (Ying et al., 2012). These data suggest that PDAC cells
might use other NADPH-producing metabolic pathways to main-
tain intracellular NADPH levels. Indeed, a recent study uncov-
ered a distinct metabolic pathway of glutamine which is used
by PDAC cells to generate NADPH (Son et al., 2013). Briefly,
glutamine-derived aspartate (Asp) and α-ketoglutarate (α-KG)
are converted into oxaloacetate (OAA) via aspartate transami-
nase (GOT1). The OAA is metabolized into malate by malate
dehydrogenase (MDH1) and subsequently into pyruvate by malic
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enzyme (ME1). Conversion from malate to pyruvate then creates
NADPH, which is important for maintaining the redox balance of
PDACs because inactivation of any component of this metabolic
pathway increased intracellular ROS levels and affected tumor
growth (Cairns et al., 2011). Though the tumor environment
of PDAC is usually depleted of glutamine, a recent study sub-
stantiated that PDAC cells containing oncogenic Kras showed an
increased protein uptake by macropinocytosis. These internal-
ized proteins are then metabolized into glutamine that is fueled
into the NDAPH-producing process (Commisso et al., 2013). It
has also been demonstrated that the KrasG12D-expressing pan-
creas exhibited increased fatty acid oxidation (Khasawneh et al.,
2009). Since fatty acid oxidation is a NADPH-generating process
(Jeon et al., 2012), it remains to be defined whether increased fatty
acid oxidation also contributes to the maintenance of NADPH
levels.

In conclusion, collaboration between Nrf2-mediated ROS
detoxification and the NADPH-generating metabolic program
collectively contributes to a “reduced” intracellular environment
(e.g., low ROS levels). Since both of these depend on the activ-
ity of oncogenic Kras, it is conceivable that such an intracel-
lular environment constitutes an important step in pancreatic
carcinogenesis.

THE TUMOR-SUPPRESSING FUNCTION OF ANTIOXIDANTS
DOES NOT CONTRADICT TUMOR-PROMOTING EFFECTS OF
ONCOGENIC Kras-MEDIATED LOW INTRACELLULAR ROS
LEVELS
As earlier illustrated, prospective studies have suggested an
association between dietary antioxidants and a decreased risk
for developing pancreatic cancer (Gong et al., 2010; Banim
et al., 2012; Heinen et al., 2012). Besides, certain antioxi-
dants (especially δ-tocotrienol) have chemo-preventive effects in
GEMMs of pancreatic cancer (Husain et al., 2011, 2013; Shin-
Kang et al., 2011). Interestingly, these data rather point to a
tumor-suppressing function of antioxidants in pancreatic cancer.
However, the emergence of this evidence does not necessar-
ily argue against the tumor-promoting functions of oncogenic
Kras-mediated low intracellular ROS levels. Firstly, the tumor-
suppressing function of antioxidants may be attributed to their
effects on the immune system and especially T cell immunity.
Recently, it has been shown that antitumor T cell immunity
plays a crucial role in the early stages of pancreatic carcino-
genesis (Bayne et al., 2012; Pylayeva-Gupta et al., 2012). In
this regard, the dietary supplementation of antioxidants (e.g.,

vitamins E or C) has been proven to significantly enhance T
cell immunity in humans (Burgess and Johansen, 1976; Meydani
et al., 1997; Malmberg et al., 2002). Therefore, antioxidants
may execute their tumor-suppressing functions by promoting
antitumor immunity. Secondly, it remains largely unknown
whether ROS levels in the pancreas (especially in epithelial cells)
are actually affected by the intake of dietary antioxidant in
humans. Thus, it is difficult to evaluate the contribution of their
antioxidative effects to the development of pancreatic cancer.
Lastly, some antioxidants display antitumor activities indepen-
dent of their antioxidative effects. For instance, δ-tocotrienol,
which has been used for chemo-prevention of pancreatic can-
cer in animal studies, contains an unsaturated isoprenoid side
chain that has a unique antitumor property (Shin-Kang et al.,
2011). Taken together, further studies are required to clarify
how/why antioxidants execute their tumor-suppressor functions
on oncogenic Kras-mediated low intracellular ROS levels in the
pancreas.

LOW ROS LEVELS IN DIFFERENT BIOLOGICAL SYSTEMS
Although the biological significance of such an oncogenic Kras-
mediated reductive intracellular environment remains unclear,
this phenomenon has been widely described in other biolog-
ical systems (Table 1). For example, when yeast cells are cul-
tured under nutrient-limited conditions, they display a periodic
metabolic cycle alternating between glycolysis and respiration.
Their cell cycle is tightly restricted to the reductive phase of
the metabolic cycle, which guarantees that DNA replication only
occurs during glycolysis when the oxidative damage from res-
piration on the genome is minimal. Such a circadian rhythm
that coordinates the metabolic and cell division cycles in situa-
tions where resources are limited, simply reflects an evolutionarily
conserved means of preserving genome integrity (Chen et al.,
2007). Silencing of a DNA checkpoint kinase abolishing such
a rhythm allows DNA synthesis outside of the reductive phase
but at the cost of increased spontaneous mutation rates. In
adult stem cells, a similar nutrient-limited microenvironment
(hypoxia) with low intracellular ROS levels also exists (Suda et al.,
2011; Zhang and Sadek, 2013). Here, low ROS levels have been
shown to be essential for maintaining the stem cell functions of
hematopoietic stem cells (HSCs) in that the ROSlow cell pop-
ulation expressed high levels of stemness-associated molecules
such as Notch1 and telomerase; it also had a higher self-renewal
potential than the ROShigh population of cells (Jang and Sharkis,
2007). Similarly, mammary epithelial stem cells have low ROS

Table 1 | Cellular systems with low intracellular ROS levels.

References Species/organ system Condition Biological significance

Chen et al., 2007 Yeast Nutrient-limited Preserve integrity of the genome

Jang and Sharkis, 2007 Mouse/hematopoietic stem cells Hypoxic Reserve stem cell function

Diehn et al., 2009 Mouse/mammary epithelial stem cells – Maintain stemness

Diehn et al., 2009 Human/breast CSCs Cancer microenvironment Preserve tumor-initiating capacity
and radio-resistance

Dong et al., 2013 Cell lines/basal-like breast cancer CSCs Inhibit ROS production by metabolic
reprogramming

Promote CSC-like properties
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levels (Diehn et al., 2009). Low ROS levels have been described
in another type of “stem” cells—the “cancer stem” cells (CSCs)
or “tumor-initiating” cells (TICs) (Shi et al., 2012). Historically,
CSCs have been defined as a subset of cancer cells that are
responsible for initiation, maintenance and metastasis of can-
cer (Lapidot et al., 1994). A seminal study demonstrated that
human breast CSCs contained lower ROS levels than their
non-tumorigenic progeny (Diehn et al., 2009). These low ROS
levels rendered the CSCs highly resistant toward irradiation-
induced DNA damage and cell death. Consistently, a recent
study provided functional evidence that CSC-like properties in
basal-like breast cancer are induced, when ROS production is
inhibited by metabolic reprogramming of glucose metabolism
[e.g., when more NADPH is generated, (Dong et al., 2013)].
Taken together, low ROS levels in other biological systems
appear to be associated with stemness properties of cells
in mammals or with a proliferation-permissive intracellular
environment in low eukaryotic systems, both of which may
contribute to oncogenic Kras-mediated carcinogenesis in the
pancreas.

LOW ROS LEVELS AND PANCREATIC CARCINOGENESIS
Because early expansion of pancreatic stem/progenitor cells
accelerates KrasG12D-driven carcinogenesis in mice (Kong et al.,
2011), KrasG12D-induced low intracellular ROS levels may facil-
itate expansion of pancreatic stem/progenitor cells by creating a
proliferation-permissive intracellular environment. Furthermore,
despite a questionable general compliance of PDAC to the CSCs
concept, the heterogeneity of pancreatic cancer tissues indicates
that a subset of pancreatic cancer cells may have low intracellular
ROS levels in comparison to others.

CONCLUSION
The exact contribution of pre-neoplastic and cancer cells with
low ROS levels to PDAC initiation, progression and metastasis in
humans remains to be defined. Certainly, such a subset of cancer
cells may constitute a promising drug target for future thera-
pies. Though the Nrf2-mediated network has been proposed as a
potential drug target (Arlt et al., 2012), further studies on the con-
tribution of (low) ROS levels to the aggressiveness of pancreatic
cancer are warranted.
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Background: Genetic risk factors for sporadic pancreatic cancer are largely unknown but
actually under high exposure. Findings of correlations between the AB0 blood group
system (Chromosome 9q34,1—q34,2) and the risk of pancreatic cancer (PC) in patients
from Asia, America and south Europe have already been published. So far it is unclear,
whether this correlation between blood group an PC incidence can be found in German
patients as well.

Methods: One hundred and sixty-six patients who underwent a resection of PC were
evaluated in a period between 2000 and 2010. Blood group reference distribution for the
German population is given as: 0: 41%; A: 43%; B: 11%; AB: 5%; Rhesus positive: 85%;
Rhesus negative: 15%. Analyses were done using the non-parametric Chi2-test (p-value
two sided; SPSS 19.0).

Results: Median age was 62 (34–82) years. Gender: female 73/44%; male: 93/56%.
Observed blood group proportions: 0: 43 (25.9%)/A: 94 (56.6%)/B: 16 (9.6%)/AB: 13
(7.8%)/Rhesus positive: 131 (78.9%)/negative: 35 (21.1%). We detected a significant
difference to the German reference distribution of the AB0 system (Chi2 19.34, df 3,
p < 0.001). Rhesus factor has no impact on AB0-distribution (Chi2 4.13, df 3, p = 0.25),
but differs significantly from reference distribution—probably due to initial AB0-variation
(Chi2 4.82, df 1, p = 0.028). The odds ratio for blood group A is 2.01 and for blood group 0
is 0.5.

Conclusions: The incidence of PC in the German cohort is highly associated with the
AB0-system as well. More patients with blood group A suffer from PC (p < 0.001) whereas
blood group 0 was less frequent in patients with PC (p < 0.001). Thus, our findings
support the results from other non-German surveys. The causal trigger points of this
carcinogenesis correlation are still not known.

Keywords: pancreatic cancer, risk factor, ABO blood-group system, determination, genome

INTRODUCTION
Advanced pancreatic cancer holds one of the highest mortal-
ity rates of any cancer, with corresponding 5 year survival rate
of less than 5% (Adler et al., 2007; Pelzer, 2008). It remains
one of the leading causes of cancer-related deaths worldwide,
reflected by an incidence of 277,668 new cases and almost the
same mortality rate (266,029 cases) per year (Jemal et al., 2010).
Due to early disease symptoms being absent, only up to 20%
of patients can have their cancer resected with curative intent,
however, probably due to early lymphogenic spread or micro
metastasis, the 5-year overall survival rate of resected patients is
only 15–22% in spite of adjuvant treatment. An effective screen-
ing method or test for this devastating cancer is still missing.
Established risk factors include a family history of pancreatic can-
cer, a medical history of hereditary pancreatitis, diabetes type II
and cigarette smoking. Established research groups seeking for
predefined genome aberrations correlated to pancreatic cancer

(Amundadottir et al., 2009; He et al., 2013). In recent time
several studies investigating the possible correlation of the AB0
blood group system to pancreatic cancer (Yeo and Lowenfels,
2012) were published. Correlations were found in many pop-
ulations, exemplary in Turkish patients (Engin et al., 2012),
Korean patients (Woo et al., 2013), Japanese patients (Nakao
et al., 2011), Italian patients (Iodice et al., 2010), and North
American patients (Greer et al., 2010; Wolpin et al., 2010). But
there is no overall accordance in all populations. For instance in
Chinese patients publications showed inconsistent results with-
out detection of correlations on the one hand (Gong et al., 2012)
and proof of coherence on the other hand (Ben et al., 2011).
These assured correlations are not consistent over all malignan-
cies (Khalili et al., 2011). Currently no published survey data
of German patients or a central Europe cohort exists which
could help clarify the possible coherence. For further detection
of causality it is important to know whether these findings are
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valid for German patients as well, therefore we conducted this
investigation.

MATERIALS AND METHODS
Patients who underwent a resection of PC were evaluated in a
period between 2000 and 2010. All patients suffered from his-
tologically confirmed pancreatic cancer. Blood type assay from
166 patients (AB0 antigen and Rhesus antigen) were conducted.
As reference cohort, healthy blood donors from our department
of transfusion medicine were tested, whose blood types showed
the same distribution as the reference distribution of the German
population. Reference distribution was given as: blood group 0
41%; blood group A 43%; blood group B 11%; blood group AB
5%; Rhesus antigen positive 85% and Rhesus antigen negative
15%. In addition to descriptive analyses non-parametric Chi2-
tests (p-value two sided; SPSS 19.0) were used for comparisons.

RESULTS
The present, non-selected population of patients with pancre-
atic cancer reflects the general population with PC in Germany
as you can find in many trials. The median age was 62 (34–82)
years. The gender distribution favors male patients with a per-
centage of 56% male patients to 44% female patients (Table 1).
We observed blood group 0 in 43 (25.9%) patients, blood group
A in 94 (56.6%) patients, blood group B in 16 (9.6%) patients
and blood group AB in 13 (7.8%) patients. These observations
differ significantly from the reference distribution of the AB0 sys-
tem (Chi2 19.34, df 3, p < 0.001). The absolute differences to
the expected AB0-distribution were minus 25 patients for blood
group 0, plus 23 for blood group A, minus two patients for blood
group B and plus five patients for blood group AB. The odds
ratio for blood group A is 2.01 and for blood group 0 is 0.5. The
Chi2-tests for the single AB0-characters were as follow: for 0 (Chi2

15.64, df 1, p < 0.001), for A (Chi2 12.58, df 1, p < 0.001), for B
(Chi2 0.31, df 1, p = 0.58), and for AB (Chi2 2.80, df 1, p = 0.09)
(Figure 1, Table 2).

Furthermore we observed the positive rhesus antigen in 131
(78.9%) patients and the negative rhesus antigen in 35 (21.1%)
patients. The Rhesus factor has no significant impact on the
AB0-distribution (Chi2 4.13, df 3, p = 0.25) within the observed
cohort. As compared to the reference cohort, the distribution of
the Rhesus factor resulted in a significant difference (Chi2 4.82,

Table 1 | Patients’ characteristics.

Characteristic Patients

Included 166

Age: median [range] 62 [34–82] years

<60 years 63

60–70 years 69

>70 years 34

Gender

Female 73

Male 93

Biopsy proven adeno-carcinoma (pancreas) 166

df 1, p = 0.028). This observation is possibly boosted due to the
initial AB0-variation (Table 3).

DISCUSSION
In spite of recent advantages in the treatment modalities, like-
wise the FOLFIRINOX 1st-line regimen (Conroy et al., 2011),
the OFF 2nd-line treatment (Pelzer et al., 2011) or the latest data
from the gemcitabine/nab-paclitaxel 1st-line treatment, patients
suffering from pancreatic adenocarcinoma still have the poorest
survival outcome among cancer illnesses at all. Because of the
heavy difficulties in the treatment of advanced disease, increased
effort was dedicated to detect risk factors and causalities in the
carcinogenesis to diagnose patients at earliest point of disease.
Descriptions of observed correlations form the basis for further
investigations.

The characteristics of our observed patients were in accordance
with the appearance of the German clinician in terms of gender
and age (Adler et al., 2007). Thus, this cohort is representative for
patients with pancreatic carcinoma in Germany. Our findings are
not completely identical with the observations of other research
groups, but agree with risk lowering in patients with blood group
0. The Korean survey displayed an increased risk for the pop-
ulation with non-blood 0 character (Woo et al., 2013), Turkey
findings showed higher risk of patients with blood group A and
a lower risk of patients with blood group AB (Engin et al., 2012)
whereas Chinese patients were interestingly investigated without
blood group risk correlation (Gong et al., 2012). There are some
attempts to explain the observed correlations, mainly based on
the assumption of collocated signal cascade triggers. The chronic
pancreatitis is known to be a risk factor for carcinogenesis. A mis-
fit is that chronic pancreatitis was found to correlate with blood
group 0 (Greer et al., 2011) which on the other hand lower the risk
of pancreatic cancer. Another way of sourcing is the infection trig-
gered chronic inflammation. Helicobacter pylori infection is also
associated with the AB0 genotype mainly due to the AB0 antigen
expressions on gastrointestinal epithelium and therefore better
adhesion for the Helicobacter colonization. The positive associ-
ation between the AB0 expression and duodenal and gastric ulcer
as well as gastric cancers may base on effects of gastric and pan-
creatic secretory function disorders. This could have an additional
impact on the carcinogenicity of dietary- and smoking-related N-
nitrosamine exposures, and thus risk of pancreatic cancer (Risch,
2012).

Furthermore, venous thromboembolic events are also asso-
ciated with pancreatic cancer known as trousseaus syndrome,
first described in 1865. Is there a common base? Von Willebrand
factor (vWF) is one mediator for this cause. It has the blood
group antigens A and/or B on its surface and carries factor
VIII and protects it from degradation. Blood group A1 and
B educes a higher level of vWF and factor VIII. Thrombosis
may appear as an early observed symptom of the subsequent
diagnosis of pancreatic cancer. The activated coagulation was for-
merly described as an additional trigger associated with poor
prognosis and increased angiogenesis. There is supposedly a
combined cascade of carcinogenesis activation (Maisonneuve
et al., 2009). But, maybe as a result of earlier detection or
more effective therapy of thrombosis and thromboembolic
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FIGURE 1 | Network grafic—statistical distribution of blood group in Germany and for German patients with pancreatic cancer.

Table 2 | Calculations between single characters of group antigens.

Observed patients Expected patients

0 43 68.1 Chi2 19.34 df 3
p < 0.001

A 94 71.4

B 16 18.3

AB 13 8.3

Rh. neg. 35 24.9 Chi2 4.82 df 1
p < 0.028

Rh. pos. 131 141.1

Overall 166 166

events, recent studies showed no survival disadvantage for can-
cer patients suffering thrombosis (Riess et al., 2008; Agnelli et al.,
2009).

It is noteworthy that other cancer types do not have stringent
correlations to the AB0-antigen (Iodice et al., 2010), indicating it
to be a special observation in pancreatic cancer disease. But of all
above, the feasible research hypothesis is that the single base dele-
tion that generates the 0 blood group underlies the association
signal. Additional mapping and laboratory work is mandatory to

Table 3 | Calculations of AB0/Rhesus independence.

Blood group antigen Rhesus antigen All

Negative Positive

0

obs. pts. 5 38 43
exp. pts. 9.1 33.9
A

obs. pts. 21 73 94
exp. pts. 19.8 74.2
B

obs. pts. 5 11 16
exp. pts. 3.4 12.6
AB

obs. pts. 4 9 13
exp. pts. 2.7 10.3
All

obs. pts. 35 131 166
exp. pts.

Rhesus/AB0-proportions are independent (Chi2 4.13, df 3, p = 0.248).

determine which variants account for the observed correlation
(Amundadottir et al., 2009).

The discovery of additional genetic risk factors for this highly
lethal cancer type may contribute to novel risk stratifications
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and advances in prevention, early detection and therapeutic
approaches to pancreatic cancer.

Based on these representative data, we plan a genome map-
ping project of available data from our adjuvant studies (CONKO
001/005/006), which is under recent approval of the German
Society of Cancer.

CONCLUSIONS
The incidence of pancreatic cancer in Germany is signifi-
cantly associated with the AB0-blood group system. More
patients with blood group A suffer from pancreatic cancer (p <

0.001) whereas blood group 0 was less frequently observed
in patients with pancreatic cancer (p < 0.001). Genetic vari-
ations in the AB0 locus of 9q34 may influence the pan-
creatic carcinogenesis and increase the risk for patients with

blood group A and tapering the risk for patients with blood
group 0.
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Pancreatic cancer is a devastating disease with dismal prognosis. The tumor
microenvironment is composed by multiple cell types, molecular factors, and extracellular
matrix forming a strong desmoplastic reaction, which is a hallmark of the disease. A
complex cross-talk between tumor cells and the stroma exists with reciprocal influence
that dictates tumor progression and ultimately the clinical outcome. In this context,
tumor infiltrating immune cells through secretion of chemokine and cytokines exert an
important regulatory role. Here we review the correlation between the immune infiltrates,
evaluated on tumor samples of pancreatic cancer patients underwent surgical resection,
and disease free and/or overall survival after surgery. Specifically, we focus on tumor
infiltrating lymphocytes (TILs), mast cells (MCs) and macrophages that all contribute to
a Th2-type inflammatory and immunosuppressive microenvironment. In these patients
tumor immune infiltrates not only do not contribute to disease eradication but rather the
features of Th2-type inflammation and immunosuppression is significantly associated with
more rapid disease progression and reduced survival.

Keywords: pancreatic cancer, tumor infiltrating lymphocytes, macrophages, mast cells, survival predictive factor,

univariate and multivariate analyses

INTRODUCTION
A relationship between tumors and immune system exists
(Schreiber et al., 2011). Indeed, multistep carcinogenesis results
from a cross-talk between cancer-cell-intrinsic factors and host
immune system (cell-extrinsic) effects (Zitvogel et al., 2006). This
cross-talk leads to different outcomes that are well explained by
the concept of the three Es of cancer immunoediting (Dunn
et al., 2004). At early stages immunosurveillance is responsi-
ble for tumor rejection (Elimination phase), in advanced stages
the immune system prevents tumor outgrowth and edits tumor
immunogenicity (Equilibrium phase) with the appearance in late
stages of tumor cell variants that are no longer recognized by the
immune system but rather tumors develop strategies to redirect
infiltrating immune cells toward a pro-tumorigenic phenotype
(Escape phase) (Dunn et al., 2004; Schreiber et al., 2011). The
mechanisms of immune escape have been recently recognized
(Hanahan and Weinberg, 2011; Hanahan and Coussens, 2012) as
an emerging hallmark of cancer.

Tumors are complex organs composed by tumor cells as well
as a variety of cells and factors forming the tumor microen-
vironment. Cells present in the tumor microenvironment are
cancer associated fibroblasts (CAFs), endothelial cells, pericytes
and immune cells, among which macrophages, dendritic cells
(DCs), natural killer cells, mast cells (MCs), granulocytes, B

Abbreviations: CAFs, cancer associated fibroblasts; DCs, dendritic cells; FRβ,
folate receptor β; LNs, lymph nodes; MCs, mast cells; PanIN, precursor lesions;
PDAC, pancreatic ductal adenocarcinoma; TAMs, tumor associated macrophages;
TILs, tumor infiltrating lymphocytes; Tregs, T regulatory cells; TSLP, thymic
stromal lymphopoietin.

cells and naïve and memory T cells [including cytotoxic CD8+
T cells and different subsets of CD4+ T and regulatory T cells
(Tregs)]. All these cell types and their released factors inter-
act with each other and determine the cytokine/chemokine
milieu, which ultimately have an impact on tumor regression or
progression.

Studies in several tumors have evaluated the association
between anti-tumor immunity and cancer prognosis but only
in recent years the development of more accurate methods for
analysis of immune infiltrates has allowed the identification of
the features of productive anti-tumor immunity (Fridman et al.,
2011). Large-scale studies have then revealed the prognostic and
predictive impact of immune infiltrates (Pages et al., 2005; Galon
et al., 2006; Denkert et al., 2010) and international efforts have
been put together to standardize predictive immune scores for
prognosis in several tumor histotypes (Galon et al., 2012).

Pancreatic ductal adenocarcinoma (PDAC) is a very aggres-
sive disease with dismal prognosis (Hidalgo, 2010). The tumor
microenvironment is characterized by a strong desmoplastic reac-
tion, which is a hallmark of the disease and it is believed to play a
role in carcinogenesis and in tumor progression through its effects
on angiogenesis, resistance to therapy and metastatic spread of
tumor cells (Kleeff et al., 2007; Erkan et al., 2012). Fibrosis is due
to activation by tumor and immune cells of pancreatic stellate
cells, which are responsible for extracellular matrix deposition.
Importantly, fibrogenesis is differentially regulated by Th1 (i.e.,
IFN-γ) and Th2 (i.e., IL-4, IL-5, and IL-13) cytokines, which exert
opposing roles by promoting collagen degradation and synthe-
sis, respectively (Wynn, 2004). Th1 or Th2 polarized immune
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cells may thus differentially contribute to fibrosis in PDAC and
possibly influence tumor progression.

The role of immune cells in pancreatic cancer development
and progression has been discussed elsewhere (Clark et al., 2009;
Evans and Costello, 2012; Wachsmann et al., 2012; Vonderheide
and Bayne, 2013). We refer readers interested in exhaustive sum-
maries of the field to those reviews. We focus here on studies in
human samples in which a correlation between immune infil-
trates and clinicopathologic features of PDAC that have prog-
nostic significance and an impact on patients’ survival has been
documented. These studies are summarized in Table 1.

TUMOR INFILTRATING LYMPHOCYTES
Tumor infiltrating lymphocytes (TILs) are present in several solid
tumors and key features such as their distribution, density, and

Table 1 | Tumor infiltrating immune cells as predictors of the clinical

outcome after surgery in pancreatic cancer patients.

Immune cells

in the tumor

Predictive marker of

favorable clinical outcome

References

T cells High CD4/8(+/+) countsa Fukunaga et al., 2004
CD4+high/CD8+high countsb Ino et al., 2013
GATA-3+/T-bet+ TILs ratio
below the median valuec

De Monte et al., 2011

CD4+high/CD8+high/%Treglow

countsd
Ino et al., 2013

Mast cells Low countse Strouch et al., 2010
Low counts in the intratumor
border zonef

Cai et al., 2011

Counts below the MCs scoreg Chang et al., 2011

Macrophages Low CD163+/CD204+ cells
infiltrationh

Kurahara et al., 2011

Low FRβ+ macrophages
infiltrationi

Kurahara et al., 2012

Low M2 macrophages
(CD163+/CD204+ cells)
infiltrationj

Ino et al., 2013

aT cell counts were considered high for CD4+ ≥ 20 and CD8+ ≥ 100, corre-

sponding to average numbers of 5 fields.
bHigh and low are based on the median values of CD4+ and CD8+ T cell counts.
cPatients were categorized in two groups based on the median value of the ratio

of the percentage of GATA-3+/T-bet+ TILs.
d Patients were categorized based on the average values of CD4+ T cells and

CD8+ T cell counts and of the percentage of Tregs.
eMCs counts were defined low if <8 and high if >13.
f Patients were categorized in two groups based on the median values of MCs

counts.
gMCs score was set at 3.68 and it was defined as the ratio of the number of

MCs to the percentage of CD45+ cells.
hFour grade infiltrations were considered: weak (<20/mm2), moderate

(>20<40/mm2), strong (>40<60/mm2), and massive (>60/mm2). Low corre-

spond to weak plus moderate; high correspond to strong plus massive.
i Patients were categorized in two groups based on the median values of FRβ+

macrophages counts.
j Patients were categorized in two groups based on the median values M2

macrophages counts.

function dictate their anti-versus pro-tumor activity (Galon et al.,
2006; Fridman et al., 2011, 2012). The major anti-tumor effec-
tors are memory (CD45RO+) cytotoxic CD8+ T cells while more
complex is the role of CD4+ T cells that depends on the pattern
of cytokines produced. Several CD4+ T cell subsets have been
described (Ruffell et al., 2010; Zhu et al., 2010): Th1 producing
IFN-γ, Th2 producing IL-4, IL-5 and IL-13, Th17 producing IL-
17, Th22 producing IL-22 and immunosuppressive Tregs. The
role of the different subsets in tumor immunity is still under
debate (Kennedy and Celis, 2008; Ruffell et al., 2010; Fridman
et al., 2012).

In PDAC few studies have addressed the role of TILs in anti-
tumor or pro-tumor activity and the correlation between those
infiltrates and the clinical outcome.

The presence of TILs in PDAC was first reported in a study
(Ademmer et al., 1998), which found that lymphocytes were typ-
ically localized as aggregates in the fibrotic interstitial tissue while
very few cells reached the epithelial tumor cells. The amount
of CD4+ and CD8+ T cells was variable among samples and
showed a predominant CD45RO+ memory phenotype. Only few
T cells were found in normal pancreatic tissue. Kalthoff and col-
laborators (Von Bernstorff et al., 2001) confirmed that TILs do
not reach tumor cells in significant numbers, being “trapped”
in the peritumoral tissue. Heterogeneous TILs distribution with
both focal areas of high accumulation, mainly at the periphery of
the tumor, and areas with diffusely scattered cells was reported
in (Ryschich et al., 2005). In this study a survival analysis per-
formed on 24 patients showed that median survival of patients
with high density of CD8+ T cells was, although not statisti-
cally significant, considerably higher than that of the group with
low CD8+ T cells density. Statistical significance was reached
in Fukunaga et al. (2004), in which 80 patients were analyzed.
The overall survival rate was significantly longer in patients with
CD8+ but not CD4+ T cell infiltration and highest for patients
positive for both T cells populations CD8/CD4(+/+) (positivity
was defined as average counts from 5 fields ≥100 for CD8 and
≥20 for CD4). Interestingly, the Authors found a negative corre-
lation between CD8/CD4(+/+) infiltration and both tumor depth
and TNM stage and in multivariate analysis the CD8/CD4(+/+)
infiltration was confirmed as an independent prognostic factor of
survival.

The presence of FoxP3+CD4+CD25+ T regulatory cells
(Tregs) possibly with immunosuppressive activity was evalu-
ated in tumor tissues, inflammatory tissue and draining lymph
nodes (LNs) in 198 PDAC patients and 15 patients with non-
neoplastic lesions (Hiraoka et al., 2006). Tregs infiltration was
localized in cancer stroma in areas of invasion. The prevalence
of Tregs was significantly higher in PDAC than in inflamma-
tory areas and in non-neoplastic lesions while no differences
were observed in the LNs. When patients were divided into
two groups based on values higher and lower than the aver-
age, the low Tregs group showed significantly better survival
than the high Tregs group did. The Authors analyzed Tregs also
in precursors lesions (PanIN) and interestingly found a sig-
nificant increase of Tregs prevalence during progression from
low-grade PanIN to invasive carcinoma (Hiraoka et al., 2006).
In the same study intraepithelial CD8+ T cells inversely cor-
related with Tregs infiltration in the stroma: indeed they were
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present in PanIN-1, significantly decreased in PanIN-2 and dras-
tically diminished to few in PanIN-3. More recently, in a large
retrospective study of 212 tumor samples, the same Authors (Ino
et al., 2013) reported that in multivariate analysis the prevalence
of tumor infiltrating CD4+ Thigh/CD8+ Thigh/%Treglow signifi-
cantly correlated with longer survival and had a higher hazard
ratio.

The characterization of TILs polarization in PDAC was ini-
tially reported in (Tassi et al., 2008), in which the presence
of Th2, Th1 and Tregs cells in tumor samples was evaluated
by immunohistochemistry using specific antibodies for GATA-
3 (i.e., to detect Th2 cells), T-bet (i.e., to detect Th1 cells) and
FoxP3. In this study PDAC patients undergoing surgery had cir-
culating carcinoembryonic antigen-specific CD4+ Th2 cells in
the presence of conserved anti-viral Th1 immunity. Furthermore,
analysis of TILs in tumor samples from the same patients showed
that, in agreement with the data in the blood, the number
of lymphoid cells expressing GATA-3 was significantly supe-
rior to that of lymphoid cells expressing T-bet. FoxP3 was also
expressed in lymphoid cells, as previously reported (Hiraoka
et al., 2006), and cells expressing FoxP3 were in greater pro-
portion relative to T-bet but in lower proportion relative to
GATA-3. More recently, we analyzed 69 tumor samples and found
that the amount of TILs differed among the samples and that
in all but one case the percentage of GATA-3+ was signifi-
cantly higher than that of T-bet+ TILs (De Monte et al., 2011).
To compare samples with different amounts of TILs we used
the ratio of the percentage of GATA-3+/T-bet+ TILs and per-
formed survival analysis. We found that patients with a ratio
inferior to the median value had a statistically prolonged survival.
Multivariate analysis stratifying for tumor stage, grading, size,
site, patient performance status, gender, age, surgical resection
margins, postoperative CA19.9 value, and postoperative treat-
ment confirmed that the ratio was independently predictive of
both disease-free and overall survival. We also identified a com-
plex cross-talk among tumor cells, CAFs and DCs that implicates
(i) the secretion of pro-inflammatory cytokines (i.e., TNF-α and
IL-1β) by tumor cells with (ii) activation of CAFs to secrete the
thymic stromal lymphopoietin (TSLP), (iii) activation by CAFs-
derived TSLP of resident DCs with Th2 polarizing capability
and which secrete Th2 attracting chemokines, and (iv) migra-
tion of TSLP activated DCs, possibly tumor antigen-loaded, to
draining LNs where Th2 cell priming occurs. Interestingly, epithe-
lial cells derived TSLP was also correlated with the presence of
Th2 inflammation in breast carcinoma (Pedroza-Gonzalez et al.,
2011).

Collectively, intraepithelial CD8+ T cells infiltration is
very rare in PDAC. CD4+ and CD8+ T cells are predom-
inantly present in the stroma either dispersed or in aggre-
gates, mainly at the periphery of the tumor. The prevalence
of CD4+ Thigh/CD8+ Thigh/%Treglow and the ratio of the
percentage of GATA-3+/T-bet+ TILs in the tumor stroma
were found to be independent predictive factors of over-
all survival after surgery in PDAC patients. An open issue
remains as to the antigen-specificity of tumor infiltrating
T cells.

MAST CELLS
MCs have been extensively studied for their role in allergic and
anaphylactic reactions during which FcεRI aggregation leads to
degranulation and release of multiple mediators (Galli et al., 2005,
2008). They are also known to be critical players in inflammatory
diseases where they act through “selective” release of mediators
without degranulation (Theoharides et al., 2007).

MCs infiltration is a relevant component of the tumor
microenvironment in a number of human malignancies
(Theoharides et al., 2007). MCs accumulate in the tumor stroma
in response to tumor-derived chemoattractants such as MCP-1
and RANTES. However, there is no general agreement on their
role in cancer. Indeed, MCs counts were shown to correlate
with either favorable or poor prognosis depending on the tumor
(Theoharides and Conti, 2004; Khazaie et al., 2011; Ribatti
and Crivellato, 2012). MCs can exert pro-tumorigenic effects
by secreting factors like VEGF and IL-8 that promote tumor
angiogenesis, tumor growth factors (i.e., PDGF, NGF, SCF)
and proteases that facilitate metastases. On the other hand,
high MCs counts in draining LNs were found to correlate with
better prognosis in human breast cancer where a mechanism
involving allergy-like degranulation with inhibitory effects on
tumor cell growth was hypothesized (Theoharides and Conti,
2004). This dual role is tentatively explained with their differ-
ent mechanisms of secretion: inflammation-driven selective
secretion is pro-tumorigenic while allergy-like degranulation is
anti-tumor.

In PDAC MCs were found in significant higher numbers in
tumor tissue compared to normal pancreas (Esposito et al., 2002).
MCs were located around ducts, blood vessels and nerves in the
connective tissue without particular clustering around neoplas-
tic cells. In a more extensive analysis of 137 patients, the same
Authors (Esposito et al., 2004) also showed that MCs number
correlated with the presence of LNs metastases and intratumor
microvessel density. Moreover, patients with low numbers of infil-
trating MCs compared with those with high numbers had a
tendency toward a longer survival.

More recently, a study (Strouch et al., 2010) on 53 tumor
specimens found that increased MCs infiltration correlated
with higher-grade tumors. Recurrence-free and disease-specific
survival was found significantly worse in patients with high
MCs counts compared to those with low counts. Interestingly,
patients with PDAC had higher serum tryptase activity than
patients with benign disease. Furthermore, in vitro exper-
iments using cell lines demonstrated a cross-talk between
tumor cells that secrete MCs attracting factor(s) and MCs,
which in turn release cancer cell growth and pro-invasive
factor(s).

Particular attention to MCs distribution in different tumor
areas was the focus of a study (Cai et al., 2011), which evaluated
in 103 patients MCs infiltration in intratumoral and peritumoral
areas and further in their border and center zones. In this correla-
tive study the Authors found that in the intratumoral border zone,
but not in the peritumoral or in the intratumoral center zone,
high MCs counts were associated with LNs metastasis, tumor
stage, lymphatic, and microvascular invasion. Significantly, high
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intratumoral border zone infiltration was identified as an inde-
pendent prognostic factor of overall survival in resected patients,
underlying the relevance of zone-specific distribution of MCs
in PDAC.

High MCs infiltration was further confirmed as a negative pre-
dictive marker of survival in another study (Chang et al., 2011),
which comprised 67 tumor samples. However, in multivariate
analysis the MCs score used to stratify the patients did not reach
statistical significance.

Collectively, the number of infiltrating MCs was found
increased in PDAC compared to normal pancreas. A correlation
between increased MCs numbers and the presence of LNs metas-
tasis, tumor grade, intratumor microvessel density, and lymphatic
and microvascular invasion was observed. The degree of MCs
infiltration was identified as a predictive marker of patients’
survival in the majority of studies.

MACROPHAGES
Solid tumors are frequently infiltrated by tumor-associated
macrophages (TAMs), which are driven by tumor and T cell
derived cytokines (especially IL-4, IL-10, and IL-13) to acquire
an “alternatively activated” M2 phenotype with pro-tumor prop-
erties (Mantovani et al., 2002; Gordon, 2003). This M2-type
macrophages are opposed to the “classic” M1-type that are acti-
vated by Th1 cytokines (IFN-γ, IL-1β) and are endowed with
anti-tumor properties (Lewis and Pollard, 2006). TAMs receive
signals from diverse cells within the tumor microenvironment
and promote tumor growth and progression through regulation
of angiogenesis, production of soluble mediators, which support
proliferation, survival and invasive properties of tumor cells, and
direct and indirect immunosuppression/modulation of lymphoid
cells function (Mantovani et al., 2002; Qian and Pollard, 2010;
Balkwill and Mantovani, 2012; Ruffell et al., 2012).

CD68+ cells were found increased in PDAC compared
to normal pancreatic tissue: however, in 137 tumor sam-
ples no significant correlation with cumulative survival was
demonstrated (Esposito et al., 2004). A more accurate analy-
sis of TAM polarization was performed on 76 patients sam-
ples by immunohistochemistry using both anti-CD68 (i.e.,
pan macrophage) and anti-CD163 and anti-CD204 antibodies
(i.e., which should preferentially stain M2-type macrophages)
(Kurahara et al., 2011). The number of CD68+ cells varied
among the samples examined: some tumors were extensively
infiltrated while others had only sparse CD68+ cells infil-
tration. CD163+ and CD204+ cells were present within the
same areas and the counts were lower than the number of
total CD68+ cells. Interestingly, the number of CD163+ and
CD204+ better then CD68+ cells correlated with LNs metas-
tasis (Kurahara et al., 2011). Patients were stratified into two
groups based on mean values of CD68+ or CD163+/CD204+
cell counts. The Authors found that lymphatic vessel den-
sity in the invasive front was significantly higher for high
CD163+/CD204+ tumor samples compared to low samples
but not statistically significant difference was found between
the high and low CD68+ infiltration. The data suggests that
increased M2-type infiltration in the invasive front might have
a role in lymph-angiogenesis and lymphatic metastatic spread

in PDAC. When the prognostic impact of TAMs infiltration
was assessed, the prognosis was significantly poorer in the
high CD163+/CD204+ group compared with the low. Whereas,
although the high CD68+ tended to have a poor prognosis
compared with the low CD68+, no significant difference in the
survival rate between the high and low CD68+ cell counts was
found.

In a following study (Kurahara et al., 2013), the same Authors
showed a strong association among the density of VEGF-C
expressing M2-type TAMs in regional LNs, nodal lymphatic vessel
density and the incidence of isolated tumor cells in pN0 pan-
creatic cancer, further suggesting that M2-polarized TAMs may
indeed facilitate nodal lymph-angiogenesis and promote lymph
nodes micro-metastases.

Infiltration of macrophages that express the folate receptor β

(FRβ) [i.e., a marker expressed in M2-type macrophages (Puig-
Kroger et al., 2009)] was also investigated in PDAC (Kurahara
et al., 2012). FRβ+ macrophages were prominent in perivascu-
lar areas of the tumor invasive front and when in high numbers
they showed (i) a positive association with high tumor micro-
vessel density, (ii) a high incidence of hematogenous metastasis,
and (iii) poor prognosis in PDAC patients (Kurahara et al., 2012).

In agreement with an inverse correlation between M2-type
TAMs infiltration and disease survival, a recent study (Ino et al.,
2013), which included 212 patients, reported that high CD163+
and CD204+ cells infiltration was significantly associated with
both shorter disease-free and overall survival. In the same study
the presence of M2-type macrophages and the percentage of Tregs
correlated with the presence of venous invasion.

Another study (Tjomsland et al., 2011) evaluated macrophage
infiltration in PDAC samples by CD68 and CD163 gene expres-
sion analysis and found that, in contrast with the studies reported
above, high CD163 expression correlated with longer survival.
However, clinical correlation was done in a limited number
of samples (30 patients) compared to the ones reported above
(Kurahara et al., 2011, 2012, 2013; Ino et al., 2013) and based on
CD163 gene expression rather then actual macrophage counts.

Collectively, higher numbers of CD68+ cells were found in
PDAC samples compared to normal pancreas. Functional polar-
ization toward M2-type correlates with a poor prognosis after
surgery in resected patients. High CD163+ and CD204+ cell
counts in perivascular areas of the tumor invasive front corre-
late with lymphangiogensis, high tumor micro-vessel density, LNs
occult metastasis and poor prognosis in PDAC patients.

CONCLUDING REMARKS
Several studies have demonstrated that tumor antigens specific
T cells are present in the circulation of PDAC patients (Laheru
and Jaffee, 2005). However, the presence of a Th2-type inflamma-
tory and immunosuppressive microenvironment questions the
possibility that anti-tumor Th1 effectors reach the tumor and
eventually maintain their effector functions. Future therapeu-
tic approaches in PDAC should implement the efficacy of Th1
effectors by a combination of active and adoptive immunother-
apy (Mellman et al., 2011) and strategies, such as the use of
immunomodulators and/or therapy with agonistic CD40 that has
proved to be efficacious in PDAC patients (Beatty et al., 2011),
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aimed at redirecting Th2 toward Th1-type inflammation in the
tumor microenvironment. Moreover, since extensive immuno-
histochemical evaluations in bioptic material are not feasible, it
will be interesting to compare the results of the studies reported
here in surgical specimens from patients undergoing neoadjuvant
therapies such as chemo or immunotherapy.
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Pancreatic cancer is a devastating disease with an unacceptably high mortality to
incidence ratio. Traditional therapeutic approaches such as surgery in combination with
chemo- or radiotherapy have had limited efficacy in improving the outcome of this
disease. Up until just under a decade ago, the prominent desmoplastic reaction which
is a characteristic of the majority of pancreatic ductal adenocarcinomas (PDAC) had
been largely ignored. However, since the identification of the pancreatic stellate cell
(PSC) as the key cell responsible for the production of the collagenous stroma in PDAC,
increasing attention has been paid to the role of the stromal reaction in pancreatic
cancer pathobiology. There is now compelling evidence that PSCs interact not only with
cancer cells themselves, but with several other cell types in the stroma (endothelial cells,
immune cells, and possibly neuronal cells) to promote cancer progression. This review
summarizes current knowledge in the field about the influence of PSCs and the stromal
microenvironment on cancer behavior and discusses novel therapeutic approaches which
reflect an increasing awareness amongst clinicians and researchers that targeting cancer
cells alone is no longer sufficient to improve patient outcome and that combinatorial
treatments targeting the stroma as well as the cancer cells will be required to change
the clinical course of this disease.

Keywords: pancreatic cancer, pancreatic stellate cells, desmoplastic/stromal reaction, stromal-tumor interactions,

stromal therapeutic targets

INTRODUCTION
Pancreatic cancer (pancreatic ductal adenocarcinoma; PDAC) is a
lethal disease. It is the fourth leading cause of cancer related death
in developed countries (Jemal et al., 2011; Siegel et al., 2013).
Five year survival is at best 6% and survival beyond 12 months is
unusual. Only 20% of patients are deemed suitable for attempted
curative resection. Chemotherapy confers marginal benefit while
the benefit of radiotherapy is debated. There are several reasons
for this grim outlook. As the pancreas is a retroperitoneal organ,
cancers in its body and tail present late, often with considerable
local and distant spread. Early symptoms are often non-specific.
There are no biomarkers for the disease.

Risk factors for pancreatic cancer include age, smoking, race,
diabetes, and chronic pancreatitis. The strongest known risk fac-
tor for pancreatic cancer is chronic pancreatitis. Patients with a
history of more than 5 years chronic pancreatitis have a greater
than 14-fold risk of developing pancreatic cancer compared to the
general population (Chu et al., 2007; Pandol et al., 2012). A signif-
icant proportion (40%) of patients with hereditary pancreatitis is
at increased risk of developing pancreatic cancer (Whitcomb and
Greer, 2009). For patients with tropical pancreatitis, a 100-fold
increased risk and an earlier onset of pancreatic cancer has been
reported (Chari et al., 1994; Whitcomb, 2004). The mechanisms
underlying this increased propensity for patients with chronic
pancreatitis to develop pancreatic cancer are not fully elucidated
although recent studies suggest that several signaling pathways

known to be active in inflammatory disease may be involved in
driving this process (Thomasova et al., 2012).

Histologically, PDAC is characterized by an extensive and
dense desmoplastic/fibrotic stroma in which cancer cells are
embedded (Figure 1). It has now been unequivocally shown that
the principal effector cells responsible for the production of this
stroma are pancreatic stellate cells (PSCs) (Apte et al., 2004).
Considerable evidence has also accumulated in recent years to
indicate that this abundant stroma can no longer be considered
a mere bystander in pancreatic cancer pathobiology, but should
be recognized as a critical player in cancer progression.

This review will concentrate on the interactions between PSCs
and pancreatic cancer cells and will also touch upon recent
reports about the interactions between PSCs and other stromal
cells (endothelial, immune, and nerve cells), all of which have
the potential to influence local growth and distant spread of
pancreatic tumors.

PANCREATIC STELLATE CELLS (PSCs)
PSCs were first described by Watari et al. (1982). These resident
cells of the pancreas are predominantly periacinar in location
and comprise 4–7% of total pancreatic parenchymal cells. In the
healthy pancreas, PSCs are in a quiescent state and exhibit abun-
dant vitamin A containing lipid droplets in their cytoplasm (Apte
et al., 1998). Similar cells exist in the liver—hepatic stellate cells
(HSCs). HSCs were first described by Kupffer in 1876 but were
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FIGURE 1 | Histology of pancreatic cancer: Hematoxylin and eosin

stained section of a human pancreatic cancer section showing tumor

elements (thin arrows) embedded in an abundant collagenous stroma

(thick arrows) (previously unpublished figure).

brought into modern prominence by the work of Ito (1951) and
Wake et al. (1987). Since that time, HSCs have been acknowledged
as the principal site of storage of vitamin A in the body as well as
being (when activated) the principal effector cells of liver fibro-
sis. It is now well-established that HSCs have a range of functions
encompassing extracellular matrix (ECM) homeostasis, fibrosis,
retinoid metabolism, liver development and regeneration, and
immunomodulation (Lee and Friedman, 2011).

PSCs were first isolated by Apte et al. (1998) and this achieve-
ment opened up the field of pancreatic fibrogenesis as the cells
could now be studied in vitro and in vivo. Since 1998, PSCs have
been extensively characterized and their roles in fibrogenesis and
tumor stromal interactions have been delineated in some detail
(Apte et al., 2012).

PSCs express desmin, glial fibrillary acid protein (GFAP),
vimentin, and nestin (intermediate filament proteins) as well as
the neuroectodermal markers such as nerve growth factor (NGF)
and neural cell adhesion molecule; the expression of these selec-
tive markers differentiates PSCs from fibroblasts (Figure 2). At
the ultrastructural level they feature a prominent rough endoplas-
mic reticulum, collagen fibrils, and lipid droplets surrounding a
central nucleus. With their ability to produce ECM proteins as
well as the enzymes that degrade ECM proteins [matrix metallo-
proteinases (MMPS)], and inhibitors of MMPs [tissue inhibitors
of metalloproteinases (TIMPS)], PSCs are thought to play a pri-
mary role in maintenance of normal pancreatic architecture.
However, when activated, during pancreatic injury, the cells lose
their lipid droplets, express α-smooth muscle actin (α-SMA),
proliferate, migrate, and produce excessive amounts of ECM pro-
teins, resulting in a loss of the balance between ECM production
and degradation and leading eventually to fibrosis. During an
acute episode of pancreatic injury, PSCs are activated early, and
secrete excess ECM proteins that lay down a lattice for regener-
ating epithelial cells. As the injury resolves, activated PSCs are
lost most likely through apoptosis (Tahara et al., 2008; Vonlaufen
et al., 2011). MMPs secreted by the remaining PSCs degrade
the excess fibrosis resulting in restitution of normal pancreatic

histology. However, with repeated or sustained injury, PSCs can
attain a perpetually activated state, since the cells can secrete their
own cytokines and growth factors, which in turn can activate
PSCs via selected receptors on the cell surface (Mews et al., 2002;
Masamune et al., 2009). Thus, even in the absence of the original
triggers, PSCs can remain in their activated state eventually being
responsible for the development of pathological, often irreversible
fibrosis.

While most of the initial research attention was directed
toward elucidating the mechanisms responsible for PSC-
mediated pancreatic fibrosis, it is becoming increasingly clear that
PSCs may have several additional functions in health and disease.
These include:

i. Role in pancreatic exocrine secretion: The secretagogue chole-
cystokinin (CCK) has been shown to directly stimulate
exocrine secretion from rodent pancreatic acinar cells by
binding to CCK receptors on the cell surface. However, there
has been some controversy in the published literature regard-
ing the direct effects of CCK on human pancreatic acinar
cells, with Ji et al. reporting in 2001 and 2002 (Ji et al.,
2001, 2002) that human acinar cells did not exhibit func-
tional CCK receptors, a finding that was later countered
by Murphy et al. (2008) who reported that isolated human
pancreatic acini responded to physiological CCK concentra-
tions by exhibiting the expected oscillatory rise in cytosolic
calcium and by secreting amylase. In view of the close asso-
ciation of PSCs with the basolateral aspects of acinar cells, it
has been postulated that in the human pancreas, PSCs may
provide an alternative/additional pathway for CCK-mediated
enzyme secretion by acting as intermediary cells in the CCK-
stimulated secretory pathway. This concept is supported by
the observations that (a) PSCs express both types of (CCK)
receptors; (b) upon exposure to CCK, PSCs synthesize and
secrete acetylcholine which can then act on muscarinic recep-
tors on acinar cells leading to digestive enzyme release; and (c)
PSC-mediated amylase secretion by acinar cells can be inhib-
ited by the muscarinic receptor antagonist, atropine (Phillips
et al., 2010).

ii. Role in innate immunity (Masamune et al., 2008a; Shimizu
et al., 2012): PSCs express Toll-like receptors (TLR 2, 3, 4, 5,
and 9) which recognize foreign pathogen-associated molec-
ular patterns (PAMPs) and have been shown to be able to
phagocytose necrotic and apoptotic cells. These functions
suggest that the cells may have an “innate” immune func-
tion which protects local parenchyma, thereby limiting tissue
damage during early pancreatic injury. However, the role of
PSCs in acquired immunity is not as clear. Unlike their hep-
atic counterparts, PSCs do not express any antigen-presenting
cell markers such as MHC class II or HLA-DR molecules.
The reason for this difference between HSCs and PSCs is
not known, but may reflect the fact that HSCs are rou-
tinely exposed to numerous antigens via the portal circulation
resulting in the cells acquiring functions of antigen presenting
cells, while PSCs are relatively protected within the pancreas.

iii. Role as progenitor cells (Mato et al., 2009; Kordes et al., 2013):
Mato et al. (2009) used mitoxantrone (a compound that acts
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FIGURE 2 | Human pancreatic stellate cells (PSCs) in culture. Immunocytochemical analysis of primary cultures of human PSCs exhibiting desmin and glial
fibrillary acidic protein (GFAP) staining. Insets: Negative control (previously unpublished figure).

through multidrug transport systems) to isolate and expand
a population of mitoxantrone-resistant pancreatic cells from
lactating rats. They reported that these selected cells exhibited
a morphology identical to PSCs, with vitamin-A contain-
ing lipid droplets in the cytoplasm. The cells also expressed
ABCG2 transporter (ATP-binding cassette G2 transporter—
a stem cell marker) and when incubated with an appro-
priate differentiating medium, were able to secrete insulin.
More intriguingly, a recent study by Kordes et al. (2013) has
reported that clonally expanded rat PSCs, when injected into
hepatectomized recipient rats, were able to migrate to the
liver and to reconstitute large parts of the liver by differen-
tiating into hepatocytes and cholangiocytes, whereas muscle
fibroblast did not show any such transformations.

iv. Role in cancer progression (Apte et al., 2013): There is now
incontrovertible evidence from both in vivo and in vitro stud-
ies for a central role for PSCs in promoting local growth of
pancreatic tumors as well as facilitating regional and distant
spread of pancreatic cancer cells.

INTERACTIONS BETWEEN PSC AND PANCREATIC CANCER
CELLS, ENDOTHELIAL CELLS, IMMUNE CELLS, AND NEURAL
CELLS
EVIDENCE FROM IN VIVO STUDIES
The role of PSCs in pancreatic cancer biology was initially stud-
ied in xenograft models and more recently has been examined
using transgenic animal models of the disease. The earliest study
in this area was published by Bachem et al. (2005), who used a
subcutaneous xenograft model in immunocompromised mice to
demonstrate increased growth of pancreatic cancer cells when co-
injected with PSCs into the flanks of mice. The tumors produced
in mice injected with both cell types were significantly larger than
those in mice injected with cancer cells alone, exhibiting increased
fibrosis as well as enhanced cancer cell proliferation. These obser-
vations suggested that, in addition to producing the collagenous
stroma, PSCs also directly stimulated cancer cell growth.

Although the above findings were of interest, it is well-known
that subcutaneous xenograft models of pancreatic cancer have an
important limitation—the natural tumor microenvironment is

absent in these models. Therefore, orthotopic tumors produced
by implantation/injection of cancer cells directly into the pan-
creas are a preferred option. Such cells would be exposed to the
same microenvironment as may be expected in human pancreatic
cancer and would also have the capacity to metastasize, further
simulating the human condition.

In recent years, several studies have reported orthotopic mod-
els of pancreatic cancer involving direct implantation/injection
into the mouse pancreas of human pancreatic cancer cells
(MiaPaCa-2, BxPC-1, AsPC-1) with or without human PSCs
(hPSCs) (Hwang et al., 2008; Vonlaufen et al., 2008a; Xu et al.,
2010). The presence of hPSCs enhanced local tumor growth as
well as regional and distant metastasis. Tumors composed of both
cancer cells and hPSCs exhibited (i) bands of fibrosis (resem-
bling desmoplasia) containing α-SMA positive (activated) PSCs
(Figure 3); and (ii) increased proliferation and decreased apopto-
sis of cancer cells, suggesting that the presence of PSCs increased
the survival of cancer cells. These observations concur with those
seen with hPSCs and tumor cells in vitro (vide infra) and support
a role for PSCs in pancreatic cancer progression.

Orthotopic tumors produced by cancer cells + PSCs also
exhibited enhanced angiogenesis (as indicated by the upregula-
tion of the endothelial cell marker CD31) compared to tumors
produced by the injection of cancer cells only, suggesting that
PSCs stimulate angiogenesis in pancreatic cancer (Xu et al., 2010).
It must be noted here however, that angiogenesis in human pan-
creatic cancers may be more complex than that observed in
orthotopic models. Indeed, the central areas of advanced pan-
creatic tumors in humans are known to be very poorly perfused
and hypoxic, with only a few blood vessels evident on histologi-
cal examination; it is only the invading front of the cancers that
manifests neoangiogenesis (Erkan et al., 2009). These findings
are supported by in vitro work indicating that while the induc-
tive effect of PSCs on angiogenesis is well-demonstrated under
normoxic conditions, the same cannot be demonstrated under
hypoxic conditions (Erkan et al., 2009). Thus, the overall influ-
ence of PSCs on angiogenesis in pancreatic cancer (taking into
account the differences in oxygenation within the tumor) remains
to be fully clarified.
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FIGURE 3 | Orthotopic pancreatic tumor produced by injecting a mixture

of human pancreatic cancer cells (MiaPaCa-2) and human pancreatic

stellate cells into the pancreas of nude mice. (A) H and E staining of tumor
section showing prominent areas of fibrosis (desmoplasia) within the tumor.
Reprinted with permission Vonlaufen et al. (2008a). (B) Fibrosis was

quantitated by morphometry of Masson’s stained sections (not shown). The
graph depicts the significant increase in fibrosis in tumors produced by
injection of a mixture of PSCs and cancer cells (MiaPaCa-2), compared to
cancer cells alone. *p < 0.02; n = 10 mice/group (previously unpublished
data).

One of the well-documented features of human pancreatic
cancer is its resistance to chemotherapeutic agents and to radio-
therapy. It is possible that this resistance may be mediated, at
least in part, by the dense stroma produced by PSCs (Hanahan
and Weinberg, 2011). In support of this notion, it has been
shown that sequestration of chemotherapeutic agents such as
gemcitabine can occur in the tumor stroma, effectively reduc-
ing the amount of the drug that can reach cancer cells (Olive
et al., 2009). Furthermore, Mantoni et al. (2011) have reported
that PSCs protect cancer cells from radiation via a β1-integrin
dependent pathway.

As indicated above, in orthotopic models, PSCs have been
shown to promote tumor metastasis. Traditionally, only cancer
cells have been thought to possess metastatic capabilities, which
allow the cells to intravasate into blood vessels or lymphatics,
travel through the circulation, and extravasate at distant sites.
This concept has been challenged by the findings of Xu et al.
(2010) who, using a gender mismatch approach have demon-
strated that PSCs from the primary tumor can also be detected
at distant metastatic sites. The authors injected a mixture of
male human PSCs and female cancer cells (AsPC-1 cell line
from a female patient), into the pancreas of female mice. Using
fluorescent in situ hybridization, y chromosome positive cells
were detected not only in the primary tumors (as expected) but
also within metastatic nodules in the mediastinum, liver, and
diaphragm. These observations indicate that PSCs can travel to
distant metastatic sites (possibly with cancer cells), where they
may be reasonably postulated to play a role in the seeding,
survival, and proliferation of cancer cells. A subsequent study
reported similar findings in a model of lung cancer (Duda et al.,
2010) suggesting that metastasis can no longer be considered the
sole preserve of cancer cells.

In contrast to subcutaneous and orthotopic models where
tumors are produced in immunocompromised mice by
xenografts of human pancreatic cancer cells and PSCs, some

genetically engineered mouse (GEM) models exhibit the devel-
opment of spontaneous pancreatic cancer with a prominent
endogenously produced stromal reaction (Guerra and Barbacid,
2013). These models include KPC mice (KrasLSL−G12D/+;
Trp53LSL−R172H/+; Pdxcre/+), KPGC mice (KrasLSL−G12D/+;
Trp53LSL−R172H/+; R26LSL−GFP/+; Pdxcre/+), and TGFβ type
II receptor organ specific knockout in the mouse pancreas
(KrasLSL−G12D/+; TGFβr2floxflox; Ptf1acre/+). The lesions in these
models progress from preinvasive ductal changes (PanIN lesions)
to overt carcinoma and metastases, with an associated progres-
sive increase in the surrounding stromal reaction. Importantly,
activated PSCs have been observed in the earliest PanIN lesions
(Ijichi et al., 2011; Apte et al., 2013). These GEM models provide
an additional in vivo tool to assess the interactions between
cancer cells and an endogenous stromal reaction and also to trial
new therapeutic strategies in pancreatic cancer.

Evasion of the immune system is a well-recognized feature
of pancreatic cancer (Bayne et al., 2012). Pancreatic cancer tis-
sue is infiltrated with immune cells, such as T cells, B cells, NK
cells, neutrophils, and macrophages as well as myeloid-derived
suppressor cells (as the name suggests, MDSCs have a largely
immunosuppressive function) (Apte et al., 2013; Ene-Obong
et al., 2013; Hamada et al., 2013; Ino et al., 2013). Higher levels
of CD8+ T cell infiltration have been shown to correlate with a
better survival (Ene-Obong et al., 2013; Ino et al., 2013), while
macrophage and neutrophil infiltration as well as high levels of
MDSCs have been reported to be associated with poor survival
(Gabitass et al., 2011; Ino et al., 2013). It has been demonstrated
that cancer cells can evade the host immune system by producing
granulocyte-macrophage colony-stimulating factor to suppress
anti-tumor T cell immunity (Bayne et al., 2012).

Recent studies suggest that PSCs may also aid immune eva-
sion. PSCs in the stroma of PanIN lesions and around cancer
cells produce galectin-1, a β-galactoside-binding protein (Chen
et al., 2012), that binds to N-acetyllactosamine on membrane
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glycoproteins and induces apoptosis in T cells thus suppress-
ing the immune response (Tang et al., 2012). Ene-Obong et al.
(2013) have reported that activated PSCs reduce the migra-
tion of CD8 positive T cells toward cancer cells in both human
PDAC and the KPC mouse model of pancreatic cancer. Fibroblast
activation protein-α (FAP-α), known to be expressed by stro-
mal cells, is another protein that has been reported to disrupt
anti-tumor immunity. Depletion of the cells expressing FAP-α
enabled immune response-associated tumor regression, support-
ing the notion that FAP-α might act as an immune suppressor in
pancreatic cancer (Kraman et al., 2010). Most recently, another
type of immune cell, the mast cell, has been reported to play
a role in pancreatic cancer progression. Using an orthotopic
model of pancreatic cancer, Chang et al. (2013) have reported
that cancer growth is significantly hampered in mast cell defi-
cient Kit mice, while the reconstitution of mast cells in these
mice from the bone marrow of wild type mice significantly
enhanced tumor growth. Interestingly, as detailed later in this
review, PSCs have been shown to activate mast cells in vitro (Ma
et al., 2013), suggesting cross-talk between these two cell types in
the stroma.

Taken together, the above studies suggest that PSCs may nega-
tively modulate immune responses.

EVIDENCE FROM VITRO STUDIES
Findings derived from mouse models and observations on
resected human tissue are supported by a number of in vitro
studies which have confirmed a close bi-directional interaction
between pancreatic cancer cells and PSCs.

When PSCs are exposed to cancer cells (either by co-culture
or by using conditioned media), they are activated and man-
ifest increased proliferation, migration, and ECM production
(Apte and Wilson, 2012). In turn, PSCs stimulate cancer cell
proliferation and inhibit cancer cell apoptosis thereby facilitat-
ing cancer cell survival (Vonlaufen et al., 2008b). PSCs have
also been shown to promote cancer cell migration, during which
cancer cells exhibit features of epithelial-mesenchymal transition
(EMT) namely, decreased levels of epithelial markers such as
E-cadherin concurrent with increased expression of mesenchy-
mal markers (vimentin and Snail) (Fujiwara et al., 2013). It is
possible that EMT is responsible (at least in part) for the PSC-
induced increased migration of cancer cells. Most recently, a study
by Bachem et al. (Lu et al., 2014) has demonstrated that PSC-
induced cancer cell migration is dependent on collagen I secreted
by PSCs; interaction of cancer cells with collagen I enhances the
α2/β1 integrin-focal adhesion kinase (FAK) signaling pathway
that regulates migration of cancer cells.

While the above effects of PSCs on cancer cells are of signif-
icant interest, researchers have also been mindful of the known
heterogeneity of pancreatic cancer with respect to rate of pro-
gression. This has led to studies examining whether all PSCs
uniformly exert the same effects on cancer cells. Interestingly, a
subpopulation of PSCs that express CD10 (a cell membrane asso-
ciated matrix metalloproteinase), has been reported to induce
significantly greater effects on cancer cell proliferation and inva-
sion than CD10− PSCs (Ikenaga et al., 2010). These findings
indicate that functional heterogeneity between PSC populations

may dictate the ultimate effects of these cells on cancer cell
behavior.

One of the major factors responsible for the poor prognosis
of pancreatic cancer is its propensity for recurrence, with recur-
rent tumors postulated to arise from a niche of drug resistant
cancer stem cells. Recent evidence suggests that PSCs may play
a role in facilitating such a stem cell niche in pancreatic cancer.
Hamada et al. (2012) have reported that pancreatic cancer cells
in co-culture with PSCs show increased expression of stem cell
related genes such as nestin, ABCGZ, and LIN28, supporting the
possibility that a PSC-facilitated cancer stem cell niche may be
one of the factors responsible for recurrence of pancreatic cancer.

As the interactions between cancer cells and PSCs have become
increasingly recognized, factors mediating these interactions have
also attracted much interest. The increased proliferation of
PSCs induced by cancer cells is likely mediated by platelet-
derived growth factor (PDGF, a known mitogen for many cell
types), which stimulates mitogen-activated protein kinase signal-
ing (MAPK) in PSCs (Vonlaufen et al., 2008a). Recent studies
have also implied that cancer cell-stimulated PSC proliferation is
mediated by cyclooxygenase 2 (the inducible form of cyclooxy-
genases, which are enzymes involved in the conversion of arachi-
donic acid to prostaglandin Yoshida et al., 2005) and by trefoil
factor 1 (a stable secretory protein that is upregulated in pancre-
atic cancer but is not expressed in normal pancreas) (Arumugam
et al., 2011). The increase in ECM synthesis by PSCs upon expo-
sure to cancer cells is thought to be mediated by transforming
growth factor beta 1 (TGFβ1) and fibroblast growth factor 2
(FGF2) (Bachem et al., 2005).

Factors mediating the effects of PSCs on cancer cells remain
to be fully elucidated. Since cancer cells express receptors for
PDGF and PSCs have the capacity to secrete PDGF, it has been
postulated that this growth factor mediates the PSC-induced pro-
liferation of cancer cells (Vonlaufen et al., 2008a). PSCs also
secrete a cell adhesion protein named periostin, which has been
found to increase the growth of cancer cells and their resistance
to serum starvation and hypoxia (Erkan et al., 2007). Other can-
didate mediators that require further study include growth factors
such as EGF, insulin-like growth factor (IGF), hepatocyte growth
factor (HGF), and TGFβ as well as a variety of proinflamma-
tory cytokines. Notably, ERK1/2 and Akt have been identified as
the intracellular signaling pathways that regulate the response of
cancer cells (increased migration, invasion, and colony forma-
tion) to PSC secretions (Hwang et al., 2008; Vonlaufen et al.,
2008a).

The observed effects of PSCs on angiogenesis and metastatic
spread in vivo (described earlier) are strongly supported by
in vitro studies. PSCs have been shown to stimulate tube
formation (a measure of angiogenesis) of human microvascu-
lar endothelial cells, an effect mediated by vascular endothe-
lial growth factor (VEGF) secreted by PSCs (Xu et al., 2010).
Under normoxic conditions, PSCs also induce endothelial cell
proliferation, an effect again mediated by VEGF (Erkan et al.,
2009). However, this proliferative effect of PSCs on endothe-
lial cells was inhibited under hypoxic conditions (simulating the
hypoxia in the center of a dense desmoplastic stroma), partic-
ularly in the presence of cancer cells (Erkan et al., 2009). On
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the other hand, hypoxia itself was shown to significantly increase
PSC activation and ECM synthesis (Masamune et al., 2008b).
Thus, the interplay between vessel density/oxygenation at dif-
ferent sites within the tumor (central vs. peripheral) and PSC
activation, as well as the influence of PSCs on endothelial cell
function under varying oxygen concentrations requires further
study.

The ability of PSCs to travel from the primary tumor to
metastatic sites (noted earlier) implies that PSCs can migrate
through an endothelial layer. Using a Boyden chamber method
with a porous membrane coated by a monolayer of endothe-
lial cells, Xu et al. (2010) have shown that PSCs can invade
and migrate through the endothelial cell layer, an effect that is
enhanced in the presence of cancer cell secretions. This cancer
cell-induced transendothelial migration of PSCs is mediated by
PDGF in cancer cell secretions.

As noted earlier, pancreatic cancer cells have the ability to
escape immune surveillance despite the presence of significant
leukocyte infiltration in the stroma. There is in vivo evidence to
suggest that PSCs may play a role in this immune evasion by
sequestering CD8+ T cells and reducing their infiltration around
tumor cells, thus preventing the T cells from exerting their anti-
tumor effects. In vitro support for this concept comes from studies
showing that PSCs exert a chemotactic effect on CD8+ T cells,
and that this effect is mediated by the PSC-derived chemokine
CXCL12 (Ene-Obong et al., 2013). Interactions between PSCs
and mast cells have also been recently characterized (Ma et al.,
2013). PSCs have been shown to activate mast cells in vitro pro-
moting tryptase and IL13 release from the latter; these mast
cell-derived factors have been shown to stimulate cancer cell
proliferation. Mast cells also induce PSC proliferation, an effect
mediated by IL13. Most recently, IL6 secreted by PSCs has been
implicated in PSC-induced migration of the immunosuppressive
cells MDSCs (Mace et al., 2013); as noted previously, high levels
of MDSCs in pancreatic cancer tissue have been associated with
reduced overall survival (Gabitass et al., 2011).

Compared to the interactions of PSCs with cancer cells,
endothelial cells, and immune cells described above, little is
known about the interaction of PSCs with neural elements in
the desmoplastic reaction. However, extensive neural remodel-
ing is known to occur in pancreatic cancer with the cancer
stroma revealing neural hypertrophy and increased neural den-
sity (Ceyhan et al., 2010). It noteworthy that PSCs themselves
express the neural markers GFAP and nestin, and also produce
the neurotrophic factors NGF, brain-derived neurotrophic factor,
and neurotrophin 45 (Haas et al., 2009; Demir et al., 2012). Thus,
it would be reasonable to postulate that PSCs may act as neu-
ral elements in the tumor stroma, affecting the growth of nerves
(via secretion of ECM components collagen and fibronectin and
the neurotrophic factors noted above) and survival of cancer cells
that express receptors for neurotrophic factors. This hypothesis
is supported by a report by Ceyhan et al. (2009) demonstrating
a positive correlation between the extent of desmoplasia and the
degree of neural invasion in human PDAC.

Figure 4 summarizes the interactions between PSCs and pan-
creatic cancer cells as well as those between PSCs and other
stromal cells that may promote cancer growth and spread.

DO PANCREATIC STELLATE CELLS PLAY A ROLE IN THE
EARLIEST STAGES OF PANCREATIC CANCER?
While the role of PSCs in advanced pancreatic cancer is now well-
accepted, evidence is also accumulating to suggest that PSCs may
be activated at the earliest stages of pancreatic carcinogenesis,
i.e., around PanIN lesions. Pandol et al. (2012) have described
a distinct stromal reaction comprising extensive collagen depo-
sition and α-SMA positive activated PSCs around PanIN lesions
(Figure 5) which eventually lead to overt pancreatic cancer in a
mouse model overexpressing KrasG12D. Similarly periostin (solely
expressed by PSCs) has been observed in intraductal papillary
mucinous neoplasms of the human pancreas (Fukushima et al.,
2008), further supporting the idea that PSCs are activated early
in the neoplastic process. Recent in vitro studies have confirmed
an interaction between PanIN cells and PSCs. Exposure of PSCs
to PanIN cells isolated from KrasG12D mice significantly increased
PSC proliferation, activation (α-SMA), fibronectin synthesis, and
MMP expression (Pandol et al., 2012), indicating that preneoplas-
tic cells have the capacity to activate PSCs in the early stages of
carcinogenesis.

Based on findings reported by Funahashi et al. (2007), recip-
rocal effects of PSCs on PanIN cells which could facilitate pro-
gression to overt PDAC may also be postulated. The authors have
shown that nimesulide, a selective inhibitor of COX-2 (which
as noted earlier, is expressed by PSCs and implicated in PSC-
cancer interactions), retards the progression of pancreatic cancer
precursor lesions in a GEM model.

THERAPEUTIC TARGETING OF STROMA IN PANCREATIC
CANCER
Clinical outcome in pancreatic cancer has not improved sig-
nificantly over many decades. The usual regimens of surgery,
radiotherapy, and chemotherapy benefit only a small minority of
patients, and even in these patients, the chances of recurrence and
emergence of chemoresistant cancers are high. The majority of
patients are either not suitable for surgery at diagnosis or develop
resistance to single chemotherapeutic agents. In a bid to address
drug resistance, combination therapies have been trialed where
the standard chemotherapeutic agent gemcitabine is combined
with other agents such as Folfirinox (comprising 5-fluorouracil,
leucovorin, irinotecan, and oxaliplatin) or with targeted drugs
such as growth factor inhibitors or with soluble taxanes such as
Abraxane. The most recent studies combining gemcitabine with
Abraxane (nab-Paclitaxel) (Von Hoff et al., 2013) or Folfirinox
(Conroy et al., 2011) have reported an increase in overall survival,
but the benefit is marginal (a few months increased survival).
Thus, it is clear that a new approach is required to improve the
prognosis of this disease.

For reasons already discussed, strategies are now being devel-
oped to target not only cancer cells but also the desmoplastic
reaction, and initial studies have been focused on ways to inhibit
PSC activation.

One of the signaling factors known to mediate PSC activation
is the Hedgehog pathway (which is essential for embryonic devel-
opment, but usually not detectable in adult healthy pancreas)
(Bailey et al., 2008). This pathway has been also been implicated
in stem cell regulation and neoplasia (Thayer et al., 2003). Binding
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FIGURE 4 | Schematic diagram depicting the interactions between

activated pancreatic stellate cells and pancreatic cancer cells, as well as

pancreatic stellate cells and other stromal cells (endothelial cells,

immune cells, and neuronal cells), all of which may promote pancreatic

cancer progression. The dashed arrow between PSCs and neuronal cells

indicates that although an interaction between these two cell types may be
reasonably postulated, direct experimental evidence in support of this
concept has not yet been reported. Abbreviations: PSCs, pancreatic stellate
cells; MC, mast cells; MDSC, myeloid derived suppressor cells; ECM,
extracellular matrix.

FIGURE 5 | Presence of α-smooth muscle actin positive activated

pancreatic stellate cells in stroma surrounding early PanIN lesions in

(A) humans and (B) transgenic mice. Reprinted with permission Apte
et al. (2013).

of the Hedgehog ligand (Sonic, Indian, and Desert Hedgehog) to
its receptor Patched releases the co-receptor Smoothened from
repression and results in translocation of the transcription factor
Gli-1 from the cytoplasm to the nucleus where it regulates genes
involved in cell differentiation, proliferation, apoptosis, adhesion,
and migration. Abnormal activation of Hedgehog pathway has
been reported in several cancers including basal cell carcinoma,
lung, prostate, and pancreatic cancer. Inhibition of Smoothened
by cyclopamine or its derivative IPI-926 in transgenic mod-
els of pancreatic cancer has been recently studied (Feldmann
et al., 2007; Olive et al., 2009). Cyclopamine marginally increased

median survival by 6 days, while treatment of mice with IPI-926
in combination with gemcitabine, resulted in increased delivery
of the chemotherapeutic agent to cancer cells, but had only a
transient effect on improved blood vessel density and extension of
median survival. Subsequently, Hwang et al. (2012) used another
Smoothened inhibitor AZD8542 in an orthotopic model of pan-
creatic cancer produced by implantation of a mixture of PSCs
and cancer cells in the pancreas. AZD8542 was reported to reduce
tumor volume, metastasis, and Hedgehog downstream signaling
activity. Based on these encouraging pre-clinical reports, clinical
trials using Hedgehog inhibitors were commenced. Unfortunately
the phase II trial with IPI-926 had to be abandoned prematurely
due to decreased survival of patients in the treatment arm. The
lack of translation of the preclinical findings to the clinical setting
may reflect the fact that preclinical models do not fully capture
the heterogeneity of human pancreatic cancer, or that the pre-
clinical findings need to be better confirmed using a range of
experimental settings.

Taxanes such as Paclitaxel and Docetaxel have been used as
chemotherapeutic agents in a variety of cancers. The compounds
act by preventing microtubule depolymerization and interfering
with the cell cycle, but their use is hampered by their toxicity and
insolubility in water. Nanoparticle albumin complexed paclitaxel
(nab-paclitaxel) was developed to overcome the issues of solu-
bility and to enhance drug delivery through albumin facilitated
receptor-mediated transcytosis (Yardley, 2013). Administration
of nab-paclitaxel alone or in combination with gemcitabine in
a patient-tumor-derived subcutaneous xenograft model depleted
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the stroma in the tumors and increased perfusion via an increase
in blood vessel diameter with consequent improved delivery of
gemcitabine to tumor cells (Von Hoff et al., 2011). The mecha-
nisms mediating the effects of nab-paclitaxel on the stroma are
unknown. However, with regard to the anti-cancer effects, it is
postulated that the albumin in nab-paclitaxel is bound by secreted
protein acidic and rich in cysteine (SPARC), an albumin bind-
ing glycoprotein that is overexpressed in pancreatic cancer stroma
(Neuzillet et al., 2013), leading to accumulation of nab-paclitaxel
near tumor cells (Yardley, 2013). Furthermore, nab-paclitaxel
may increase the availability of gemcitabine within tumor tissue
by inducing the generation of reactive oxygen species within can-
cer cells, leading to inhibition of cytidine deaminase and conse-
quently decreased metabolic inactivation of gemcitabine (Yardley,
2013). As noted earlier, a recent Phase 3 trial has compared the
effects of nab-paclitaxel plus gemcitabine to gemcitabine alone in
patients with metastatic pancreatic cancer (Von Hoff et al., 2013).
The combination was found to significantly improve overall sur-
vival as well as progression-free survival compared to gemcitabine
alone (8.5 vs. 6.7 months and 5.5 vs. 3.7 months, respectively).
Although the improvements may be regarded as modest, the
results support the concept that targeting the stroma in addition
to cancer cells may be a potentially beneficial approach.

With regard to targeting the immune cells in PDAC stroma,
Beatty et al. (2011) have demonstrated in the KPC mouse
model of pancreatic cancer that activation of CD40, a mem-
ber of the TNF receptor superfamily, activates macrophages
in the stroma and results in apoptosis of cancer cells as well
as a reduction in stromal collagen. Activation of CD40 was
achieved by systemic administration of a CD40 agonist mon-
oclonal antibody to KPC mice. Using a similar approach in a
Phase I study in a small number of chemotherapy-naïve advanced
pancreatic cancer patients, the authors have reported that the
antibody in combination with gemcitabine was well-tolerated
with some evidence of anti-tumor activity, but with heteroge-
neous responses particularly with regard to metastatic lesions
(Beatty et al., 2013). Thus, larger randomized controlled tri-
als will be needed before the role of a CD40 agonist mono-
clonal antibody in pancreatic cancer treatment can be clearly
determined.

Other compounds that have been used to target the stroma,
but so far only in preclinical models, include:

i. Angiotensin II receptor antagonists: Angiotensin II, a com-
ponent of the renin-angiotensin system, has been shown
to induce PSC proliferation, ECM synthesis and migration,
and to increase the production of growth factors by PSCs.
Thus, angiotensin II receptor blockade, already in clinical
use in hypertension, has been recently assessed in a sub-
cutaneous xenograft model of pancreatic cancer. Using the
inhibitor olmasartan, Masamune et al. (2013) report a sig-
nificant decrease in primary tumor growth accompanied by
decreased α-SMA staining and ECM production in mice
injected with a mixture of PSCs and cancer cells, but not in
mice injected with cancer cells alone. Similarly, using losar-
tan (another Angiotensin II receptor inhibitor), Chauhan
et al. (2013) have reported decreased αSMA positive cells, and

reduced collagen and hyaluronan production in the stroma of
pancreatic cancer in an orthotopic mouse model.

ii. Pirfenidone (a pyridone compound known to be an effec-
tive antifibrotic agent in idiopathic pulmonary fibrosis):
Treatment with this compound using subcutaneous and
orthotopic models of pancreatic cancer has been reported
to decrease the growth of tumors produced by the injection
of a mixture of pancreatic cancer cells and PSCs, but not
that of tumors produced by cancer cells alone (Kozono et al.,
2013). In vitro studies showed that pirfenidone inhibited PSC
proliferation, invasion, and migration, and interrupted the
interaction between pancreatic cancer cells and PSCs; these
effects were associated with decreased expression of PDGF-
A, HGF, periostin, collagen type I, and fibronectin in PSCs, as
well as reduced PSC activation (decreased α-SMA expression)
(Kozono et al., 2013). The findings suggest that pirfenidone
regulates PSC function and inhibits cancer growth.

iii. PEGylated human recombinant PH20 hyaluronidase
(PEGPH20): This compound enzymatically degrades one
of the predominant components of the ECM, hyaluronan.
PEGPH20 treatment of KPC mice resulted in stromal
depletion and decompression of tumor vessels leading to
an increase in tumor vascular patency without increasing
vessel density. PEGPH20 also increased fenestrations in
endothelia and interendothelial junction gaps that increased
the permeability of the endothelium to macromolecules.
When combined with gemcitabine, PEGPH20 treatment
improved the delivery of gemcitabine to tumor cells inhibit-
ing tumor growth and extending the median survival of the
mice (Provenzano et al., 2012; Jacobetz et al., 2013).

iv. Phytonutrients ellagic acid and embelin: Ellagic acid is a
polyphenol found in a variety of nuts and fruit, while embelin
is a phytochemical from a Japanese herb Arsidae Japonicae.
These compounds have been reported to decrease prolifera-
tion and increase apoptosis of cancer cell as well as stellate
cells resulting in significantly reduced tumor volumes in a
xenograft model of pancreatic cancer (Edderkaoui et al.,
2013).

In conclusion, it is now abundantly clear that the prominent stro-
mal/desmoplastic reaction of pancreatic cancer can no longer be
dismissed as a mere epiphenomenon of carcinogenesis. Indeed,
available evidence strongly indicates that this stromal reaction,
and in particular the cells responsible for its production, PSCs,
likely play a key role at the earliest stages of pancreatic cancer
development. Therefore, all components of this reaction (stromal
cells and collagenous matrix) warrant attention as potentially use-
ful, additional therapeutic targets in this disease. The challenge in
this field of research will be to ensure that preclinical testing is
carried out with experimental models (or a range of models) that
not only closely simulate the pathology, but also account for the
heterogeneity of human pancreatic cancer, so as to successfully
translate research findings into clinically effective therapies.
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Although a causal link between chronic inflammation and cancer has been established,
the exact molecular mechanism linking inflammation to cancer remains largely unknown.
It was previously postulated that molecular switches responsible for cancer cell
development, and for infiltration of inflammatory cells into cancer, were divided into a
distinct set of intracellular proteins and signaling pathways. However, recent evidence
suggests that both tumor cells and tumor-infiltrating immune cells utilize the same kinases,
mostly that of Src family, to facilitate cancer development and progression. In the past few
years several groups have found that Src activation both in cancer and inflammatory cells is
mainly driven by pro-inflammatory cytokines within the tumor microenvironment. Here we
evaluate the cross talks between Src kinase pathways in immune cells and cancer cells.
We conclude that Src might serve as a critical mechanistic link between inflammation
and cancer, mediating and propagating a cycle between immune and tissue cells that can
ultimately lead to the development and progression of cancer.

Keywords: inflammation, cancer, Src, cytokines, chronic pancreatitis, pancreatic cancer

INTRODUCTION
Inflammation is a vital defensive response that serve critical
roles in a variety of physiological situations, and when dysreg-
ulated, can contribute to the pathogenesis of many diseases.
Chronic inflammation is a well-documented risk for promot-
ing cancer (Coussens and Werb, 2002; Balkwill et al., 2005;
Mantovani et al., 2008), particularly in the pancreas and GI
tract (Guerra et al., 2007; Terzić et al., 2010). Chronic pancre-
atitis is long-standing inflammation of the pancreas associated
with an increased risk (∼20-fold) for pancreatic cancer. This
projects a serious clinical problem as pancreatic cancer is a highly
lethal disease with the worst prognosis of all the major malig-
nancies; for all stages combined, and a 5-year survival rate of
5% (Yadav et al., 2011). Similarly, uncontrolled inflammatory
bowel disease poses a significant risk factor for colorectal can-
cer. When compared to the general population matched for age,
sex, and years at risk, there is a 18-fold increase in Crohn’s dis-
ease and a 19-fold increase in ulcerative colitis, (Bernstein et al.,
2001; Eaden et al., 2001; Itzkowitz and Yio, 2004; Ullman and
Itzkowitz, 2011). Interestingly, many environmental cancer risk
factors, including alcohol overuse, smoking, chronic infections
and obesity, can trigger some form of chronic inflammation,
largely in the pancreas and colon (Trinchieri, 2012). These envi-
ronmental risk factors seemingly facilitate the development and
progression of cancer mostly through the induction of chronic
persistent inflammation in these tissues.

Although many studies point to an association between
inflammation and cancer, the mechanistic signaling basis of

Abbreviations: LPS, lipopolysaccharides; TNF-α, tumor necrosis factor; IL-1,
interleukine 1; IL-6, interleukine 6; MCP-1, monocyte chemoattractant protein-
1; MIP-1, macrophage inflammatory protein 1; MIP-2, macrophage inflamma-
tory protein 2; SDF-1, stromal cell-derived factor 1; PI3K, phosphatidylinositol-3
kinase.

this linkage is not well understood. The importance of Src
family kinases in colon and pancreatic cancer development is
known for many years and is well established (Staley et al.,
1997; Lutz et al., 1998; Aligayer et al., 2002). Recent evi-
dence has shown that Src signaling network is also very
important in movement and infiltration of immune cells into
tumor (Balkwill, 2004; Kulbe et al., 2004). Several groups have
found that Src activation in cancer and immune inflamma-
tory cells are mediated by inflammatory cytokines within the
tumor microenvironment. Given that Src is overactive in both
tumor cells and in tumor-infiltrating immune cells, and is also
involved in cytokine-mediated cross talk between cancer and
inflammatory cells—Src may be a critical link between inflam-
mation and cancer. We illustrate and expound on this con-
cept using the model of chronic pancreatitis and pancreatic
cancer.

PERSISTENT INFLAMMATION INCREASES CANCER RISK
IN PANCREAS
Chronic pancreatitis highlights an important role for chronic
inflammation in the development of cancer. Chronic pancreati-
tis is the most consistent risk factor for pancreatic cancer and
alone increases the risk of developing pancreatic cancer by 10–20-
fold (Dítě et al., 2012). Many of the environmental cancer risk
factors can initially induce chronic inflammation that subse-
quently leads to pancreatic cancer. Recurrent pancreatic injury
from alcohol abuse, smoking, high-fat diet, diabetes, and genetic
predisposition, induces a pro-inflammatory environment con-
sisting of various types of immune cells, cytokines, chemokines,
and growth factors that, when dysregulated and persistent, can
ultimately lead to the development and progression of cancer
(Lowenfels et al., 2001; Shoelson et al., 2007; Pannala et al., 2009;
Momi et al., 2012).
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Alcohol abuse is a major cause of acute and chronic pancre-
atitis. The disease usually presents as an acute episode of pan-
creatitis and progress with additional exacerbations that can lead
to chronic pancreatitis, characterized by a sequence of necrotic
and fibrotic events. The initial tissue injures are associated
with cytokine release during necro-inflammation and appears to
include premature intracellular activation of digestive enzymes,
leading to autodigestion. Alcohol metabolism causes release of
endogenous hydrolases from pancreatic lysozymes, which are
responsible for premature activation of trypsinogen leading to
intrapancreatic autodigestion and inflammation (Talamini et al.,
1999). Reactive oxygen species generated results in further pan-
creatic tissue injury, and further release of pro-inflammatory
cytokines and chemokines (Shi et al., 2005).

In addition, alcohol when combined with cigarette smoking
exacerbates the chronic inflammatory process (Go et al., 2005;
Maisonneuve et al., 2005; Wiśniewska et al., 2013). Cigarette
smoking contributes to the development of chronic pancreati-
tis by inducing cytokine release and inflammation. Smoking is
the major risk factor for the development of pancreatic can-
cer accounting for 20–30% of cases (Lowenfels et al., 2001). In
experimental models, nicotine stimulated an acute inflammatory
reaction in the pancreas, which progressed to chronic pancreati-
tis after repeated sessions of smoking-induced acute pancreatic
inflammation. These nicotine-induced inflammatory events are
clearly associated with the release of pro-inflammatory cytokines
(Nordskog et al., 2003).

Both central and overall obesity are associated with increased
risk for pancreatic cancer (Pannala et al., 2009). Although the
exact mechanism of obesity to pancreatic cancer is unclear, the
major issues revolve around chronic inflammation, glucose intol-
erance, hyperinsulinemia, insulin resistance, and oxidative stress.
Inflammation, along with the immune system plays a vital role
in the development of insulin resistance, diabetes, and ulti-
mately pancreatic cancer. Adipose tissue is involved in the release
of cytokines and chemokines including TNF-α, IL-6, MCP-1,
CXCL12, CCL5, CCL20, that lead to the recruitment of pro-
inflammatory cells into adipose tissue (Shoelson et al., 2007; Sell
et al., 2012). Obese individuals also exhibit lower circulating lev-
els of anti-inflammatory adipokines that sustains a low-grade
systemic inflammation.

Hereditary pancreatitis is a rare autosomal dominant con-
dition caused by gain-of-function mutations in the cationic
trypsinogen gene (PRSS1) and is responsible for <1% of all forms
of pancreatitis. Mutant PRSS1 gene causes premature activation
or impairs the deactivation of trypsin leading to recurrent injury,
cytokine release, and inflammation. The risk of developing pan-
creatic cancer is 53 times higher when compared to the risk in
unaffected individuals. Of the patients who progress to chronic
pancreatitis, the risk of developing pancreatic cancer by age 70
years is approximately 40%. Pancreatic inflammation also occurs
at a much younger age in this group of patients. In addition,
Lowenfels et al. reported a 2-fold increased risk of developing
pancreatic cancer in smokers with hereditary pancreatitis as com-
pared to non-smokers. Pancreatic cancer also developed 20 years
earlier in smokers than in non-smokers (Howes et al., 2004;
Rebours et al., 2009), suggesting that nicotine-induced release of

cytokines and inflammation can rapidly accelerate the promotion
and development of cancer in these patients.

INFLAMMATORY CELLS INFILTRATE TUMOR IN PANCREAS
Since the role of various immune cells (including lymphocytes,
granulocytes, and macrophages) in pancreatic inflammation and
cancer has been discussed elsewhere (Mantovani et al., 2008),
this review will focus on studies of macrophages as Src kinase-
dependent and cytokine-mediated linkage between inflammation
and cancer seems most apparent in these cells. Tumor-associated
macrophages are key players in pancreatic inflammation and can-
cer and an important source of cytokines (Feig et al., 2012; Liou
et al., 2013). As described above, chronic pancreatitis is often
initiated by environmental risk factors, leads to permanent dam-
age of pancreas, and is a consistent risk factor for pancreatic
cancer. Chronic pancreatitis is characterized by marked stroma
formation with a high number of infiltrating macrophages and
myofiroblastic-like stellate cells, which are believed to play a
central role in initiating inflammation and disease progression
(Erkan et al., 2012). In response to pancreatic injury (alcohol
abuse, cigarette smoking, obesity, mutations in genetically pre-
disposed persons, etc.), inflammatory signals and chemokines
production are upregulated leading to infiltration of leukocytes
and stellate cells to the damaged acinar cells. Inflammatory
cells that are recruited in turn secrete several cytokines, includ-
ing chemokines, interleukins, and interferons, that contribute to
cancer growth, invasion, and metastasis (Figure 1, Table 1).

Numerous experimental studies have suggested an important
role of macrophages in generating the microenvironment for
both chronic pancreatitis and tumor cells, thus highlighting a
similarity between stroma composition in chronic pancreatitis
and pancreatic cancer. Macrophages are derived from circu-
lating peripheral monocytes mostly in response to chemokine
monocyte chemoattractant protein 1 (MCP-1). Several other
chemokines, including MIP-1, MIP-2, and SDF-1, are also
increased at the site of inflammation attracting leukocytes and
tissue precursors to the injured pancreas (Spaeth et al., 2008).
In turn, macrophages, other leukocytes, and stellate cells, which
all infiltrate the tumor, release cytokines, including IL-1, IL-6
and TNF that directly effect cancer cell proliferation, and move-
ment/attachment. This process promotes cancer development
and progression (Figure 1, Table 1). It is also possible that the
cytokine-mediated persistent activation of certain key intracel-
lular signaling pathways, which occurs during chronic inflam-
mation, might inhibit apoptosis and prevent the elimination of
genetically altered, precancerous and cancerous cells.

Src ACTIVATION CONTRIBUTES TO BOTH INFLAMMATION
AND CANCER IN PANCREAS
Src was the first transforming protein discovered and isolated
(Rous, 1911; Stehelin et al., 1976; Brugge and Erikson, 1997)
and was also the first gene product with protein tyrosine kinase
activity (Hunter and Sefton, 1980). The Src family kinases com-
prise of nine non-receptor protein tyrosine kinases that share
similar structure and function. Src family kinases have a crit-
ical role in cell adhesion, proliferation, survival, and invasion,
including cell movement, and activation of cytokine receptors.
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FIGURE 1 | Src-dependent cross talk between inflammatory and cancer

cells. Src activation is driven in both inflammatory cells and cancer cells by
pro-inflammatory cytokines within the tumor microenvironment. Activation of
Src kinases in immune cells by tumor-secreted cytokines (chemokines:
SDF-1, MIP-1, MCP-1, MIP-2, etc.) induces production of cytokines (TNF-a,

IL-1b, IL-6, etc.) that reciprocally activate Src in cancer cells to promote cancer
progression and to induce more cytokine (chemokine) that attract more
inflammatory cells into the tumor. Thus, a Src-dependent condition exists in
which one problem causes another problem that makes the first problem
worse (vicious cycle).

Table 1 | Src tyrosine kinase family and cytokine/chemokine interaction in immune and cancer cells.

Src TYROSINE KINASE FAMILY MEDIATE CYTOKINE/CHEMOKINE PRODUCTION

Src kinase family Cytokines/chemokines Source References

Src MIP-1α, MCP-1, MIP-2 Acinar cells Ramnath et al., 2009

Lyn TNF-α Macrophages Tomkowicz et al., 2006

Hck TNF-α, IL-6 Colorectal cancer Smolinska et al., 2011

Src TNF-α, IL-6 Macrophages Sarang et al., 2011

Lyn IL-1β Macrophages Cheung et al., 2008

CYTOKINES ACTIVATE Src TYROSINE KINASE FAMILY

Cytokines Src kinase family Source

TNF-α Src Acinar cells Satoh et al., 2005

IL-6 Src Gastric cancer cells Lin et al., 2007

IL-6 Hck Myeloma cells Podar et al., 2004

IL-6 Fyn, Lyn Hck Myeloma cells Hallek et al., 1997

CHEMOKINES ACTIVATE Src TYROSINE KINASE FAMILY

Chemokines Src kinase family Source

SDF-1 Src Ductal cells Kayali et al., 2003

SDF-1 Lyn Macrophages Malik et al., 2008

SDF-1 Lyn B lymphocytes Nakata et al., 2006

SDF-1 Lck T lymphocytes Inngjerdingen et al., 2002

MIP-1-β Lyn Macrophages Tomkowicz et al., 2006

RANTES Lyn Macrophages Cheung et al., 2009

Numerous groups have found that hyper-activation and/or over-
expression of Src family kinases are critical to various types of
cancers.

Expression of several members of the Src-family tyrosine
kinases, including Src, Fyn, Yes, Fgr and Lyn has been demon-
strated in pancreatic cancer cell lines and primary cells. The
expression of Lyn kinase is the most abundant in these cells
(Fu et al., 2006). Numerous studies have shown that elevated

Src-family kinase activity in human pancreatic carcinomas (when
compared to normal pancreatic cells) not only contributes to pan-
creatic cancer growth, but also to invasion and metastasis (Lutz
et al., 1998; Trevino et al., 2006; Yokoi et al., 2011). Src kinases
and oncogenic Ras, PI3K, p38MAPK and Dynamin-2 have been
shown to co-operatively stimulate the growth, metastatic migra-
tion and invasion of pancreatic carcinoma (Summy et al., 2005;
Shields et al., 2011).
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Src activation has been observed in circulating blood mono-
cytes and tissue macrophages in chronic pancreatitis, as well as in
tumor-associated macrophages and acinar cells in pancreatic can-
cer (Yokoi et al., 2011). Elevated level of activity of Src in inflam-
matory monocytes/macrophages was proposed as a biomarker for
pancreatic cancer (Coppola, 2000; Yokoi et al., 2011). However,
no oncogenic mutations responsible for Src activation in inflam-
matory and cancer cells in the pancreas have yet been identified.
Thus, Src activation is likely a result of underlying inflamma-
tion and the consequence of a cytokine-mediated inflammatory
microenvironment during malignant transformation and pro-
gression. It seems that the signal activating Src kinases is within
the inflammatory microenvironment without the necessity of
the Src mutation. Consequently, several groups have found that
Src activation is driven by pro-inflammatory cytokines, and
inversely, the cytokine production is driven by Src kinases, in var-
ious types of cancer and inflammatory cells, as summarized in
Table 1.

As previously discussed, in response to pancreatic injury,
chemokine production is upregulated leading to infiltration of
leukocytes and stellate cells to the injured acinar cells. Rather lim-
ited information is available on the exact role of Src kinases in
chemokine production in pancreatic inflammation and cancer
(note the question mark in the Figure 1). However, Src kinases
involvement in the secretion of several chemokines was demon-
strated in pancreatic acinar cells (Ramnath et al., 2009) and ductal
cells (Ungefroren et al., 2011). The pretreatment of pancreatic
acini with Src kinase inhibitors markedly decreased MCP-1, MIP-
1, and MIP-2 production after stimulation with the substance-P
(Ramnath et al., 2009). Substance-P is known to play a role
in pathogenesis of cerulein-induced pancreatitis and pancreatic
cancer invasion (Ramnath and Bhatia, 2006; Ito et al., 2007).

Accordingly, it also has been shown that the expression of
CCR5 receptor for MIP-1, MCP-2 and RANTES, is upregu-
lated in chronic pancreatitis in human tissue, as compared with
the healthy pancreas, and the majority of CCR5-positive cells
were infiltrating macrophages (Goecke et al., 2000). Similarly,
the expression of the CCR5 chemokine receptor and its lig-
ands (MIP-1, MCP-2, RANTES) was significantly increased in
the mouse pancreas during cerulein-induced pancreatitis (Goecke
et al., 2000; Duell et al., 2006). On the other hand, the SDF-1
chemokine signaling in pancreas and in the other tissues is also
dependent on Src family kinases (Takatomo et al., 2000; Nakata
et al., 2006; Malik et al., 2008). Src family kinases are down-
stream intracellular targets of CXCR4 receptor, and are required
for the SDF-1—mediated cell movement and attachment (Nakata
et al., 2006; Malik et al., 2008). The SDF-1-CXCR4 ligand receptor
axis induces pancreatic cancer cell invasion, and the Src-mediated
SDF-1 signaling is also an obligatory component of pancreatic
regeneration (Takatomo et al., 2000; Kayali et al., 2003; Gao et al.,
2010).

In addition, we have previously shown the SDF-1-CXCR4-
Src signaling axis is crucial for the movement and invasiveness
of inflammatory leukocytes, in a variety of pathological contexts
ranging from inflammation to cancer (Nakata et al., 2006; Chen
et al., 2008; Malik et al., 2008). Several studies have shown that in
human primary leukocytes, Src family members, particularly Lyn
and Lck, are required for CXCR4-dependent cell movement and

infiltration into various inflamed tissues (Inngjerdingen et al.,
2002; Malik et al., 2008). The SDF-1-mediated activation of Lyn
kinase in monocytes, modifies integrin activity through inside-
out signaling, and transiently destabilizes monocyte/endothelial
cell interactions, facilitating full monocyte detachment from
endothelium and penetration into inflamed tissue (Nakata et al.,
2006; Chen et al., 2008; Malik et al., 2008). Importantly, Lyn
is also required for TNF-α and IL-1β production in inflamma-
tory macrophages during stimulation with the CCR5 receptor
ligands (Tomkowicz et al., 2006; Cheung et al., 2008, 2009). The
other Src family members, Src and Hck, have been shown to play
a critical role in IL-6 production in osteoblasts and inflamma-
tory macrophages, respectively (Smolinska et al., 2011; Peruzzi
et al., 2012). IL-6 is required for the maintenance and progres-
sion of pancreatic cancer precursor lesions, and thus is required
for pancreatic cancer growth (Zhang et al., 2013).

In summary, Src family kinases have been demonstrated to be
important in the activation of macrophage, dendritic cells, neu-
trophils and natural killer cells in normal tissues (Ptasznik et al.,
1995, 1996; Abram and Lowell, 2008; Malik et al., 2008). It has
also been shown to control production of cytokine TNF-alpha
stimulated by LPS in normal cells (Orlicek et al., 1999; Sarang
et al., 2011; Okenwa et al., 2013). Thus, Src affects both innate
and adaptive immune responses in normal cells. Consequently,
the elevated and dysregulated Src activity may play a key role
in initiation of the invasive cell phenotype both in infiltrating
immune cells and precancerous cells. However, its most robust
effects are from the production of cytokines and alterations of
cell movement/attachment. In fact, the Src family kinase signal-
ing network is the go between that relay crucial cytokine signals
from inflammatory cells to cancer cells, and conversely, within the
tumor microenvironment (Figure 1). The Src-mediated stimula-
tory effects on malignant cell proliferation and inhibitory effect
on cell death, leads to the accumulation of malignant cells and
thus increases the total mass of the tumor. Consequently, this ele-
vates the production of pro-inflammatory cytokines, including
chemokines, by the tumor which further leads to the recruit-
ment and activation of additional leukocytes that results in a cycle
(as depicted in the Figure 1) leading to cancer development and
progression.

CONCLUDING REMARKS
The Src kinases-dependent signaling that link immune system
with normal tissue plays a vital role in regulating and coordi-
nating immune defense responses. The cross talk between Src
kinase pathways in immune cells and Src kinase-mediated path-
ways in target tissue cells is mediated via cytokine signals elicited
by these cells. These Src-dependent signaling pathways, when
hyper-activated and dysregulated, can lead to the development
of chronic inflammation that predispose to cancer. Src activation
both in infiltrating immune cells and cancer precursor lesions is
driven by pro-inflammatory cytokines within tumor-promoting
microenvironment. This leads to a vicious cycle in which Src
activation increases cytokine production that again induces Src
activation, leading to invasive inflammatory cell and cancer
cell phenotypes. Thus, elucidating the Src-dependent cross talk
signaling mechanisms that link inflammatory cells with cancer
cells, may facilitate the design of new pharmacological agents for
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the concurrent treatment of tumor-promoting inflammation and
cancer. Pancreatic cancer, because of its robust cytokine mediated
interactions between the tumor cells and tumor microenviron-
ment, can be used in designing new agents for the inhibition of
the linkage between inflammation and cancer.
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Pancreatic cancer carries a poor prognosis as most patients present with advanced
disease and preferred chemotherapy regimens offer only modest effects on survival.
Risk factors include smoking, obesity, heavy alcohol, and chronic pancreatitis. Pancreatic
cancer has a complex relationship with diabetes, as diabetes can be both a risk factor
for pancreatic cancer and a result of pancreatic cancer. Insulin, insulin-like growth
factor-1 (IGF-1), and certain hormones play an important role in promoting neoplasia
in diabetics. Metformin appears to reduce risk for pancreatic cancer and improve
survival in diabetics with pancreatic cancer primarily by decreasing insulin/IGF signaling,
disrupting mitochondrial respiration, and inhibiting the mammalian target of rapamycin
(mTOR) pathway. Other potential anti-tumorigenic effects of metformin include the
ability to downregulate specificity protein transcription factors and associated genes,
alter microRNAs, decrease cancer stem cell proliferation, and reduce DNA damage and
inflammation. Here, we review the most recent knowledge on risk factors and treatment
of pancreatic cancer and the relationship between diabetes, pancreatic cancer, and
metformin as a potential therapy.

Keywords: metformin, pancreatic cancer, diabetes, mTOR, AMPK, insulin, IGF-1

INTRODUCTION
EPIDEMIOLOGY
Pancreatic cancer is the twelfth most common cancer in the
US but represents the fourth leading cause of cancer death in
both men and women (Howlader et al., 2014). The prognosis is
extremely poor with a 5-year survival rate of only 6.7% as pancre-
atic cancer is usually asymptomatic in the early stages of disease
and most cases are diagnosed relatively late (Howlader et al.,
2014). Treatment and advances in early detection are of crucial
importance.

RISK FACTORS
Smoking is a well-known risk factor for pancreatic cancer and
is estimated to contribute to 20–30% of all cases of pancreatic
cancer (Iodice et al., 2008). A meta-analysis including 82 stud-
ies showed that smokers have a 75% increased risk of pancreatic
cancer compared to non-smokers and that the increased risk per-
sists at least 10 years after smoking cessation (Iodice et al., 2008).
A meta-analysis from 2012 suggested that risk of pancreatic can-
cer initially increases with cigarette amount but levels off at higher
intensities of cigarette smoking, indicating that quantity has some
role in determining risk (Zou et al., 2014).

A meta-analysis from 2010 found that individuals with chronic
pancreatitis had a 13.3-fold higher risk of developing pancre-
atic cancer and a 5.8-fold increased risk after excluding cases
diagnosed within 2 years of cancer diagnosis (Raimondi et al.,
2010). However, despite this strong relationship, only about 5%

of patients with chronic pancreatitis will actually develop pancre-
atic cancer in a 20 year period (Raimondi et al., 2010). Hereditary
pancreatitis is a rare autosomal dominant disease due to a muta-
tion in the gene encoding trypsinogen in which patients develop
chronic pancreatitis at a young age (under 30). The cumulative
risk of developing pancreatic cancer is 40% by age 70 (Lowenfels
et al., 1997).

A recent meta-analysis which evaluated risk based on different
intensities of alcohol consumption provided evidence that heavy
alcohol consumption (defined as >3 drinks per day) increases
risk for pancreatic cancer by 22%, independent of tobacco
use, whereas moderate alcohol consumption did not carry an
increased risk (Tramacere et al., 2010).

Another important risk factor is body mass index, which has
been associated with an elevated risk of pancreatic cancer in sev-
eral studies (Larsson et al., 2007; Arslan et al., 2010; Jiao et al.,
2010; Genkinger et al., 2011). In a pooled analysis of 14 cohort
studies, risk for pancreatic cancer was 47% greater for individu-
als with BMI>30. Higher waist to hip ratio was also found to be
positively associated with pancreatic cancer, suggesting that cen-
tral obesity in particular may confer risk (Genkinger et al., 2011).
Lastly, a recent meta-analysis involving more than 3-million indi-
viduals identified tobacco use, obesity, and heavy alcohol, among
a host of other factors, as the 3 most important risk factors for
pancreatic cancer while vegetable and fruit consumption offered
the greatest protection against pancreatic diseases (Alsamarrai
et al., 2014).
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DIABETES AND PANCREATIC CANCER
DIABETES MELLITUS AS A RISK FACTOR FOR PANCREATIC CANCER
Diabetes mellitus (DM) or glucose intolerance may be present in
up to 75% of patients with pancreatic cancer, a figure much higher
than in other cancer types in whom the prevalence is no more
than 30% (Permert et al., 1993b; Aggarwal et al., 2013). The rela-
tionship between DM and pancreatic cancer is bi-directional, as
studies point to both increased risk of pancreatic cancer in those
with long-term diabetes, as well as greater incidence of diabetes in
sync with the development of pancreatic cancer (Li, 2012). Many
studies evaluating DM as a risk factor have focused on patients
with DM diagnosed several years prior to the time of pancreatic
cancer diagnosis in order to exclude cases of DM that are a result
of pancreatic cancer. This follows from the assumption that pan-
creatic cancer is rapidly fatal and therefore DM diagnosed several
years prior to cancer diagnosis would unlikely be from the cancer
(Li, 2012).

In a recent pooled analysis, after adjusting for age, gender,
prior involved study, alcohol use, smoking, BMI, and family his-
tory of pancreatic cancer, patients with DM had a 40% increased
risk of pancreatic cancer (Elena et al., 2013). This analysis
excluded cases developing within 2 years, providing evidence for
DM as a risk factor rather than just a result of pancreatic can-
cer. A meta-analysis of 20 studies conducted in 1995 showed that
patients with DM for 5 or more years had a two-fold increased
risk (Everhart and Wright, 1995). In another 2005 meta-analysis
which included 36 studies, individuals with DM for >5 years had
a 50% increased risk of pancreatic cancer (Huxley et al., 2005).
Diabetes is characterized by hyperglycemia and insulin resistance,
which can both contribute to tumor formation. In a prospective
nested case-control study, higher levels of proinsulin, a marker
of peripheral insulin resistance, was found to be associated with
pancreatic cancer, independent of hemoglobin A1c, suggesting
that insulin resistance may be a stronger carcinogenic contribu-
tor than hyperglycemia (Wolpin et al., 2013). This finding was
supported by the fact that lower levels of adiponectin, which func-
tions to enhance insulin sensitivity, was associated with increased
pancreatic cancer risk (Bao et al., 2013).

MECHANISMS OF RISK
DM and associated obesity may lead to increased risk for cancer
through several mechanisms (Figure 1). Individuals with DM2
often have peripheral insulin resistance and develop compen-
satory hyperinsulinemia (Godsland, 2009). Insulin is a growth
promoting hormone and acts by increasing cell proliferation,
decreasing apoptosis, increasing glucose utilization, and enhanc-
ing responsiveness to other growth factors; all of these actions
are important for cancer progression (Ding et al., 2000; Draznin,
2011). Insulin also decreases insulin-like growth factor (IGF)
binding protein production thereby increasing the amount of
bioavailable IGF-1 (Powell et al., 1991). IGF-1 is a more potent
mitogen than insulin and promotes pancreatic cancer cell pro-
liferation and invasion while inhibiting the tumor suppressor
phosphatase and tensin homolog (PTEN, Ma et al., 2010). IGF-
1 receptor binding leads to activation of the PI3K/Akt and
the Raf/MAPK pathways, which promote cell proliferation and
inhibit apoptosis (Pollak et al., 2004).

DM and obesity are associated with other hormonal alter-
ations that may promote neoplasia as well. Adiponectin is a
hormone that has been shown to limit angiogenesis, promote
apoptosis, and decrease inflammation. DM is associated with low
circulating levels of adiponectin, an effect that may promote car-
cinogenesis (Bao et al., 2011). Leptin is a mitogenic hormone
which is increased in obesity. It promotes angiogenesis, inhibits
apoptosis, and activates the PI3K/Akt and STAT pathways, which
promote cell growth and survival (Bao et al., 2011).

PANCREATIC CANCER-ASSOCIATED DIABETES MELLITUS
Several studies have suggested that DM is not just a risk factor,
but also a consequence of pancreatic cancer. One study looked at
the temporal association between DM and pancreatic cancer and
found a marked increase in cases of DM starting at 36 months
prior to diagnosis, with cases continuing to increase up to cancer
diagnosis, suggesting that the cancer itself was likely the etiologic
factor (Chari et al., 2008). A meta-analysis of 35 cohort studies
showed DM was associated with a 94% increased risk of pancre-
atic cancer. Interestingly, risk decreased with duration of diabetes
(5.38 for <1 year, 1.95 for 1–4 years, 1.49 for 5–9 years, 1.47
for ≥10 years) providing support that much of diabetes in pan-
creatic cancer patients is caused by the cancer itself (Ben et al.,
2011).

Pancreatic cancer-induced DM is thought to be a paraneoplas-
tic phenomenon involving release of products from the tumor
rather than a result of destruction of the pancreas due to malig-
nant infiltration (Pannala et al., 2008; Aggarwal et al., 2012).
This hypothesis is supported by a study which showed that the
prevalence of DM in patients with pancreatic cancer was not
related to tumor stage or location, as would be expected if the
DM were a result of tumor infiltration (Pannala et al., 2008).
Furthermore, several studies have shown resolution of DM after
tumor resection in individuals with pancreatic cancer (Permert
et al., 1993a; Fogar et al., 1994; Pannala et al., 2008; White et al.,
2011). A study by Aggarwal et al. (2012) showed that the hor-
mone adrenomedullin is upregulated at the mRNA and protein
level in pancreata from patients with pancreatic cancer. In vitro
studies indicate that adrenomedullin impairs glucose-stimulated
insulin secretion in β-cells, and adrenomedullin overexpression
in mouse pancreatic cancer tissues is associated with increased
glucose intolerance suggesting that adrenomedullin is an impor-
tant mediator of cancer-induced DM (Aggarwal et al., 2012).
Other potential mediators found upregulated in pancreatic cancer
include S-100A8 N-terminal peptide, which was shown to alter
glucose catabolism in vitro (Basso et al., 2006), and islet amyloid
polypeptide which causes insulin resistance (Permert et al., 1994).
One review suggested that pancreatic cancer-associated insulin
resistance may be mediated by release of cytokines, adipokines,
and non-esterified fatty acids from adipose tissue inflammation
(Sah et al., 2013).

STANDARDS OF THERAPY
Surgical resection is the only cure for pancreatic adenocarcinoma
although 80% of patients have unresectable disease at the time
of presentation (Campen et al., 2011). Pancreaticoduodenectomy
and distal pancreatectomy with or without splenectomy are
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FIGURE 1 | Metformin demonstrates antitumor properties through

several pathways. Diabetes mellitus type 2 (DM2) is often characterized by
insulin resistance, hyperglycemia, and compensatory hyperinsulinemia.
Insulin increases IGF-1 levels by displacing IGF-1 from common binding
proteins, stimulating hepatic growth hormone signaling, and decreasing
IGF-binding protein production. Like other growth factors, insulin and IGF-1,
upon binding to their respective growth factor receptors, can promote
pancreatic cancer development through MAPK/ERK or Ras/Raf/MEK/ERK
signaling and PI3K/Akt/mTOR signaling. For example, IGF-1 binding to the
IGF-1 receptor recruits and activates PI3K via adaptor proteins such as IRS,
converts PIP2 to PIP3 (a process that is inhibited by PTEN), activates
Akt/PKB through PDK1- and mTORC2-mediated phosphorylation, and inhibits
formation of TSC1-TSC2 thereby releasing its inhibition on Rheb (an
mTORC1 activator). Activated mTORC1 is a key regulator of cell growth,
metabolism, survival, and proliferation through downstream mediators such
as 4EBP1 and S6K. Metformin has been known to uncouple the electron
transport chain at complex I leading to decreased ATP production and
activation of LKB1 and AMPK. AMPK is a stabilizer of TSC1-TSC2 and
activator of p53, a tumor suppressor. Independent of AMPK, metformin
increases p53-dependent expression of REDD1, an inhibitor of mTORC1,

and inhibits mTORC1 by inhibiting Rags. Metformin also reduces
hyperinsulinemia and IGF-1 levels and offers further antitumor effects by
reducing levels of Shh, HMGA1, ROS, Sp transcription factors, Sp-related
oncogenic proteins (cyclin D1, VEGF, survivin, Bcl-2, FAS), and HIF-1α

through relatively unknown mechanisms. Dashed lines represent putative or
suggested pathways while red lines represent inhibitory pathways. IGF-1,
insulin-like growth factor-1; IRS, insulin receptor substrate; PI3K,
phosphoinositide 3-kinase; PIP2, phosphatidylinositol-4,5-bisphosphate;
PTEN, phosphatase and tensin homolog; MAPK, mitogen-activated protein
kinase; MEKs, MAPK kinases; ERKs, extracellular signal regulated kinases;
PDK1, phosphoinositide-dependent kinase 1; PKB, protein kinase B or Akt;
TSC1, tuberous sclerosis complex 1; Rheb, Ras homolog enriched in brain;
mTOR, mammalian target of rapamycin; 4EBP1, eukaryotic initiation factor
4E binding protein 1; S6K, S6 kinase; AMP, adenosine monophosphate;
LKB1, liver kinase B1; AMPK, AMP-activated protein kinase; AAs, amino
acids; Rags, Rag GTPases; REDD1, regulated in development and DNA
damage responses 1; Shh, Sonic hedgehog; HMGA1, high mobility group
AT-hook 1; ROS, reactive oxygen species; Sp, specificity protein; VEGF,
vascular endothelial growth factor; Bcl-2, B-cell lymphoma-2; HIF-1α,
hypoxia-inducible factor-1 alpha; FAS, fatty acid synthase.

performed in patients with tumors in the head and body/tail of
the pancreas, respectively (De La Cruz et al., 2014). Given that
median survival is poor even in patients that undergo surgical
resection, most patients are offered adjuvant chemotherapy with
gemcitabine or fluorouracil ± chemoradiation (De La Cruz et al.,
2014).

Patients with locally advanced, unresectable, or borderline
resectable disease may receive neoadjuvant chemotherapy ±
radiotherapy in an attempt to downstage the disease (Seufferlein

et al., 2012). For metastatic disease, treatment options address
palliation and improved survival. Gemcitabine has been used
to treat metastatic pancreatic adenocarcinoma since 1997 when
it produced a one year survival benefit compared to 5-FU and
remains the chemotherapy of choice in patients with poor func-
tional status and advanced disease (Burris et al., 1997; Ghosn
et al., 2014). In 2011, FOLFIRINOX (fluorouracil, leucovorin,
irinotecan, and oxaliplatin) produced a significant survival ben-
efit compared to patients treated with gemcitabine monotherapy
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(Conroy et al., 2011). Gemcitabine plus nab-paclitaxel produces
less adverse effects than FOLFIRINOX and offers the second best
overall survival in those with good functional status (Ghosn et al.,
2014). Gemcitabine plus erlotinib shows improved survival vs.
monotherapy, but survival benefit remains minimal (Ghosn et al.,
2014). Despite the fact that chemotherapy confers some survival
benefit, this benefit is modest and exploration of new therapies is
essential.

METFORMIN AND PANCREATIC CANCER
METFORMIN REDUCES RISK FOR PANCREATIC CANCER
Metformin is one of the most widely prescribed oral agents for
the treatment of DM2. Evans et al. (2005) were among the first
to suggest metformin as an anti-cancer therapy. However, as early
as 2001, one study demonstrated that metformin prevented pan-
creatic cancer development in hamsters treated with a pancreatic
carcinogen (Schneider et al., 2001). A study in 2009 with 62,809
patients compared cancer risk in patients on different kinds of
diabetic therapies and found that insulin therapy increased the
risk of pancreatic cancer compared to metformin therapy (Currie
et al., 2009). Furthermore, compared to patients that were on
insulin alone, patients with metformin added to insulin had a sig-
nificantly reduced risk of developing solid tumors (Currie et al.,
2009). A recent meta-analysis showed that patients with dia-
betes who were taking metformin had a significantly reduced risk
of pancreatic cancer (Wang et al., 2014). Consistent with this
finding, an observational study of 302 diabetic patients with pan-
creatic cancer found that metformin users showed significantly
increased survival times as compared to non-users (15.2 months
vs. 11.1 months, Sadeghi et al., 2012).

MECHANISMS OF ACTION
Although there is much to be learned about metformin’s mech-
anism of action in cancer (Figure 1), most studies suggest that
metformin acts primarily through its effect on AMP-activated
protein kinase (AMPK, Kalender et al., 2010; Ben Sahra et al.,
2011). Metformin inhibits complex I of the electron transport
chain (El-Mir et al., 2000), which decreases adenosine triphos-
phate (ATP) production and leads to AMPK activation. AMPK
activation leads to disruption of insulin/IGF-1 signaling through
inhibition of mammalian target of rapamycin (mTOR, Rozengurt
et al., 2010). Inhibition of mTOR signaling, in turn, results in
decreased protein synthesis and cell growth, which are important
for cancer survival (Figure 1). Metformin can also inhibit mTOR
signaling through activation of AMPK independent pathways
including Rag GTPase (Kalender et al., 2010) and REDD1 (Ben
Sahra et al., 2011). AMPK-induced activation of tumor suppres-
sor 53 (p53) and subsequent cell cycle arrest represents another
potential mechanism of action of metformin in pancreatic can-
cer models (Jalving et al., 2010). Activation of AMPK in the liver,
muscle, adipose tissue, and pancreas also results in reduced levels
of insulin and IGF-1 (Jalving et al., 2010).

Indeed, mTOR and mitochondrial energy signaling path-
ways have increasingly been the focus of recent investigations
on the antitumor properties of metformin in pancreatic cancer.
Early studies demonstrated that metformin induced inhibition
of mTORC1 activity and growth of human pancreatic cancer

xenografts (Kisfalvi et al., 2009). Concentrations of metformin
approximate to plasma levels found in patients with DM2 tak-
ing the drug (0.05 mM or 0.1 mM) similarly inhibited mTORC1
activity in a dose-dependent manner in vitro (Sinnett-Smith et al.,
2012). Interestingly, metformin-induced mTORC1 inhibition was
significantly enhanced in pancreatic cancer cells cultured in
physiologic glucose concentrations (5 mM) compared to supra-
physiologic levels (25 mM) highlighting the concept that cancer
cells, at lower ambient glucose concentrations, rely more on mito-
chondrial oxidative phosphorylation for ATP generation and are
therefore more sensitized to mitochondrial respiration inhibitors
(Sinnett-Smith et al., 2012; Rozengurt, 2014). Furthermore, syn-
ergistic enhancements in ATP depletion and pancreatic cancer
cell growth suppression were demonstrated when metformin
was added to an inhibitor of glycolysis, 2-deoxyglucose (2-DG),
in vitro (Cheng et al., 2014).

Recent studies have shown that pancreatic cancer cell growth
(in vitro and in vivo) is also dependent on glutamine metabolism
reprogrammed by oncogenic Kras via a unique pathway involv-
ing aspartate transaminase (GOT1) that leads to a maintenance
of essential cellular redox states in the mitochondria (Son et al.,
2013). Moreover, pancreatic cancer cells responsible for relapse
that survive oncogene ablation have increased expression of genes
involving mitochondrial function and reliance on glycolysis and
mitochondrial respiration for energy metabolism in Kras mouse
models (Viale et al., 2014). These latest insights offer exciting
future therapeutic strategies in pancreatic cancer by targeting Kras
signaling in combination with using mitochondrial respiration
inhibitors such as metformin. Further identification of novel ther-
apeutic targets will rely, as they have before, on the development
of tools critical to our understanding of pancreatic cancer such as
genetically engineered mouse models (GEMMs) like the KrasG12D

and embryonic stem cell (ESC)-based mouse models (Kirk, 2012;
Saborowski et al., 2014).

Rapamycin and active-site mTOR inhibitors have been shown
to increase Akt phosphorylation and ERK activation in pancre-
atic cancer cells in vitro, respectively, and highlight the feedback
mechanisms that potentially counterbalance the antitumor
effects of mTOR inhibitors (Soares et al., 2013). Metformin’s
antitumor effects, however, occur without stimulating Akt
and ERK activation, and therefore, metformin in combination
with mTOR inhibitors represents a future direction to improve
clinical efficacy in pancreatic cancer (Soares et al., 2013). Indeed,
metformin with rapamycin is now under ongoing clinical
investigation (phase I and II) in the treatment of advanced
pancreatic cancer (NCT02048384). Of note, PTEN deficiencies in
KrasG12D mice models have been shown to promote NF-κB and
associated cytokine activation and development of metastatic
pancreatic cancer (Ying et al., 2011). Treatment with rapamycin
conferred a significant survival advantage in Kras mice models
deficient of PTEN compared to those lacking PTEN deficiencies
in vivo (Morran et al., 2014). These studies intriguingly identify
particular subsets of pancreatic cancer, those with Kras mutations
and PTEN deficiencies, that may be more responsive to treatment
with mTOR inhibitors and/or inhibitors of MAPK/ERK,
PI3K, and NF-κB (mediators of converging signaling
pathways).
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Table 1 | The preclinical development of metformin in pancreatic

cancer.

Study Source in which metformin demonstrated

antitumor activity

Cheng et al., 2014 MiaPaCa-2 and Capan-2 cells (in vitro, ± glycolytic
inhibitor 2-DG)

Das et al., 2014 Panc-1 and AsPC-1 cells (in vitro)

Fasih et al., 2014 Panc-1 and MiaPaCa-2 cells (in vitro, ± ionizing
radiation ± gemcitabine)

Nair et al., 2014 Panc-28, L3.6pL, and Panc-1 cells (in vitro)

Snima et al., 2014 MiaPaCa-2 cells (in vitro, in metformin-containing
O-carboxymethyl chitosan nanoparticles)

Yue et al., 2014 BxPC-3 and Panc-1 cells (in vitro, + aspirin)

Gou et al., 2013 AsPC-1 and SW1990 cells (in vitro) and AsPC-1 and
SW1990 tumor xenografts in nude mice (in vivo)

Karnevi et al., 2013 BxPC-3, Panc-1, and MiaPaCa-2 cells (in vitro)

Kisfalvi et al., 2013 Panc-1 and MiaPaCa-2 tumor xenografts in nude
mice (in vivo)

Lonardo et al.,
2013

Primary human pancreatic ductal adenocarcinoma
(PDAC) cells and spheres (in vitro, ± gemcitabine)
and tumor xenografts in nude mice (in vivo, ±
gemcitabine and smoothened inhibitor SIBI-C1)

Nair et al., 2013 Panc-28, Panc-1, and L3.6pL cells (in vitro) and
L3.6pL tumor xenografts in nude mice (in vivo)

Soares et al., 2013 Panc-1 cells (in vitro)

Yan et al., 2013 MiaPaCa and KP cells (in vitro)

Bao et al., 2012 Gemcitabine-sensitive and gemcitabine-resistant
AsPC-1 and MiaPaCa-2 cells (in vitro) and
MiaPaCa-2 tumor xenografts in mice (in vivo)

Li et al., 2012 Sw1990 tumor xenografts in nude mice (in vivo)

Sinnett-Smith
et al., 2012

Panc-1 and MiaPaCa-2 cells (in vitro)

Snima et al., 2012 MiaPaCa-2 cells (in vitro, in metformin-containing
O-carboxymethyl chitosan nanoparticles)

Kisfalvi et al., 2009 Panc-1 and MiaPaCa-2 tumor xenografts in nude
mice (in vivo)

Wang et al., 2008 SW1990, AsPC-1, BxPc-3, and Panc-1 cells (in vitro)

Other studies have shown that metformin treatment leads
to downregulation of members of the specificity protein (Sp)
transcription factor family and target genes involved in tumori-
genesis including Bcl-2, survivin, cyclin D1, vascular endothelial
growth factor, and fatty acid synthase (FAS, Nair et al., 2013,
2014). In particular, decrease in cyclin D1 induced cell cycle
arrest in prostate cancer cells (Ben Sahra et al., 2008). Metformin
may also inhibit FAS in the context of available cholesterol and
glucose-derived acetyl-CoA in pancreatic cancer cells (Cantoria
et al., 2014). In addition, in vitro studies showed that metformin
alters profiles of microRNAs that regulate apoptosis, inhibit pro-
liferation and invasion, and are linked to reduced expression
of the oncogene HMGA1 (Li et al., 2012). Metformin can also
affect proliferation of cancer stem cells, and this effect may con-
tribute to its ability to limit tumor growth (Gou et al., 2013).
Other potential anti-tumorigenic effects of metformin include
the ability to reduce endogenous reactive oxygen species (ROS)
and associated DNA damage (Algire et al., 2012), reduce Sonic

hedgehog (Shh) expression (Nakamura et al., 2014), and induce
anti-inflammatory responses (Cufí et al., 2010; Hirsch et al., 2013;
Zhao et al., 2014).

Metformin has demonstrated antitumor activity against pan-
creatic cancer in numerous preclinical studies (Table 1). A recent
study highlighted the ability of metformin to prevent progres-
sion of pancreatic intraepithelial neoplasia (PanIN) lesions to
pancreatic cancer in transgenic mice as well (Mohammed et al.,
2013). There are several clinical trials (phase I and II, https://
clinicaltrials.gov) involving metformin in the treatment of pan-
creatic cancer. The majority involve metformin in combination
therapies, given that metformin is unlikely to produce a desired
efficacy to serve as monotherapy in pancreatic cancer. However,
its attractiveness as part of combinatorial therapy lies, in part, in
its inexpensiveness (as low as $4 per month) and well-tolerated
toxicity profile (common toxicities being gastrointestinal). As dis-
cussed above, metformin offers synergistic activity across several
but converging signaling pathways important to tumorigenesis.
Addition of metformin may also reduce effective doses of other
chemotherapeutic agents needed to treat a variety of cancers
(Iliopoulos et al., 2011).

Undoubtedly, there remains a need for further understanding
of: (1) anticancer mechanisms of metformin, particularly those
involving, but not limited to, mTOR signaling (upstream and
downstream) and mitochondrial energy metabolism, (2) phar-
macokinetic and pharmacodynamic properties of metformin,
and (3) relationships between risk factors such as DM and devel-
opment and progression of pancreatic cancer to identify further
molecular targets and advance potential therapies. For now, the
future remains bright for metformin as the scientific commu-
nity eagerly awaits the results of its continued development as a
treatment for pancreatic cancer.
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Pancreatic ductal adenocarcinoma (PDAC), the most common form of pancreatic cancer,
is one of the most lethal human diseases. PDAC is now the fourth leading cause
of cancer mortality in both men and women and deaths due to PDAC are projected
to increase dramatically. Novel targets and agents for chemoprevention are urgently
needed and will most likely arise from a more detailed understanding of the signaling
mechanisms that stimulate the promotion and progression of sub-malignant cells into
pancreatic cancer cells and from the identification of modifiable risk factors for PDAC.
Many epidemiological studies have linked obesity and long-standing type 2 diabetes
mellitus (T2DM) with increased risk and worse clinical outcomes for developing PDAC.
These diet-related metabolic disorders are multifaceted but characterized by peripheral
insulin resistance, compensatory overproduction of insulin and increased bioavailability
of insulin-like growth factor-1 (IGF-1). Mounting evidence indicates that the insulin/IGF-1
receptor system plays a critical role in PDAC development and multiple studies support
the notion that crosstalk between the insulin receptor and heptahelical G protein-coupled
receptor (GPCR) signaling systems is an important element in the biological responses
elicited by these signaling systems, including cell proliferation. This article highlights the
central role of the mechanistic target of rapamycin (mTOR) in mediating crosstalk between
insulin/IGF-1 and GPCR signaling in pancreatic cancer cells and proposes strategies,
including the use of metformin, to target this signaling system in PDAC cells.

Keywords: Akt, PI3K, PKC, S6 kinase, neurotensin

Pancreatic ductal adenocarcinoma (PDAC), the most common
form of pancreatic cancer, is one of the most lethal human dis-
eases. Indeed, the overall 5-year survival rate is a dismal 6% and
the median survival period of 4–6 months. The incidence of this
disease in the US is estimated to increase to more than 44,000 new
cases in 2014 and is now the fourth leading cause of cancer mor-
tality in both men and women (Siegel et al., 2014). Total deaths
due to PDAC are projected to increase dramatically (Rahib et al.,
2014). Novel targets and agents for chemoprevention are urgently
needed and will most likely arise from a more detailed under-
standing of the signaling mechanisms that stimulate the promo-
tion and progression of sub-malignant cells into pancreatic cancer
cells and from the identification of modifiable risk factors for
PDAC. In this context, it is recognized that PDAC arises from the
progression of precursor lesions, the most common of which are
pancreatic intraepithelial neoplasias (PanINs). Progression from
these non-invasive lesions to invasive cancer is associated with the
accumulation of genetic alterations (Murphy et al., 2013), includ-
ing activating mutations in the KRAS oncogene which appears
in ∼90% of PDACs as well as inactivating mutations in tumor
suppressors genes, including p53, p16, and SMAD4 (Murphy
et al., 2013). It is generally accepted that progression of pancreatic

carcinogenesis requires dysregulation of a set of signaling path-
ways leading to sustained cell proliferation (Jones et al., 2008).
The focus of this brief article is on the central role of the mech-
anistic/mammalian target of rapamycin (mTOR) in mediating
insulin/IGF-1 and G protein-coupled receptor (GPCR) signaling
leading to proliferation of pancreatic cancer cells. Subsequently,
strategies to target this pathway in PDAC cells are proposed.

OBESITY, TYPE 2 DIABETES, AND PDAC
In addition to smoking, chronic pancreatitis and a family his-
tory of PDAC (Kolodecik et al., 2014), many epidemiological
studies have linked obesity and long-standing type 2 diabetes mel-
litus (T2DM) with increased risk and worse clinical outcomes
for developing PDAC (Arslan et al., 2010; Giovannucci et al.,
2010). These diet-related metabolic disorders are multifaceted
but characterized by peripheral insulin resistance, compensatory
overproduction of insulin and increased bioavailability of IGF-1
(Alemán et al., 2014). Given the complex organization of the
pancreatic microcirculation, locally overproduced insulin by β

cells is thought to act directly on insulin receptors expressed by
exocrine pancreatic cells. The highly related insulin-like growth
factor-1 (IGF-1) receptor (IGF-1R) and hybrids of IGF-1R and
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insulin receptors can also be activated by insulin (Taniguchi et al.,
2006), in particular at the high concentrations of intra-pancreatic
insulin. Accordingly, PDAC cells express insulin and IGF-1 recep-
tors and over-express insulin receptor substrate (IRS)-1 and IRS-2
and PDAC (but not normal) tissue expresses activated IGF-1R
and IGF-1 (Rozengurt et al., 2010). Silencing the expression of
IGF-1R in pancreatic cancer cells inhibits their growth and metas-
tasis (Subramani et al., 2014) and the beneficial effects of calorie
restriction in pancreatic cancer models appear mediated through
the IGF-1/IGF-1R axis (Harvey et al., 2014). Reciprocally, the pro-
moting effects of high calorie diet have been associated with an
increase in the circulating levels of insulin and IGF-1 (Dawson
et al., 2013). Interestingly, IGF-1 and orthotopically transplanted
PDAC growth were decreased in liver-specific IGF-1-deficient
mice and restored by IGF-1 administration (Lashinger et al.,
2013). Inactivation of p53, as seen during the progression of
50–75% of PDAC, has been recognized to potently up-regulate
the insulin/IGF-1 pathway (Feng and Levine, 2010) and gene
variations in the IGF-1 signaling system have been associated
with worse survival in PDAC (Dong et al., 2010). Collectively,
these studies underscore the significance of the insulin/IGF-1
signaling pathway in PDAC development. Accordingly, elucida-
tion of the signaling pathways triggered by insulin/IGF-1 and
the crosstalk mechanisms between the insulin/IGF-1R and other
signaling pathways in PDAC cells is likely to facilitate the iden-
tification of new targets for therapeutic and chemo-preventive
interventions.

INSULIN/IGF-1 SIGNALING, PI3K/Akt/mTOR AND PDAC
In most cells, binding of insulin to its tetrameric receptor induces
activation of the receptor tyrosine kinase and autophosphory-
lation, followed by docking and tyrosine phosphorylation of
adaptor proteins, including insulin receptor substrates (IRS 1–4)
and Shc which propagate downstream signals (Metz and McGarry
Houghton, 2011). The insulin receptor exhibits a high degree of
homology with the IGF-1R, especially in their tyrosine kinase
domains. Furthermore, the insulin and IGF-1 receptors form
heterodimers that bind IGF-2, another ligand of the IGF fam-
ily produced by cancer cells. As illustrated in Figure 1, a key
insulin/IGF1R-induced pathway via IRS is class I phosphatidyli-
nositol 3-kinase (PI3K)/Akt/mTOR (Taniguchi et al., 2006; Zoncu
et al., 2011). PI3K catalyzes the synthesis of phosphatidylinositol
(3,4,5)-trisphosphate (PIP3), a membrane lipid second messen-
ger that coordinates the localization and activation of down-
stream effectors, including the isoforms of the Akt family (Franke,
2008). The Akts possess a PH domain and conserved residues
(Thr308 and Ser473 in Akt1, the most commonly expressed iso-
form in normal cells) which are critical for Akt activation.
Specifically, Akt translocated to the plasma membrane in response
to products of PI3K, is activated by phosphorylation at Thr308

in the kinase activation loop and at Ser473 in the hydropho-
bic motif. The PI3K/Akt/mTOR pathway plays a pivotal role in
promoting the proliferation and survival of PDAC cells (Asano
et al., 2005), is activated in pancreatic cancer tissues, and lim-
its catabolic processes, including autophagy (Lee et al., 2010).
Interestingly, the Akt2 gene is amplified or activated in a sub-
set of pancreatic carcinomas (Ruggeri et al., 1998). Collectively,

these findings imply that mTOR signaling plays an important role
in obesity-induced pancreatic cancer and is a potential target for
chemoprevention.

mTOR, a master regulator of cell metabolism, growth and
proliferation, functions as a catalytic subunit in two distinct
multi-protein complexes, mTORC1 and mTORC2 (Beauchamp
and Platanias, 2013). mTORC1, characterized by the substrate
binding subunit Raptor senses both nutrients and growth factors
(Dibble and Manning, 2013). As indicated in Figure 1, mTORC1
phosphorylates and controls at least two regulators of protein syn-
thesis, the 40S ribosomal protein subunit S6 kinase (S6K) and
the inhibitor of protein synthesis 4E-binding protein 1 (4EBP1)
which promote protein synthesis and plays a critical role in the
regulation of cellular metabolism (Dibble and Manning, 2013).
mTORC1 is acutely inhibited by rapamycin whereas mTORC2,
which is characterized by Rictor and mSin1, is not inhibited by
short-term treatment with this agent.

The heterodimer of the tumor suppressor tuberous sclero-
sis complex 2 (TSC2; tuberin) and TSC1 (hamartin) represses
mTORC1 signaling by acting as the GTPase-activator pro-
tein for the small G protein Rheb (Ras homolog enriched in
brain), a potent activator of mTORC1 in its GTP-bound state.
Phosphorylation of TSC2 by Akt and/or ERK/p90RSK (at dif-
ferent sites) uncouples TSC1/TSC2 from Rheb, leading to Rheb-
GTP accumulation and mTORC1 activation (Figure 1). The Rag
GTPases (RAGA/B and RAGC/D), in conjunction with the adap-
tor Ragulator, activate mTORC1 in response to amino acids, by
promoting mTORC1 translocation to lysosomal membranes that
contain Rheb-GTP (Bar-Peled and Sabatini, 2014). Phosphatase
and tensin homolog (PTEN) opposes PI3K by degrading PIP3

to PIP2 thereby inactivating Akt and mTOR signaling (Song
et al., 2012). The adaptor protein Shc binds to autophospho-
rylated IGF-1R to stimulate Grb2/SOS-mediated Ras activation
(GTP loading) leading to Raf/MEK/ERK activation (Figure 1). As
will be discussed below, insulin/IGF-1-induced signaling cross-
talks with pathways triggered through other receptors systems
expressed by PDAC cells thereby forming complex networks.

In addition to be phosphorylated at multiple Tyr residues
that promote downstream signaling, the IRS family is also phos-
phorylated at multiple serine and threonine residues that atten-
uate signaling and promote degradation. In this context, it is
important that activation of the mTORC1/S6K axis inhibits IRS-
1 function following its phosphorylation at multiple residues,
including Ser636/639 by mTORC1 and Ser307/636/1001 by S6K
(Tanti and Jager, 2009). Accordingly, treatment of PDAC cells
with rapamycin caused a striking increase in Akt phosphoryla-
tion at Ser473 while exposure to active-site inhibitors of mTOR
(e.g., KU63794 and PP242) abrogated Akt phosphorylation at
this site in PDAC cells (Soares et al., 2013). Conversely, active-site
inhibitors of mTOR caused a marked increase in ERK activation
whereas rapamycin did not have any stimulatory effect on ERK
activation in PDAC cells (Soares et al., 2013). These results imply
that first and second generation of mTOR inhibitors promote
over-activation of different pro-oncogenic pathways in PDAC
cells, suggesting that suppression of feed-back loops should be
a major consideration in the use of these inhibitors for PDAC
therapy.
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FIGURE 1 | Insulin/IGF-1 signaling pathways. The receptors for the
peptides of the insulin family peptides consist of ligand-binding α chain
and tyrosine kinase-containing β chain (cartoons in the box). Insulin binds
to the insulin receptors (InsR) with high affinity while it binds to IGF-1R
at higher concentrations. Insulin also binds to hybrid receptors
(IGF-1R/InsR). IGF-1 binds to the IGF-1R and to hybrid receptors with
high affinity. IGF-2 binds to the InsR-A, IGF-1R, and IGF-1R/InsR-A hybrid
receptor. For the sake clarity, negative feedback loops mediated by

downstream components of the pathway (e.g., mTORC1, S6K) that
restrain the activity of upstream components (e.g., IGF-1R, IRS) have not
been included. The signaling network depicted in this figure is discussed
in the text. Note that the IGF-1R and hybrid IGF-1R/InsRs couple more
efficiently to Shc/Grb2/SOS providing an explanation for the increased
ability of IGF-1 to induce ERK activation as compared with insulin. Green
lines indicate stimulatory interactions while red lines indicate inhibitory
interactions.

CROSSTALK BETWEEN INSULIN/IGF-1 RECEPTOR AND G
PROTEIN-COUPLED RECEPTOR SIGNALING SYSTEMS IN
PDAC
Many studies support the notion that crosstalk between the
insulin receptor and heptahelical GPCR signaling systems is
implicated in a variety of normal and abnormal processes,
including cardiovascular and renal pathologies in obesity,
metabolic syndrome and T2DM. Many GPCRs and their cog-
nate agonists also mediate autocrine/paracrine growth stimu-
lation in a variety of cancer cells and dramatically synergize
with insulin/IGF-1 in inducing mitogenic signaling (Rozengurt,
1986). A recent characterization of cancer genomes demon-
strated frequent mutations in GPCRs and G proteins (Kan et al.,
2010). Consequently, we hypothesized that crosstalk between
insulin/IGF-1 receptor and GPCR signaling systems is also a
mechanism for enhancing the development of pancreatic can-
cer (Rozengurt et al., 2010). Accordingly, PDAC cells and tis-
sues express multiple mitogenic GPCRs, including receptors
that recognize neurotensin, angiotensin II and substance P
(Rozengurt et al., 2010) and a broad-spectrum GPCR antago-
nist inhibited the growth of PDAC cells in vivo (Guha et al.,
2005). Using PDAC cells in culture, we demonstrated positive

crosstalk between insulin receptor and GPCR signaling systems
(Kisfalvi et al., 2009).

Many GPCRs activate G proteins of the Gq family, promot-
ing its dissociation into Gαq and Gβγ and the exchange of GDP
bound to Gαq for GTP (Rozengurt, 2007). The resulting GTP-
Gαq complex activates the β isoforms of phospholipase C (PLC),
identified as one of the “core” signaling pathways that undergo
somatic alterations in nearly all pancreatic cancers (Jones et al.,
2008). As shown in Figure 2, PLCβ produces second messen-
gers that activate members of the protein kinase C (PKC) family
which, in turn, phosphorylate and activate the protein kinases
of the protein kinase D (PKD) family, including PKD1, PKD2,
and PKD3 (Rozengurt et al., 2005). The PKC/PKD axis induces
MEK/ERK/p90RSK activation, at least in part by direct phos-
phorylation of RIN1 and thereby potentiates K-Ras signaling
(Rozengurt et al., 2005). In addition, PKDs can promote COX-
2-mediated production of PGE2 which can bind to their own
receptors after exiting the cells (Figure 2). PKDs are rapidly acti-
vated by GPCR agonists in PDAC cells (Guha et al., 2002; Rey
et al., 2003a,b; Yuan and Rozengurt, 2008), are over-expressed in
PDAC tissues (Harikumar et al., 2010) and PKD over-expression
in PDAC cell lines promotes their proliferation (Kisfalvi et al.,
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FIGURE 2 | Crosstalk between insulin/IGF-1 receptors and GPCR

signaling systems. The binding of an agonistic ligand to its cognate GPCR
triggers the activation of multiple signal transduction pathways via
heterotrimeric G proteins, including Gq/11. GPCRS also signal via arrestin
(β-Arr) in a G protein-independent manner. A rapid increase in the activity of
phospholipases C leads to the synthesis of lipid-derived second messengers,
Ca2+ fluxes and subsequent activation of protein phosphorylation cascades,
including PKC/PKD, Raf/MEK/ERK and Akt/mTOR/p70S6K. The EGFR has
emerged as a transducer in the signaling by GPCRs, a process termed EGFR

transactivation, and promoted by the release of heparin-binding epidermal
growth factor (HB-EGF) through the activation of a disintegrin and
metalloprotease (ADAM). The pathways stimulated by GPCRs are extensively
interconnected by synergistic and antagonistic cross-talks that play a critical
role in signal transmission, integration and dissemination. In this context,
mTOR emerges as a critical point of convergence in the action of
insulin/IGR-1R, EGFR, and GPCRs. Rapamycin, an allosteric inhibitor of
mTORC1 and metformin, an inhibitor of mitochondrial function that indirectly
(broken lines) stimulates AMPK, are also included.

2010) and invasion (Ochi et al., 2011). Furthermore, a novel PKD
inhibitor blocks pancreatic cancer cell growth in vitro and in vivo
(Harikumar et al., 2010).

GPCR agonists also stimulate mTORC1 through at least
two converging mechanisms: EGFR transactivation and ERK-
mediated phosphorylation of TSC2 (Rozengurt, 2007; Foster and
Fingar, 2010; Rozengurt et al., 2010). Transactivation of the EGFR
is mediated by the rapid generation of EGFR ligands through pro-
teolysis of membrane-bound precursors proteins and via intracel-
lular phosphorylation of EGFR mediated by Src (Santiskulvong
and Rozengurt, 2007). The importance of EGFR has been demon-
strated in transgenic mice models in which pancreas-specific
deletion of EGFR prevented Kras-induced development of PDAC
(Ardito et al., 2012).

We hypothesize that the concomitant activation of PI3K/Akt
(through insulin/IGF-1 and EGF receptors), PKD/ERK (via
agonist-induced Gq signaling) and mTORC1 (synergistically
through PI3K/Akt induced by insulin/IGF-1R and EGFR and
GPCR-stimulated ERK/p90RSK) in PDAC cells potently stimu-
lates DNA synthesis and proliferation of these cancer cells, and
thus provide potential targets for chemotherapeutic intervention
(Figure 2). Since both the ERK and PI3K pathways are effectors
of KRAS, activating mutations of KRAS reinforce the crosstalk

between insulin/IGF-1 receptor and GPCR signaling systems,
thereby increasing the robustness of the network induced by
insulin/IGF-1 and GPCR agonists in pancreatic cancer cells.

METFORMIN, AMPK, AND PDAC
Metformin (1,1-dimethylbiguanide hydrochloride) is the most
widely prescribed drug for treatment of T2DM worldwide.
Although it has been in clinical use for decades, its precise
molecular mechanism of action remains incompletely under-
stood. The primary systemic effect of metformin is the lowering
of blood glucose levels through reduced hepatic gluconeogenesis
and improved insulin sensitivity by increasing glucose uptake in
peripheral tissues, including skeletal muscles and adipose tissue
(Shaw et al., 2005). Metformin also reduces the circulating levels
of insulin and IGF-1 in both diabetic and non-diabetic patients
(Berker et al., 2004; Goodwin et al., 2008).

At the cellular level, metformin indirectly stimulates AMP–
activated protein kinase (AMPK) activation (Hawley et al., 2010),
though other cellular mechanisms of action have been proposed,
especially at high concentrations (Sahra et al., 2008; Kalender
et al., 2010). Metformin does not act directly on AMPK but
inhibits complex I activity of the mitochondrial respiratory chain
(El-Mir et al., 2000; Owen et al., 2000), resulting in reduced ATP
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synthesis and increase in cellular AMP and ADP. AMPK is a con-
served sensor of cellular energy being activated when ATP con-
centrations decrease and 5′-AMP concentrations increase (Kahn
et al., 2005; Oakhill et al., 2011). Interestingly, AMPK is also
implicated in the regulation of epithelial cell polarity (Mirouse
et al., 2007), which is lost in advanced PanINs (Hingorani et al.,
2003).

AMPK exists as a heterotrimer, composed of the catalytic
kinase α subunit and two regulatory subunits, β and γ (Kahn
et al., 2005). AMP directly binds to the AMPK γ subunit,
causing allosteric activation and preventing dephosphorylation
of Thr172 in the activation loop of the α subunit (Gowans
et al., 2013). The tumor suppressor LKB-1/STK11 (Liver kinase
B1/serine–threonine kinase 11) is the major kinase phosphory-
lating the AMPK activation loop. LKB-1/STK11 is mutated in
the Peutz-Jegher syndrome (Kahn et al., 2005), characterized by
predisposition to GI neoplasms, including PDAC.

AMPK is thought to inhibit mTORC1 function at three lev-
els: (1) AMPK stimulates TSC2 function via phosphorylation on
Ser1345 (Inoki et al., 2003, 2006; Shaw et al., 2004), leading to
accumulation of Rheb-GDP (the inactive form) and thereby to
inhibition of mTORC1 activation; (2) AMPK inhibits mTORC1
by direct phosphorylation of Raptor (on Ser722 and Ser792), which
disrupts its association with mTOR (Gwinn et al., 2008); (3)
Insulin/IGF-1-induced mTORC1 activation is also attenuated by
AMPK by direct phosphorylation of IRS-1 on Ser794, a site that
interferes with PI3K activation (Tzatsos and Tsichlis, 2007; Ning
and Clemmons, 2010). Metformin, at high concentrations, also
inhibits mTORC1 via AMPK-independent pathways, targeting
Rag GTPases and/or REDD1 (Kalender et al., 2010; Ben Sahra
et al., 2011). Since mTORC1 is a key site of signaling crosstalk
in PDAC cells, we examined whether metformin opposes positive
crosstalk between insulin/IGF-1 receptors and GPCR signaling
systems in these cells.

In designing mechanistic experiments with metformin or
other inhibitors of mitochondrial respiration such as the natural
alkaloid berberine, it is important to use physiological concentra-
tions of glucose in the culture medium. Cancer cells use aerobic
glycolysis when the glucose concentration in the medium is very
high but retain significant capacity of oxidative phosphorylation
(Rossignol et al., 2004; Imamura et al., 2009; Vander Heiden
et al., 2009). Thus, when cultured in regular DMEM (which
contains 25 mM glucose), cells derive most of the ATP from gly-
colysis. In contrast, when the concentration of ambient glucose is
physiological (∼5 mM) and glucose uptake rates are lower, cells
derive part of their ATP from mitochondrial oxidative phospho-
rylation (Vazquez et al., 2010) and hence, are more sensitive to
mild inhibitors of mitochondrial function, like metformin. Our
results demonstrated that metformin prevented mTORC1 signal-
ing in PDAC cells (Kisfalvi et al., 2009) and that the inhibitory
effect of low doses of metformin on mTORC1 was markedly
enhanced when PDAC cells were cultured in medium contain-
ing physiological concentrations of glucose (Sinnett-Smith et al.,
2013; Soares et al., 2013). In this context, most previous studies
in vitro with multiple cell types have used high concentrations
of this agent to elicit effects [e.g., 5–30 mM], a condition that
can lead to off-target effects. In addition to inhibit mTORC1, our

results demonstrated that metformin prevented ERK activation in
PDAC cells (Soares et al., 2013). Interestingly, the effects of met-
formin on Akt and ERK activation are strikingly different from
allosteric or active-site mTOR inhibitors in PDAC cells, though
all these agents potently inhibited the mTORC1/S6K axis (Soares
et al., 2013). Furthermore, administration of metformin inhib-
ited the growth of aggressive PDAC cells in xenograft models
(Kisfalvi et al., 2013). Collectively, these studies imply that met-
formin inhibits mitogenic signaling, including mTORC1, ERK,
and proliferation in PDAC cells and raise the attractive possibil-
ity that this anti-diabetic agent could offer a novel approach for
the chemoprevention of PDAC (Rozengurt et al., 2010; Yue et al.,
2014).

In line with this possibility, a number of epidemiological stud-
ies suggested a link between administration of metformin and
reduced incidence of a variety of cancers in T2DM patients,
including PDAC (Li et al., 2009; DeCensi et al., 2010; Lee et al.,
2011; Bodmer et al., 2012; Franciosi et al., 2013; Zhang et al.,
2013). Interestingly, metformin use in T2DM patients with PDAC
was associated to better survival (Sadeghi et al., 2012). However,
a meta-analysis of nine observational studies showed a trend but
failed to show a significant association between metformin and
PDAC risk (Singh et al., 2013). Methodological limitations and
biases that potentially exaggerate the beneficial effects of met-
formin in observational studies have been identified (Gandini
et al., 2014). In any case, epidemiological associations do not
establish causation, but support the need for understanding
mechanism(s) of action and for prospective clinical studies. For
example, it will be of great interest to test anti-cancer effects of
metformin on PDAC cells with complex I mutations that render
them hypersensitive to inhibitors (Birsoy et al., 2014).

The elucidation of the mechanism(s) by which metformin
targets cancer cells is key for advancing the field as can lead
to novel therapeutic strategies, including the identification of
specific patient populations that ultimately will benefit from met-
formin administration, the generation of preliminary biomarker
evidence of target inhibition, will stimulate the development of
second generation drugs and the design of combinatorial inter-
ventions.
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Over the last decade, we have gained new insight into the pathophysiology of cachexia
associated with pancreatic cancer. Unfortunately, its treatment is complex and remains
a challenge. Pancreatic cancer cachexia is a multifactorial syndrome characterized by
uncompensated adipose tissue and skeletal muscle loss in the setting of anorexia that
leads to progressive functional impairment. This paper will review the current concepts
of pancreatic cancer cachexia, its assessment and pathophysiology as well as current
and future treatments. The successful management of pancreatic cancer cachexia will
likely require a multimodal approach that includes nutritional support and combination
pharmaceutical interventions.

Keywords: pancreatic cancer, cachexia, anorexia, catabolism, multimodal therapy

INTRODUCTION
Cachexia is a ubiquitous characteristic of pancreatic cancer and
develops in approximately 80% of pancreatic cancer patients
during their disease course (Fearon et al., 2006b). Up to one-
third die from complications associated with cachexia through
immobility, severe respiratory muscle impairment resulting in
cardiopulmonary failure, and impaired immunity (Bachmann
et al., 2009). Cachexia is a complex metabolic disorder that
involves features of anorexia, anemia, and loss of adipose and
skeletal muscle mass. In pancreatic cancer patients, it has been
associated with reduced physical function, lower response rates
to chemotherapy and radiation treatment, and decreased sur-
vival (Dewys et al., 1980; Moses et al., 2004; Bachmann et al.,
2008, 2009). Pre-operative evidence of cachexia in pancreatic
cancer patients has been also associated with worse postoper-
ative outcome after pancreaticoduodenectomy (Pausch et al.,
2012).

Although new insights to the pathogenesis of pancreatic cancer
cachexia have been gained over the past decade, the underlying
mechanisms leading to this syndrome are not fully understood.
There continues to be an active search for potential targets and
effective treatment. This article reviews the current concepts and
management of this clinical dilemma.

DEFINITION AND CLASSIFICATION OF CANCER CACHEXIA
Cachexia has been recognized as a common complication of
cancer. In 2011, an international consensus defined cancer
cachexia as a multifactorial syndrome characterized by ongo-
ing loss of skeletal muscle mass that cannot be fully reversed
by conventional nutritional support and leads to progressive
functional impairment (Fearon et al., 2011). Diagnostic crite-
ria include weight loss greater than 5% over the past 6 months,
weight loss greater than 2% in individuals with body mass

index (BMI) less than 20 kg/m2, or evidence of sarcopenia
with any degree of weight loss greater than 2% (Table 1).
Evidence of sarcopenia is defined as appendicular skeletal mus-
cle index less than 7.26 kg/m2 in males and less than 5.45 kg/m2

in females determined by dual energy X-ray absorptiometry
(DEXA). Based on these criteria, the majority of pancreatic can-
cer patients have cachexia at the time of diagnosis (Fearon et al.,
2006b).

Cancer cachexia develops progressively through a spectrum.
The international consensus identified three stages of cachexia:
precachexia, cachexia, and refractory cachexia (Fearon et al.,
2011). Severity is classified based on the degree of depletion of
energy stores and body protein mass (using BMI) and the rate of
ongoing weight loss. In precachexia, patients demonstrate early
clinical and metabolic signs including anorexia and impaired
glucose tolerance preceding substantial involuntary weight loss.
Patients then develop progressive weight loss and meet the crite-
ria for cachexia as previously defined. Cachexia becomes clinically
refractory as a result of progressive cancer unresponsive to ther-
apy. In this stage, there is active catabolism, and patients have
worsening physical function with a life expectancy of less than 3
months.

ASSESSMENT OF CANCER CACHEXIA
Since cachexia is a multifactorial syndrome, its evaluation should
involve assessment for various features as summarized in Table 2:
anorexia or reduced food intake, catabolic drivers, muscle mass
and strength, and functional and psychosocial effects (Fearon
et al., 2011). Some of these different characteristics of cancer
cachexia have been found to be adverse prognostic indicators.
A recent study showed that weight loss (>10% weight loss),
reduced food intake (<1500 kcal/day), and evidence of systemic
inflammation [C-reactive protein (CRP) > 10 mg/L] identified
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Table 1 | Diagnosis of cancer cachexia (Fearon et al., 2011).

Weight loss greater than 5% over the past 6 months; or

Weight loss greater than 2% in individuals with BMI less than 20 kg/m2; or

Evidence of sarcopenia* with weight loss greater than 2%

*Sarcopenia defined as appendicular skeletal muscle index in males <7.26 kg/m2

and in females <5.45 kg/m2determined by DEXA.

Table 2 | Assessment of cancer cachexia.

Areas of assessment Methods

Reduced food Patients estimate overall food intake

intake/ anorexia Third-party assessment of food intake
(family member)

Assess for mechanical factors contributing
to reduced intake

Hypercatabolism Serum CRP levels

Responsiveness to treatment and rate of
disease progression

Muscle mass and Cross-sectional imaging with CT or MRI

strength DEXA: appendicular skeletal muscle index

Anthropometry: mid-upper-arm muscle
area

Bioimpedance analysis: whole body fat-free
mass index

Physical and EORTC QLQ-C30

psychosocial
functioning

ECOG questionnaire

Karnofsky performance score

Electric activity meters

Checklists of specific activities

CRP, C-reactive protein; CT, computed tomography; MRI, magnetic resonance

imaging; DEXA, dual-energy X-ray absorptiometry; EORTC QLQ-C30, European

Organization for Research and Treatment of Cancer quality of life questionnaire

C-30; ECOG, Eastern Cooperative Oncology Group.

pancreatic cancer patients with reduced subjective and objective
functional ability. Patients with at least two of these components
had a significantly worse prognosis (Fearon et al., 2006b).

Evaluation of food intake should be routinely performed. At
the minimum, patients can be asked to estimate their overall food
intake in relation to normal intake with dietary or recall records.
Another simple method for prospective third-party assessment of
food intake is the percentile calculation of food consumed at each
meal by a family member (Bruera and Sweeney, 2000). Patients
should also be evaluated for underlying factors that contribute
to reduced food intake, such as lack of appetite, chemosensory
disturbances, dysphagia, decreased gastrointestinal (GI) motility,
pain, and fatigue.

A key component of pancreatic cancer cachexia is hyper-
catabolism due to direct tumor metabolism, systemic inflam-
mation, or other tumor-mediated effects. Hypercatabolism due
to systemic inflammation can be assessed using serum CRP
levels (Moses et al., 2009). Indirect indices of catabolism include
responsiveness to chemotherapy and rate of disease progression.

Cancer cachexia is characterized by ongoing skeletal muscle
loss. There are various methods for muscle mass assessment:
cross-sectional imaging with computed tomography (CT) or
magnetic resonance imaging (MRI); appendicular skeletal muscle
index obtained from DEXA; mid-upper-arm muscle area by
anthropometry; and whole body fat-free mass index determined
by bioimpedance analysis (Simons et al., 1995; Prado et al.,
2009; Fearon et al., 2011; Di Sebastiano and Mourtzakis, 2012).
Imaging-based methods of muscle mass assessment can quantify
changes in body composition, including skeletal muscle wasting,
altered distribution of body fat, and pathological accumulation
of lipids in various tissues. MRI can measure the volume of
the quadriceps muscle with a coefficient of variation < 1%.
Diagnostic CT scans can be used to estimate abdominal muscle
cross-sectional area at the L3 level, which can be extrapolated
to whole body lean body mass. These modalities are usually
reserved for research purposes and not routinely used in the
clinic.

A comprehensive approach, including history, physical exam-
ination, and various imaging studies can aid in recognizing the
phenomenon termed sarcopenic obesity or cachexia hidden in the
context of obesity. Even at the time of diagnosis, approximately
40% of overweight or obese pancreatic cancer patients have sub-
stantial ongoing skeletal muscle wasting (Tan et al., 2009). Early
detection of sarcopenic obesity is important because it has been
shown to be an independent prognostic factor for decreased
survival in pancreatic cancer patients (Tan et al., 2009).

Cancer cachexia can have a profound adverse effect on phys-
ical and psychosocial functioning. Patients report altered body
images, which can significantly impact emotions and relation-
ships. The method of choice for evaluating functional effects
of cancer cachexia is the routine use of patient-reported phys-
ical functioning. This assessment can be obtained using the
European Organization for Research and Treatment of Cancer
(EORTC) Quality of Life Questionnaire (QLQ)-C30 or the
Eastern Cooperative Oncology Group (ECOG) questionnaire.
Physician-reported physical activity (Karnofsky performance
score) and objective methodologies such as electric activity meters
or checklists of specific activities can also be used to assess phys-
ical functioning. A recent study with subjects wearing an electric
activity monitor showed that the level of physical activity in
cachectic cancer patients is reduced by about 40% (Dahele et al.,
2007).

MECHANISMS OF CANCER CACHEXIA
The pathophysiology of cancer cachexia is characterized by neg-
ative protein and energy balance driven by a combination of
reduced food intake and increased metabolism (Fearon, 2008,
2012; Fearon et al., 2011). This process involves complex inter-
actions between the host and the tumor (Figure 1). There are
mechanical factors that contribute to reduced food intake. There
is evidence that anorexia and hypercatabolism are driven by
cytokines, circulating hormones, neuropeptides, neurotransmit-
ters, and tumor-derived factors. In addition, recent studies have
discovered other potentially significant processes involved in pan-
creatic cancer cachexia, including neural invasion and abnormal-
ities in the muscle microenvironment. This section will review
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FIGURE 1 | Proposed mechanisms of pancreatic cancer cachexia.

current proposed mechanisms that lead to the development of
this disease process.

MECHANICAL FACTORS
Reduced food intake can promote and maintain cancer-associated
weight loss (Wigmore et al., 1997b). Mechanical digestive abnor-
malities can result in a lack of appetite and reduced food
intake. Patients with pancreatic cancer suffer from pain, fatigue,
nausea, dysphagia, gastroparesis, duodenal stenosis, pancreatic
insufficiency and malabsorption, and constipation (Deutsch
and Kolhouse, 2004). These symptoms are the direct conse-
quence of tumor invasion, which can result in the obstruc-
tion of the pancreatic duct and/or GI tract, particularly the

second portion of the duodenum. Many patients will undergo
pancreaticoduodenectomy for the resection of a pancreatic head
mass. This procedure can worsen pancreatic insufficiency and
decrease oral intake.

CYTOKINES AND SYSTEMIC INFLAMMATION
Systemic inflammation plays an important role in the patho-
physiology of pancreatic cancer cachexia. Elevated CRP levels
(CRP > 10 mg/L), an indirect measure of systemic inflammation,
has been associated with cachexia and poor prognosis in pan-
creatic cancer patients (Fearon et al., 2006b). Elevated cytokine
levels, including IL-6 and IL-10, have been associated with poor
performance, weight loss, and decreased survival in pancreatic
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cancer patients (Ebrahimi et al., 2004; Moses et al., 2009). Recent
evidence strongly suggest that cytokines produced by tumor cells
or released by the host as a response to the cancer affect var-
ious pathways that lead to anorexia and a hypercatabolic state
(Figure 1). These pathways can be divided into central pathways,
which are hypothalamus-mediated, and peripheral pathways,
which involve direct lipolysis and proteolysis.

Centrally-mediated pathways
Under normal conditions, energy homeostasis is a highly reg-
ulated system of controls. The hypothalamus controls energy
intake by integrating peripheral signals that convey informa-
tion on energy and adiposity status. These inputs are transduced
into neuronal responses and, via signaling pathways, behavioral
responses. Current evidence suggests that systemic inflammation
plays a critical role in inducing cancer anorexia by triggering
a complex neurochemical cascade (Laviano et al., 2003; Fearon
et al., 2013; Suzuki et al., 2013; Tuca et al., 2013). Increased
cytokine expression from tumor growth prevents the hypotha-
lamus from responding appropriately to peripheral signals by
persistent stimulation of anorexigenic pathways and inhibition of
orexigenic pathways (Suzuki et al., 2013; Tuca et al., 2013).

Cancer anorexia may be partially due to derangement of
peripheral signaling transduction into neuronal responses by the
hypothalamus. There are two pathways that control energy expen-
diture and food intake within the hypothalamus: neuropeptide
Y (NPY)/Agouti-related peptide (AgRP) neurons that stimulate
energy intake and pro-opiomelanocortin (POMC)/cocaine and
amphetamine-regulated transcript (CART) neurons that inhibit
intake. Some studies suggest that cancer cachexia is associated
with hyperactivation of the POMC/CART pathway which may be
triggered by IL-1 and other pro-inflammatory cytokines (Wisse
et al., 2001; Marks and Cone, 2003; Marks et al., 2003; Scarlett
et al., 2007).

Leptin is a protein involved in regulating energy intake and
expenditure. Leptin reduces appetite and increases energy expen-
diture via the central nervous system (CNS). Through feed-
back signaling, leptin controls the production, and activation
of hypothalamic neuropeptides that regulate food intake and
energy expenditure, including NPY and corticotropin-releasing
factor (CRF). Since leptin is primarily released by adipose tis-
sue, decreased body fat mass or starvation leads to a decrease
in leptin levels. Low leptin levels allow for increased production,
release, and action of NPY, a potent orexigenic peptide, which
subsequently results in the activation of the NPY/AgRP path-
way. Additionally, low leptin levels result in decreased activity
of anorexigenic neuropepetides, such as CRF and melanocortin.
Studies have demonstrated that cytokines, such as tumor necrosis
factor-alpha (TNF-α) and interleukin1 (IL-1) increase the expres-
sion of leptin mRNA in adipocytes and plasma levels of leptin
despite starvation (Grunfeld et al., 1996; Janik et al., 1997; Sarraf
et al., 1997; Finck et al., 1998). Therefore, an increased leptin level
may contribute to cancer anorexia by preventing the normal com-
pensatory mechanisms that should occur with decreased food
intake. However, other studies have shown that these cytokines
can induce anorexia even in the absence of leptin (Faggioni et al.,
1997). Animal and clinical studies have also demonstrated that

leptin levels are not elevated in tumor-bearing rats and patients
with cancer cachexia (Simons et al., 1997; Wallace et al., 1998;
Mantovani et al., 2000; Bing et al., 2001). Recent evidence suggests
that in cancer cachexia IL-1 and TNF-α mimic leptin signaling
and interfere with the orexigenic response to reduced leptin levels
(Inui, 1999; Suzuki et al., 2013). Therefore, even with decreased
adiposity, there continues to be suppression of the orexigenic
response and stimulation of the anorexigenic pathway, resulting
in unopposed anorexia and increased energy expenditure.

Serotonin may also play an important role in the development
of cancer anorexia through the melanocortin system. Studies have
established that IL-1 stimulates the release of hypothalamic sero-
tonin (Shintani et al., 1993). Elevated serotonin levels, in turn,
contribute to the persistent activation of POMC/CART neurons,
resulting in decreased appetite and anorexia (Heisler et al., 2002).
Studies have demonstrated elevated plasma and cerebrospinal
fluid concentrations of tryptophan, a precursor of serotonin, in
patients with evidence of cancer cachexia compared to healthy
controls or cancer patients without cachexia (Cangiano et al.,
1990). Plasma tryptophan concentration normalized, and food
intake improved after tumor removal (Cangiano et al., 1994).
These findings suggest that hypothalamic serotonin may be an
important factor in the pathogenesis of cancer cachexia and a
potential therapeutic target.

These hypothalamic pathways and neuropeptides also have
catabolic effects. The POMC/CART anorexigenic pathway
increases the sympathetic nervous system activity, which causes
induction of mitochondrial uncoupling proteins, such as UCP-1
and UCP-2 (Li et al., 2002; Arruda et al., 2010). UCP-1 channels
protons across the inner mitochondrial membrane without ATP
production, resulting in thermogenesis and energy expenditure in
brown adipose tissue (Li et al., 2002; Arruda et al., 2010).

Peripheral pathways
Cytokines not only corroborate and sustain the neurochemical
changes responsible for anorexia, they have also been shown to
induce lipolysis, muscle catabolism, and the hepatic acute phase
protein response (APPR) through various pathways. These pro-
cesses lead to the development of uncompensated loss of muscle
and adipose tissue mass.

TNF-α. TNF-α was first identified as a cachexia-inducing factor
in chronic diseases. It may have properties that promote lipol-
ysis, impair lipogenesis, and induce muscle degradation. It has
been shown to induce lipolysis in vitro with increases in glycerol
release in mouse and human adipocytes, likely through down-
regulation of perilipin expression (Rydén et al., 2004). Perilipin
coats intracellular lipid droplets and acts as a barrier to lipolysis.
Decreased perilipin expression subsequently enables hormone-
sensitive lipase (HSL), a key regulator of lipolysis, to access the
surface of lipid droplets for breakdown (Zhang et al., 2002; Rydén
et al., 2004). TNF-α also has an inhibitory effect on adipocyte dif-
ferentiation, resulting in impaired lipogenesis (Cawthorn et al.,
2007; Hammarstedt et al., 2007).

Animal studies also suggest that TNF-α is involved in muscle
loss in cancer cachexia. Mouse models have shown that TNF-α
may induce muscle protein degradation through formation of

Frontiers in Physiology | Gastrointestinal Sciences March 2014 | Volume 5 | Article 88 | 93

http://www.frontiersin.org/Gastrointestinal_Sciences
http://www.frontiersin.org/Gastrointestinal_Sciences
http://www.frontiersin.org/Gastrointestinal_Sciences/archive


Tan et al. Pancreatic cancer cachexia

reactive oxygen species (ROS). Oxidative stress results in the
activation of nuclear factor κB (NFκB) which, in turn, acti-
vates the ubiquitin-proteasome pathway (Llovera et al., 1998; Li
and Reid, 2000). Moreover, TNF-α has been shown to increase
expression of the 1.2- and 2.4-kb transcripts of ubiquitin and
the ubiquitin ligase atrogin 1/MAFbx in skeletal muscle (Llovera
et al., 1998; Li and Reid, 2000). In addition to protein degradation,
TNF-α has been shown to inhibit myogenesis in vitro through
NFκB-mediated downregulation of MyoD transcripts (Guttridge
et al., 2000).

Although these findings suggest a role for TNF-α in lipolysis
and proteolysis, its importance in cancer cachexia is an active
area of debate. Results from studies measuring levels of TNF-
α in patients with cancer cachexia have been conflicting. Some
studies have shown detectable levels of TNF-α in the serum of
pancreatic cancer patients with TNF-α levels inversely correlat-
ing with body weight and BMI; other studies involving patients
with advanced cancers have shown no correlation between cir-
culating TNF-α levels, weight loss, and anorexia (Maltoni et al.,
1997; Karayiannakis et al., 2001; Rydén et al., 2008). Therefore,
the origin and relevance of TNF-α to cancer cachexia remains
unclear.

IL-6. IL-6 is another important cytokine in pancreatic cancer
cachexia. IL-6 secretion is induced by TNF-α; it acts synergisti-
cally with TNF-α in many of its actions including stimulation of
other cytokines. Circulating levels of IL-6 correlate with weight
loss and reduced survival in pancreatic cancer patients (Ebrahimi
et al., 2004; Martignoni et al., 2005; Moses et al., 2009). Although
the role of IL-6 in lipolysis is not well established, a recent study
has shown enhanced IL-6 signaling in brown adipose tissue in
cachectic tumor-bearing mice suggesting that it may play a direct
role in the activation of thermogenesis (Tsoli et al., 2012). More
importantly, IL-6 is known to activate the hepatic APPR and
trigger tissue catabolism. The murine C-26 cachexia model has
shown that increasing levels of IL-6 correlated with the develop-
ment of cachexia; treatment with an IL-6 neutralizing antibody
attenuated the development of weight loss (Strassmann et al.,
1992). Moses et al. found that pancreatic cancer patients with
cachexia had elevated CRP levels and stimulated IL-6 production
(Moses et al., 2009). Although various cytokines and hormones
affect hepatocyte protein metabolism, IL-6 is known as the prin-
cipal regulator of APPR in human hepatocytes (Castell et al.,
1990). There is a strong correlation between increased periph-
eral blood mononuclear cells (PBMC) production of IL-6 and the
presence of elevated APPR (Martignoni et al., 2005, 2009; Moses
et al., 2009). The activation of hepatic APPR subsequently results
in hypercatabolism through reprioritization of body protein
metabolism from skeletal muscle to production of acute phase
proteins (Fearon et al., 1999). There appears to be a two- to three-
fold increase in fibrinogen production and increase in serum CRP
levels (Preston et al., 1998). Production of these acute phase pro-
teins by the liver is associated with mobilization of peripheral
amino acid stores primarily from skeletal muscle contributing to
the loss of lean tissue and catabolism. Overproduction of IL-6 and
elevated APPR have been associated with decreased survival in
patients with pancreatic cancer cachexia (Moses et al., 2009).

TUMOR-DERIVED FACTORS
In addition to cytokines and systemic inflammation, tumor-
derived factors contribute to metabolic abnormalities that give
rise to pancreatic cancer cachexia. Two of the most well stud-
ied factors are lipid mobilizing factor (LMF) and proteolysis-
inducing factor (PIF). The presence and role of other factors
that contribute to pancreatic cancer cachexia are currently being
investigated.

Lipid mobilizing factor
Todorov et al. isolated a LMF from a cachexia-inducing murine
tumor (MAC16 adenocarcinoma) model and the urine of
patients with unresectable pancreatic cancer and weight loss
(Todorov et al., 1998). The material was 43 kDA and was
found to be homologous with the plasma protein zinc-α2-
glycoprotein (ZAG) (Todorov et al., 1998). Pancreatic can-
cer patients with weight loss generally had LMF/ZAG in
the urine, but it was absent from patients without weight
loss or normal subjects (Todorov et al., 1998). A recent
study identifying serum proteins involved in pancreatic can-
cer cachexia identified LMF/ZAG as a possible marker (Felix
et al., 2011). Moreover, immunohistochemical analysis demon-
strated LMF/ZAG expression in pancreatic cancer cells and
in the peritumoral stroma (Felix et al., 2011). Patients with
cachexia had stronger immunostaining compared to pancreatic
cancer patients without cachexia or normal subjects (Felix et al.,
2011).

In vivo studies have shown that LMF/ZAG causes selective loss
of carcass fat without change in body water or nonfat mass (Hirai
et al., 1998). LMF/ZAG directly induces lipolysis by stimulat-
ing adenylate cyclase in a GTP-dependent process; this process
is postulated to be mediated by β3 adrenergic receptors (Hirai
et al., 1998; Khan and Tisdale, 1999; Russell et al., 2002). Hirai
et al. showed an increase in serum levels of glycerol and 3-
hydroxybutyrate after treating mice with LMF/ZAG. They also
showed a significant increase in oxygen uptake by brown adi-
pose tissue suggesting that LMF/ZAG promotes lipid utilization
(Hirai et al., 1998). In addition, LMF/ZAG has been shown to
increase lipid oxidation using the production of 14CO2 from
[14C-carboxy]triolein (Russell and Tisdale, 2002). This function
is achieved by directly activating the expression of mitochondrial
UCPs. LMF/ZAG induces increased expression of UCP-1, UCP-
2, and UCP-3 in brown adipose tissue, and UCP-2 in skeletal
muscle and liver (Bing et al., 2002). The effect of LMF/ZAG on
lipid oxidation and utilization is also likely mediated by β3 adren-
ergic receptors. LMF/ZAG also increases the sensitivity of white
adipose tissues to the lipolytic effects of other stimuli, including
catecholamines (Islam-Ali et al., 2001). Adipocyte plasma mem-
branes have Gs α-subunits and Gi α-subunits, which stimulate
and inhibit adenylate cyclase, respectively. LMF/ZAG increases
Gαs expression and decreases Gαi expression, which favor mobi-
lization of lipid stores from adipocytes and facilitate a catabolic
state (Islam-Ali et al., 2001). LMF/ZAG not only increases lipid
mobilization through various pathways but it also increases sub-
strate utilization and activates mitochondrial oxidative pathways
in brown adipose tissue resulting in lipolysis, increased energy
expenditure, and hypercatabolism.
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PROTEOLYSIS-INDUCING FACTOR
PIF was discovered in 1996 using a MAC16 adenocarcinoma
mouse model of cachexia. Todorov et al. reported the discov-
ery of a glycoprotein of molecular mass 24 kDa that produced
cachexia in vivo by inducing skeletal muscle catabolism (Todorov
et al., 1996). The same material was isolated from urine of cachec-
tic cancer patients, but not from patients with weight loss due
to trauma, cancer patients with little or no weight loss, and
normal subjects. PIF was detected in the urine of 80% of pan-
creatic cancer patients with significantly greater total weight loss
and rate of weight loss than patients who did not have PIF in
their urine (Wigmore et al., 2000b). Immunochemistry demon-
strated that the 24 kDa material is present in the cytoplasm
of GI tumors, including pancreatic adenocarcinoma (Cabal-
Manzano et al., 2001). Enzymatic degradation of PIF suggests
that it consists of a peptide core with molecular weight 4000 Da
that is extensively N- and O-glycosylated to give a total molec-
ular mass of 24 kDa (Todorov et al., 1997). Examination of
the sequence of the human genome revealed the gene for the
polypeptide core of PIF is located in chromosome 12; two pro-
teins, dermicidin and Y-P30, have been reported to have 100%
homology (Schittek et al., 2001; Cunningham et al., 2002).
However, enzymatic degradation has shown that the oligosac-
charide chains are essential for the biologic activity of PIF
(Todorov et al., 1997).

When administered intravenously to normal mice, PIF isolated
from urine of cancer cachexia patients induced cachexia without
reduction in food and water intake (Cariuk et al., 1997). Analysis
of body composition demonstrated that the majority of weight
loss involved loss of lean body mass (Cariuk et al., 1997). This
decrease in lean body mass had two components: an increase
in protein degradation by 50% and a decrease in protein syn-
thesis by 50% observed in gastrocnemius muscle (Lorite et al.,
1997). Some studies suggest that PIF-mediated protein degrada-
tion may involve the ubiquitin-proteasome proteolytic pathway.
Administration of PIF to normal mice caused an increase in
mRNA levels for ubiquitin, E214k and the C9 proteasome subunit.
Therefore, protein degradation likely occurs through increased
expression of the ubiquitin-proteosome pathway in skeletal mus-
cle; this process is thought to be mediated by the activation of
NFκB (Lorite et al., 2001; Whitehouse and Tisdale, 2003; Wyke
and Tisdale, 2005). PIF has also been shown to induce total pro-
tein degradation and myosin depletion while actin levels remain
unchanged (Wyke and Tisdale, 2005).

The mechanism for NFκB activation by PIF is not fully
understood. It does involve release of arachidonic acid from
membrane phospholipids with rapid metabolism to eicosanoids
by phospholipase A2 (PLA2) (Smith and Tisdale, 2003). PIF
has been shown to increase expression of PLA2 (Smith and
Tisdale, 2003). One of the eicosanoids formed in response to PIF,
15-hydroxyeicosatetraenoic acid (15-HETE), can induce muscle
degradation in murine muscle cells (Wyke et al., 2005). 15-
HETE may be involved in the activation of protein kinase C
(PKC), which is important in the activation of NADPH oxidase
(Whitehouse et al., 2003; Smith et al., 2004; Wyke et al., 2005).
Activation of NADPH oxidase and generation of ROS play a
key role in PIF-induced expression of the ubiquitin-proteasome

pathway leading to muscle degradation (Smith et al., 2004; Russell
et al., 2007). Increased ROS activates IκB kinase (IKK) which leads
to phosphorylation and degradation of IκB; this process, in turn,
releases NFκB from its inactive cytosolic complex (Smith et al.,
2004).

PIF not only results in protein degradation, it also causes
inhibition of protein synthesis. PIF induces the activa-
tion/phosphorylation of double-stranded RNA-dependent
protein kinase (PKR) (Eley and Tisdale, 2007). The activation of
PKR leads to the phosphorylation of eIF2, which inhibits transla-
tion initiation and protein synthesis (Eley and Tisdale, 2007). In
addition, PKR is known to activate IKK resulting in the nuclear
accumulation of NFκB and increased expression and activity of
the ubiquitin-proteasome pathway (Zamanian-Daryoush et al.,
2000).

In addition to its direct effects on skeletal muscles, PIF may
play a role in increasing hepatic cytokine production. Treatment
of cultures of human hepatocytes with PIF resulted in activation
of NFκB and signal transducers and activators of transcription
(STAT3), which caused an increased production of IL-6, IL-8, and
CRP, as well as decreased production of transferrin (Watchorn
et al., 2001). A similar effect was observed in human Kupffer cells
and monocytes and resulted in increased production of TNF-α,
IL-6, and IL-8 (Watchorn et al., 2005). PIF may likely contribute
to APPR seen in pancreatic cancer cachexia.

OTHER PROPOSED MECHANISMS
Pax7 dysregulation
A recent study provides evidence for a different pathway
involved in pancreatic cancer related muscle wasting. Pax7 is
a self-renewing transcription factor expressed in various mus-
cle cells, including satellite cells and other myogenic pro-
genitor cells. He et al. demonstrated that NFκB activation
in satellite cells resulted in the dysregulation of Pax7, which
suppressed expression of MyoD and myogenin (Olguin and
Olwin, 2004; He et al., 2013). This process subsequently
blocked myogenic differentiation and inhibited myoblast fusion
leading to impaired regeneration and muscle wasting (He
et al., 2013). They also demonstrated that Pax7 was induced
by serum factors from cachectic mice and pancreatic can-
cer patients in an NFκB-dependent manner both in vitro
and in vivo (He et al., 2013). However, it remains unclear
what circulating factors lead to NFκB activation and Pax7
dysregulation.

Neural invasion
Recent studies have shown that neural invasion, which commonly
occurs in pancreatic cancer, is related to cachexia and astrocyte
activation in pancreatic cancer patients (Mitsunaga et al., 2008;
Imoto et al., 2012). Nerve damage from intraneural tumors of
pancreatic cancer can activate astrocytes and microglia in the
spinal cord. These activated astrocytes subsequently induce lipol-
ysis and muscle atrophy, although the mechanisms leading to
cachexia require further investigation (Imoto et al., 2012). These
activated astrocytes may increase sympathetic nervous system
activity, which is known to cause lipolysis in adipose tissue and
muscle atrophy (Li et al., 2002).
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MANAGEMENT OF CANCER CACHEXIA
Clinical management of cachexia is currently limited and
complex. Best supportive care practices are important in
managing secondary causes of anorexia including pain, nausea,
pancreatic insufficiency, and constipation. In addition, current
treatment strategies are based on the following factors: onco-
logical therapy with optimal control of the tumor; nutritional
support; and pharmacological treatment. Since cancer cachexia is
a multifactorial syndrome, successful treatment will likely involve
a multimodal approach.

NUTRITIONAL SUPPORT
Nutritional risk is highest among pancreatic cancer patients
(Bozzetti and Group, 2009). Early involvement of dieticians and
nutrition assessment programs are essential to guide manage-
ment. Nutritional support is an integral part of pancreatic cancer
cachexia management and involves providing dietary advice, oral
nutritional supplementation, enteral nutrition, and parenteral
nutrition (Ottery, 1996; Nitenberg and Raynard, 2000; Jatoi and
Loprinzi, 2001; el-Kamar et al., 2003).

Dietary recommendations can significantly increase oral
caloric and protein intake (Ovesen et al., 1993). Several stud-
ies evaluating the role of oral nutritional supplementation
among patients with pancreatic cancer demonstrated improve-
ment in weight and appetite (Fearon et al., 2003; Bauer and
Capra, 2005). Oral supplementation with compounds such as
L-Carnitine and omega-3 fatty acids may have benefits as
well (Barber et al., 1999; Kraft et al., 2012). A small mul-
ticenter randomized double-blind trial demonstrated a sig-
nificant improvement in weight and body mass composition
as well as quality of life with L-Carnitine supplementation
in patients with advanced pancreatic cancer (Kraft et al.,
2012).

In patients with swallowing difficulties or severe dysphagia,
a complete enteral diet can be administered using a nasogas-
tric tube or gastrostomy tube. Enteral feeding can be associated
with significant morbidity due to aspiration, pneumonia, and
diarrhea. In a select group of patients with bowel dysfunction
and progressive weight loss despite enteral support, parenteral
nutrition may provide a temporary benefit or stabilization in
nutritional status (Pelzer et al., 2010).

Artificial nutrition can limit nutritional deterioration in
cachectic cancer patients and improve certain metabolic and
nutritional indices. However, the nutritional response is typi-
cally limited. It is also lower than responses observed in mal-
nourished non-cancer patients receiving equivalent artificial
nutrition (Nixon et al., 1981). Patients with pancreatic cancer
cachexia require a multimodal approach to disease management
(DeWys, 1979).

PHARMACOLOGICAL APPROACH
Various drugs have been studied in the treatment of cancer
cachexia. Their mechanisms of action are based on modulation
of cytokines, hormones, or other pathways involved in the patho-
physiology of cancer cachexia. Table 3 summarizes drugs and
their pharmacologic activity with proven or potential effects on
pancreatic cancer cachexia.

Progestogens
Megestrol acetate is a semi-synthetic progesterone currently used
as an appetite stimulant. When megestrol acetate was first intro-
duced in the treatment of disseminated breast and endometrial
cancer, patients developed weight gain and increased appetite
as a side effect. Multiple trials demonstrated that megestrol
acetate (480–800 mg/day) resulted in significant improvement in
appetite, food intake, nausea, and weight gain among patients
with cancer cachexia, including those with pancreatic cancer
(Bruera et al., 1990; Loprinzi et al., 1990, 1993a; Westman
et al., 1999; Deutsch and Kolhouse, 2004). In 1993, the Food
and Drug Administration (FDA) approved megestrol acetate for
the treatment of cancer anorexia-cachexia syndrome as well as
cachexia due to chronic conditions, including human acquired
immunodeficiency syndrome (AIDS). Megestrol acetate is typi-
cally well-tolerated with low incidence of adverse effects, such as
rash, adrenal insufficiency, hyperglycemia, and thromboembolic
events. The increase in thromboembolism has an incidence of less
than 5% (Loprinzi et al., 1990). Since its approval, various meta-
analyses have confirmed that megestrol acetate increases appetite,
weight, and quality of life compared to placebo or other drugs
potentially active in the management of cancer cachexia (cis-
apride, dronabinol, corticosteroids, nandrolone) (Pascual López
et al., 2004; Leśniak et al., 2008). The efficacy of megestrol acetate
appears to be dose-dependent (Loprinzi et al., 1993a). Based on
body composition analysis, megestrol acetate causes weight gain
predominantly from an increase in adipose tissue and less from
an increase in body fluid (Loprinzi et al., 1993b). There was no
improvement in survival demonstrated in patients treated with
megestrol acetate (Westman et al., 1999; Leśniak et al., 2008).

The pharmacologic activity of megestrol acetate in appetite
stimulation and weight gain may be related to decreased pro-
duction and release of pro-inflammatory cytokines (IL-1, IL-6,
TNF-α) and stimulation of NPY in the hypothalamus (McCarthy
et al., 1994; Mantovani et al., 1998a,b). Another progestogen,
medroxyprogesterone acetate, was shown to decrease in vitro pro-
duction of cytokines and serotonin by PBMC of cancer patients
(Mantovani et al., 1998a,b).

Corticosteroids
Corticosteroids are effective in inducing an increase in appetite,
food intake, weight gain, and sense of well-being (Willox et al.,
1984; Bruera et al., 1985; Loprinzi et al., 1999). However, the
effects are short lived (less than 4 weeks) and associated with
long-term side effects, such as insulin resistance, fluid retention,
steroid-induced myopathy, skin fragility, adrenal insufficiency,
and sleep and cognitive disorders (Loprinzi et al., 1999). The
mechanism of action in cancer cachexia is not well understood
but is likely related to the inhibition of IL-1, TNF-α, and lep-
tin as well as the stimulation of NPY (Plata-Salamán, 1991).
Because of their short term symptomatic benefits but long term
adverse effects, corticosteroids may be useful in patients with
short expected survival.

Cannabinoids
Dronabinol is effective in reducing nausea and increasing appetite
with associated weight stabilization. A phase II trial showed that
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Table 3 | Pharmacological approach to pancreatic cancer cachexia.

Drugs Mechanism of action References Level of

evidence

Progestogens
(megestrol acetate and
medroxyprogesterone acetate)

Appetite stimulation
Decrease production and release of cytokines (IL-1,
IL-6, TNF-α)
Stimulation of NPY
Decrease production of serotonin in PBMC

Bruera et al., 1990; Loprinzi et al., 1990,
1993a,b; McCarthy et al., 1994; Mantovani
et al., 1998a,b; Westman et al., 1999;
Deutsch and Kolhouse, 2004; Pascual
López et al., 2004; Leśniak et al., 2008

I

Corticosteroids
(prednisone, dexamethasone,
methylprednisolone)

Appetite stimulation
Not well understood
Likely from inhibition of IL-1, TNF-α, and leptin
Stimulation of NPY

Willox et al., 1984; Bruera et al., 1985;
Plata-Salamán, 1991; Loprinzi et al., 1999;

I

Cannabinoids
(dronabinol)

Appetite stimulation, anti-emetic
Interaction with endorphin receptors
Interference with IL-1 synthesis
Activation of cannabinoid receptor involved in the
neurochemical circuit of leptin
Inhibition of prostaglandin synthesis

Nelson et al., 1994; Jatoi et al., 2002 II

NSAIDs
(COX-2 inhibitors, indomethacin,
ibuprofen)

Anti-inflammatory
Decrease production and release of acute phase
proteins and pro-inflammatory cytokines
Inhibit prostaglandin synthesis

Gelin et al., 1991a,b; Lundholm et al.,
1994; McMillan et al., 1995, 1997, 1999;
Preston et al., 1995; Wigmore et al., 1995;
Lai et al., 2008

II

Thalidomide Anti-inflammatory and immunomodulatory
properties
Downregulate production of TNF-α and other
cytokines
Inhibit NFκB
Downregulate COX-2
Inhibit angiogenesis

Sampaio et al., 1991; Bruera et al., 1999;
Gordon et al., 2005

II

Omega-3 fatty acids
(eicosapentaenoic acid)

Anti-inflammatory and immunomodulatory
properties
Decrease production of cytokines (IL-1, IL-6, TNF-α)
Inhibit downstream effects of LMF and PIF

Tisdale and Beck, 1991; Meydani et al.,
1993; Tisdale, 1996; Wigmore et al., 1996,
1997a, 2000b; Barber et al., 1999; Hussey
and Tisdale, 1999; Jatoi et al., 2004;
Fearon et al., 2006a

Conflicting

NSAIDs, non-steroidal anti-inflammatory drugs; NPY, neuropeptide Y; IL-1, interleukin-1; IL-6, interleukin-6; TNF-α, tumor necrosis factor-alpha; PBMC, peripheral

blood mononuclear cells; NFκB, nuclear factor κB; COX-2, cyclooxygenase-2; LMF, lipid mobilizing factor; PIF, proteolysis-inducing factor.

dronabinol reduced anorexia in 68% of patients, but 16% of
patients had to suspend treatment due to toxicity (Nelson et al.,
1994). Dronabinol has many adverse effects on the CNS. The
main side effects include euphoria, hallucinations, psychosis, ver-
tigo, and cardiovascular disorders. Appetite stimulation appears
to be mediated by interaction with endorphin receptors, inter-
ference with IL-1 synthesis, activation of cannabinoid receptors
involved in the neurochemical circuit of leptin, and prostaglandin
synthesis inhibition.

A controlled clinical trial by Jatoi et al. compared megestrol
acetate and dronabinol in patients with cancer cachexia (Jatoi
et al., 2002). A total of 469 patients were treated with megestrol
acetate 800 mg/day or dronabinol 2.5 mg/12 h or both. There
was a greater increase in appetite and weight in the megestrol
acetate group compared to the dronabinol group: 75 vs. 49%
(P = 0.0001) for appetite, respectively and 11 vs. 3% (P = 0.02)

for weight gain of at least 10% from baseline, respectively (Jatoi
et al., 2002). The combination treatment group resulted in no sig-
nificant differences in appetite and weight when compared to the
megestrol acetate only group (66 vs. 75%, P = 0.17, for appetite
and 8 vs. 11%, P = 0.43, for =10% weight gain, respectively).
Megestrol acetate appears to be superior to dronabinol although
the cannabinoid is still able to trigger an increase in appetite
and reduction in nausea. It serves as an alternative option as an
appetite stimulant and anti-emetic.

Anti-inflammatory agents
Systemic inflammation is an important contributor to the patho-
physiology of pancreatic cancer cachexia. Pro-inflammatory
cytokines, such as TNF-α, IL-1, and IL-6, have been implicated
in the development of cancer cachexia and have been shown
to exhibit synergistic effects. Therefore, multiple therapeutic
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strategies have been developed to curtail the inflammatory
response by blocking the synthesis or action of cytokines.

Non-steroidal anti-inflammatory drugs (NSAIDs), includ-
ing cyclooxygenase-2 (COX-2) inhibitors, indomethacin, and
ibuprofen, reduce release of acute phase proteins and cytokines
(McMillan et al., 1995; Preston et al., 1995; Wigmore et al.,
1995). In animal studies, inhibition of prostaglandin synthesis
attenuated tumor progression and decreased incidence of can-
cer cachexia (Gelin et al., 1991a,b). One possible explanation
is that cytokines depend on signal transduction mediated by
eicosanoids; NSAIDs inhibit prostaglandin synthesis and thereby
block downstream effects of systemic inflammation. Lundholm
et al. demonstrated that indomethacin use may prolong sur-
vival in cachectic patients with metastatic solid tumors, including
pancreatic cancer (Lundholm et al., 1994). Other controlled clin-
ical trials have shown that ibuprofen can decrease CRP levels,
increase body weight and muscle mass, and improve quality
of life, especially when combined with progestogens (Wigmore
et al., 1995; McMillan et al., 1997; Lai et al., 2008). McMillan
et al. recruited 73 patients with advanced GI cancers, predomi-
nantly pancreatic cancer (67% of patients), and cancer cachexia
(McMillan et al., 1999). This multicenter randomized controlled
trial demonstrated that taking ibuprofen (1200 mg/day) com-
bined with megestrol acetate (480 mg/day) resulted in a signifi-
cant increase in weight and improved quality of life compared to
patients taking megestrol acetate alone (McMillan et al., 1999).
Observed side effects were similar in both groups including
venous thrombosis, upper GI bleeding, and ascites. However, due
to disease progression, the attrition rate was quite high with 63%
of patients failing to complete the 12-week assessment. These
preliminary results are promising, but further larger studies are
needed to evaluate the clinical role of NSAIDs in the management
of pancreatic cancer cachexia.

Thalidomide is known to have anti-inflammatory and
immunomodulatory properties. It has been shown to downregu-
late the production of TNF-α and other cytokines, inhibit NFκB,
downregulate COX-2, and inhibit angiogenesis (Sampaio et al.,
1991). Multiple small studies have demonstrated the efficacy of
thalidomide in improving appetite, weight gain, and sensation
of well-being (Bruera et al., 1999; Gordon et al., 2005). Gordon
et al. reports a single-center double-blind placebo-controlled
randomized clinical trial of thalidomide in 50 pancreatic can-
cer patients with cachexia. Patients were randomized to take
thalidomide 200 mg/day or placebo. Patients in the thalidomide
group compared to the placebo group had a significant improve-
ment in weight (0.37 vs. −2.21 kg, P = 0.005) and lean body
mass (1.0 cm3 in arm muscle mass vs. −4.46 cm3, P = 0.002)
after 4 weeks (Gordon et al., 2005). Thalidomide was overall
well-tolerated. Adverse reactions included peripheral neuropathy,
dizziness, somnolence, constipation, rash, and possible increased
risk of venous thromboembolism in the setting of malignancy.
These initial results are positive but further clinical trials are
needed to confirm the efficacy of thalidomide in treating pancre-
atic cancer cachexia.

The omega-3 fatty acids, eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA), are known to have immunomod-
ulatory properties and have been shown to suppress production

of pro-inflammatory cytokines, including IL-1, TNF-α, and IL-6
by PBMC (Meydani et al., 1993; Wigmore et al., 1997a). EPA may
also inhibit the downstream effects of LMF and PIF (Tisdale and
Beck, 1991; Tisdale, 1996; Hussey and Tisdale, 1999). Early stud-
ies associated fish oil supplementation containing both EPA and
DHA as well as high-purity EPA administration with weight stabi-
lization in patients with unresectable pancreatic cancer (Wigmore
et al., 1996, 2000b). A small pilot study also showed that the
use of EPA with oral nutritional supplements resulted in signif-
icant increase in weight, dietary intake, and performance status
in cachectic patients with advanced pancreatic cancer (Barber
et al., 1999). However, recent data from a multicenter double-
blind placebo-controlled randomized clinical trial suggest that
single agent EPA administration is not effective in treating can-
cer cachexia (Fearon et al., 2006a). Another multicenter clinical
trial comparing the effects of EPA supplement, megestrol acetate,
and combination treatment found that megestrol acetate alone is
more effective than EPA in increasing weight (Jatoi et al., 2004).
EPA was comparable to megestrol acetate with respect to appetite
gain, survival, and quality of life (Jatoi et al., 2004). Combination
therapy did not have additional benefits to megestrol acetate alone
(Jatoi et al., 2004). The role of EPA in cancer cachexia manage-
ment remains uncertain although recent data suggest that EPA
supplementation may not be effective as a single agent or even in
combination regimens in the management of pancreatic cancer
cachexia.

Pancreatic cancer cachexia is a complex multifactorial syn-
drome. Successful management may require a multimodal
approach with nutritional supplementation and pharmacologi-
cal treatment. Recent data from a large multicenter trial suggest
that combination therapy with megestrol acetate (320 mg/day),
EPA supplementation, L-carnitine (4 g/day), and thalidomide
(200 mg/day) is significantly more effective in improving lean
body mass and appetite than single agents (Mantovani et al.,
2010). Combination pharmacological therapy with nutritional
supplementation in the context of best supportive care may be the
appropriate approach to pancreatic cancer cachexia management.

FUTURE DIRECTIONS
Current clinical management of pancreatic cancer cachexia is lim-
ited. None of the available therapies have shown lasting effects on
weight stabilization and improvement in survival. Development
of effective treatment for this disease remains a challenge.

Recent studies have focused on targeted therapies with anti-
inflammatory properties (Table 4). IL-6 is a promising target,
but many of the studies involving IL-6 antibodies have been in
patients with advanced non-small cell lung cancer (NSCLC) and
cachexia (Rigas et al., 2010; Schuster et al., 2010; Bayliss et al.,
2011; Ando et al., 2013). Rigas and Schuster et al. reported a
phase II randomized, double-blind, placebo-controlled trial with
NSCLC patients evaluating the safety and efficacy of ALD518
(also known as BMS-945429), a humanized monoclonal IL-6
antibody, in treating cancer cachexia. ALD518 showed promising
beneficial results. It increased hemoglobin levels and prevented
loss of lean body mass (Rigas et al., 2010; Schuster et al., 2010).
There was also a statistically significant improvement in fatigue
score in the ALD518 group vs. placebo group that persisted over
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Table 4 | Investigational drugs for the treatment of cancer cachexia.

ClinicalTrials. Title Phase Mechanism of Sponsor References

gov identifier action

NCT01206335 Open label study with
OHR/AVR118 in
advanced cancer patients
with anorexia-cachexia

II Broad spectrum
peptide-nucleic acid
immunomodulator targeting
cytokine production
(including TNF-α and IL-6)

Ohr Pharmaceutical
Inc.

ClinicalTrials.gov. Open
label study with
OHR/AVR118 in
advanced cancer
patients with
anorexia-cachexia

NCT01433263 Clinical study BYM338
for the treatment of
unintentional weight loss
in patients with cancer of
the lungs or the pancreas

II Human monoclonal
antibody against activin
receptor type 2B (ACVR2B)

Novartis
Pharmaceuticals

ClinicalTrials.gov.

Clinical study of
BYM338 for the
treatment of
unintentional weight
loss in patients with
cancer of the lung or
the pancreas

NCT01505530 A phase 2 study of
LY2495655 in participants
with pancreatic cancer

II Humanized monoclonal
antibody against myostatin

Eli Lilly and Company ClinicalTrials.gov. A
Phase 2 study of
LY2495655 in
participants with
pancreatic cancer

a 12 week period (Rigas et al., 2010). ALD518 was safe and
well-tolerated (Rigas et al., 2010; Schuster et al., 2010).

Another agent with anti-inflammatory activity is
OHR/AVR118, a broad-spectrum peptide-nucleic acid immune
modulator that targets both TNF-α and IL-6. A phase II study
involving patients with advanced cancer and cachexia showed an
improvement in anorexia, dyspepsia, strength, and depression
(Chasen et al., 2011). A phase IIb study is currently ongoing
to assess the efficacy of OHR/AVR118 in improving appetite
and enhancing weight, lean body mass, strength, and quality
of life (ClinicalTrials.gov. Open label study with OHR/AVR118
in advanced cancer patients with anorexia-cachexia). Further
studies are needed to evaluate the safety and efficacy of these
agents in patients with pancreatic cancer cachexia.

Myostatin and activin are involved in regulating skeletal mus-
cle mass and function via the activin type IIB (ActRIIB) receptor.
They inhibit myogenesis and the Akt/mTOR pathway involved in
muscle protein synthesis and increase the expression of ubiquitin
ligases to increase muscle degradation. Studies have investigated
the therapeutic potential of inhibiting myostatin and ActRIIB
in treating cancer cachexia. In pre-clinical studies, inhibition
of ActRIIB prevented muscle wasting and prolonged survival
in C-26 tumor-bearing mice (Zhou et al., 2010). BYM338 is a
myostatin inhibitor developed by Novartis (Hanover, NJ, USA)
to treat cancer cachexia. A multicenter, randomized, double-
blind, placebo-controlled phase II trial is currently underway to
investigate the efficacy of BYM338 in attenuating loss of body
mass in cachectic patients with stage IV NSCLC or stage III/IV
pancreatic cancer (ClinicalTrials.gov. Clinical study of BYM338
for the treatment of unintentional weight loss in patients with
cancer of the lung or the pancreas). LY2495655 is another

humanized antimyostatin antibody currently under investigation.
A multicenter, randomized, double-blind, placebo-controlled
phase II trial in patients with locally advanced or metastatic pan-
creatic cancer is ongoing to evaluate the efficacy of two different
doses of LY2495655 in combination with gemcitabine in improv-
ing survival as well as lean body mass and physical performance
(ClinicalTrials.gov. A Phase 2 study of LY2495655 in participants
with pancreatic cancer).

CONCLUSION
Approximately 80% of pancreatic cancer patients develop
cachexia during the disease course and up to 30% die from
cachexia-related complications (Fearon et al., 2006b; Bachmann
et al., 2009). Pancreatic cancer cachexia is a multifactorial syn-
drome characterized by anorexia and hypercatabolism that are
mediated by mechanical factors, pro-inflammatory cytokines,
neuropeptides, hormones, and tumor-derived factors. In pan-
creatic cancer, energy homeostasis is compromised and oriented
toward a continuous suppression of appetite and increased energy
expenditure. This state leads to uncompensated loss of skeletal
muscle and adipose tissue mass.

Further research is needed to elucidate the intricate mecha-
nisms involved in the induction and maintenance of pancreatic
cancer cachexia to aid in the development of future therapeutic
targets. The management of cachexia remains limited but is cur-
rently an active area of research. The use of targeted immunother-
apies have shown promising preliminary results. The future
management of pancreatic cancer cachexia will likely involve
a multimodal approach with nutritional support, combination
agents and possible targeted therapies to improve quality of life,
lean body mass, and even survival of pancreatic cancer patients.
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The study of pancreatic cancer has prompted the development of numerous mouse
models that aim to recapitulate the phenotypic and mechanistic features of this deadly
malignancy. This review accomplishes two tasks. First, it provides an overview of the
models that have been used as representations of both the neoplastic and carcinoma
phenotypes. Second, it presents new modeling schemes that ultimately will serve to
more faithfully capture the temporal and spatial progression of the human disease,
providing platforms for improved understanding of the role of non-epithelial compartments
in disease etiology as well as evaluating therapeutic approaches.
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INTRODUCTION
There has been a noticeable increase (near doubling) in the
5-year survival of pancreatic cancer patients, though the num-
ber remains quite low at about 6–7% (SEER Stat Fact Sheets:
Pancreas Cancer—NCI). Much of this stems from a few more
potent clinical therapies [folfirinox (Papadatos-Pastos et al.,
2014), nab-paclitaxol (Borazanci and Von Hoff, 2014), and var-
ious combinations with gemcitabine (Tian et al., 2013)] that
improve on previous survival rates. Thus, begins a new drive
to employ relevant preclinical models with which to test novel
drugs that can further improve patient survival. Indeed, there are
already a few mouse models that can be used, with KPC mice
(as described below) being one model that currently boasts a
strong recapitulation of the paradigm observed in human pan-
creatic adenocarcinoma. Yet, further advances on mouse models
will not only generate additional preclinical models but, perhaps
more importantly, demonstrate the utility of newer diagnostic
and/or therapeutic targets. The main objective of this review is
to highlight past and present mouse models of pancreatic can-
cer [see (Guerra and Barbacid, 2013) for a more thorough review
of current models] in order to propose continued engineering of
more relevant mouse systems. These future models could then
be employed to better understand the role of non-parenchymal
compartments during the development of disease as well as build
inducible systems that allow multiple allelic changes at various
intervals.

TRANSGENIC MODELS
Initially, development of cancer in mouse pancreas was demon-
strated by targeting Myc and TGFα to mouse pancreatic
acinar cells (EL-Myc and EL-TGFα), which demonstrated

acinar-to-ductal metaplasia leading to exocrine carcinoma with
focally distinct ductal-like lesions (Sandgren et al., 1990, 1991,
1993; Grippo and Sandgren, 2012). Previous targeting of onco-
gene expression via the elastase (EL) promoter proved effective
at inducing exocrine pancreatic neoplasms in transgenic mice,
including EL-SV40 TAg and EL-Hras (Ornitz et al., 1985, 1987;
Quaife et al., 1987). These two models developed acinar hyper-
plasia (Ornitz et al., 1987) and carcinoma (Quaife et al., 1987)
while EL-TGFα mice produced severe fibrosis, tubular complexes,
and aberrant cell morphology (Sandgren et al., 1993). Older
EL-TGFα mice eventually develop carcinoma, and tumor devel-
opment was enhanced in a p53 null background and concomitant
with partial or whole loss of INK4a or SMAD4 (Wagner et al.,
2001). The metaplasia in EL-TGFα/p53+/− mice was character-
ized along with its genomic signature (Schreiner et al., 2003)
and increased expression of Pdx1, a gene necessary for pan-
creas development and often expressed in pancreatic cancer, was
observed in mice with overexpression of TGFα (Song et al., 1999).
Additionally, the EL-KRAS model, which directs human mutant
KRAS transgene expression to pancreatic acinar cells via a rat
elastase driver, demonstrates a common pancreatic cancer histo-
type by inducing neoplastic, ductal lesions (Grippo et al., 2003),
often referred to as cystic papillary neoplasms (CPNs) similar
to human cystic neoplasms including IPMN and MCN (Hruban
et al., 2006).

CONDITIONAL MODELS
Conditional systems have become an asset to the mouse-
modeling field as they provide tissue specific targeting of genes.
One prominent targeting strategy included Pdx1 and Ptf1a
or p48-driven expression of Cre recombinase in mice with
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flanking Lox elements (floxed) that, upon Cre-mediated recom-
bination, generated a mutant Kras in the endogenous mouse
allele. These mice developed ductal lesions and mPanINs that
occasionally progressed to invasive cancer (Hingorani et al.,
2003). This model laid the foundation for the generation of
the LSL-KrasG12D/+;LSL-Trp53R172H/+;Pdx1-Cre (KPC) model
which demonstrates a highly metastatic carcinoma that resembles
human disease (Hingorani et al., 2005). Models such as this one
have allowed for the characterization of biomarkers in pancreatic
cancer from disease initiation to metastasis (Mirus et al., 2014).
It is important to note that these floxed alleles can be targeted
to other cell types in the pancreas as demonstrated by expres-
sion of the LSL−KrasG12D/+ allele in Nestin positive cells leading
to mPanINs (Carriere et al., 2007) and caerulein-induced PDAC
(Carriere et al., 2011b).

Following the use of these models, other conditional targets
were generated utilizing similar technology. Since Transforming
Growth Factor β (TGFβ) signaling is commonly disrupted in
cancer (Principe et al., 2014) and highly so in pancreatic cancer
(Jones et al., 2008), LSL-KrasG12D/+;Tgfbr2flox/flox;Ptf 1aCre/+
mice were generated to simultaneously express mutant KrasG12D

and loss of the type 2 TGFβ receptor (Tgfbr2) in pancre-
atic epithelium. This model demonstrated an aggressive
form of pancreatic ductal adenocarcinoma (PDAC) and
explored the role of TGFβ signaling in the development
of the disease (Ijichi et al., 2006). As loss of downstream
TGFβ target SMAD4 is common in pancreatic cancer (Hahn
et al., 1996), LSL-KrasG12D/+;Dpc4flox/+;Pdx1-Cre and LSL-
KrasG12D/+;Dpc4flox/+;Ptf1aCre/+ were generated to conditionally
express KrasG12D in concert with Smad4/Dpc4 haploinsufficiency
in the pancreas, thereby inducing MCNs and subsequent PDAC
(Izeradjene et al., 2007). Additionally, IPMN-like lesions accom-
panied by PDAC and metastatic disease were shown with the
LSL-KrasG12D/+;Smad4flox/flox;Pdx1-Cre model (Bardeesy et al.,
2006; Kojima et al., 2007).

Considering the implications for loss/inactivation of p16Ink4a

and p19Arf in cellular transformation, a variety of models
have pursued this target in concert with pancreas-specific
mutations. An MT-TGFα;Ink4a/Arf−/− model was gener-
ated, ultimately demonstrating a serous cystadenoma (SCA)
phenotype that resembled human disease (Bardeesy et al.,
2002). Following the creation of this model, pancreas-
specific Kras targeting was coupled with a floxed Ink4a/Arf
locus. These LSL-KrasG12D;Ink4a/Arf flox/flox;Pdx1-Cre mice
presented with invasive, metastatic disease consistent with
human disease (Aguirre et al., 2003). In addition, the LSL-
KrasG12D/+;p16flox/flox;Pdx1-Cre model directed the knockout of
the p16Ink4a tumor suppressor gene in pancreatic epithelium.
These mice developed mPanINs, PDAC, and metastases (Qiu
et al., 2011). Characterization of this tumor suppressive axis also
prompted the generation of LSL-KrasG12D/+;Rbflox/flox;Pdx1-Cre
mice to assess the role of Rb inactivation and PDAC progression.
These mice exhibited accelerated mPanIN progression and rapid
PDAC development (Carriere et al., 2011a).

The activation of mutant Kras and heparin-binding epidermal
growth factor-like growth factor (HB-EGF) by the Means group
also demonstrated conditional targeting of two oncogenic events.

These mice featured rapid progression into the early stages of
pancreatic cancer (Ray et al., 2014).

The tumor stroma’s control of tumor growth was explored
by utilizing two conditional models of pancreatic cancer.
Shhflox/flox;Pdx1-Cre;LSL-KrasG12D/+;p53flox/+;Rosa26LSL−YFP (Sh
hPKCY) mice were generated to delete Sonic Hedgehog (SHH) in
the context on PDAC. Due to lack of SHH, these mice presented
with less tumor stroma yet more aggressive, proliferative tumors.
This phenotype was also shown utilizing a Smoothened inhibitor
in KPC mice. Additionally, VEGFR inhibition promoted SHH-
deficient tumor survival, demonstrating that SHH-formed
stroma limits tumor growth by restricting tumor angiogenesis.
(Rhim et al., 2014).

Additional study of the tumor stroma’s contribution to cancer
growth was explored via the generation of a mouse model that
crosses LSL-KrasG12D/+;Tgfbr2flox/flox;Ptf1aCre/+ mice to αSMA-
tk transgenic mice. Depletion of αSMA+ myofibroblasts in the
context of mPanINs or PDAC resulted in reduced survival char-
acterized by hypoxia, EMT, and cancer stem cells. In addition,
this model was characterized by the increase in regulatory T cells
infiltrating myofibroblast-depleted tumors. Similar results were
shown when the KPC model was used in cross with the αSMA-tk
transgenic (Ozdemir et al., 2014).

Both of these studies hold implications for the future of
stromal-directed therapies for the treatment of PDAC. Although
mouse models have been successful for such therapies (Olive
et al., 2009), the recapitulation of these results in clinical trials
has largely failed. Rhim and Ozdemir demonstrated that tumor
stroma provided a protective effect for the host. Therefore, tar-
geting the stroma may create a more aggressive form of PDAC.
As noted by Gore and Korc, the stroma’s capacity for both bene-
fit and damage must be further explored in mouse models before
potential therapies are reapplied in human trials (Neesse et al.,
2011; Gore and Korc, 2014). However, ablation of a subpopula-
tion of stromal cells (FAP+ cells) permitted immune control of
tumor growth and uncovered the efficacy of immunotherapeu-
tic antibodies (anti-CTLA-4 or anti-PD-L1), which resulted in
acute tumor regression (Kraman et al., 2010; Feig et al., 2013).
More recently it has been shown that VDR acts as a master
transcriptional regulator of PSCs to reprise the quiescent state,
resulting in induced stromal remodeling, increased intratumoral
gemcitabine, reduced tumor volume, and a 57% increase in sur-
vival compared to chemotherapy alone (Sherman et al., 2014).
The distinct outcome of these studies underscores the need to
better understand the role of desmoplastic stroma in pancreatic
cancer.

INDUCIBLE/CONDITIONAL MOUSE MODELING SYSTEMS OF
PANCREATIC CANCER
While the described conditional modeling systems have provided
invaluable insight into disease incidence and progression, they
do not fully capture the temporal component of human muta-
tions observed in the clinic. For instance, in systems relying on
Pdx or Ptf1 driven Cre, recombination occurs at E8.5 (Ohlsson
et al., 1993) or E9.5 (Obata et al., 2001), respectively. While
embryonic recombination often shortens the time to a cancer or
neoplastic phenotype, the effects of these mutations on pancreatic
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development are not fully understood, and do not faithfully
mimic the spontaneous mutations that occur in the fully formed
gland of an adult human patient.

In recent years, conditional and inducible systems have
prompted the unique ability to control when and where genes
are expressed. In particular, the development of CreERT tech-
nology (Feil et al., 1996, 1997) has prompted an array of tis-
sue specific, temporally-controlled targeting models. Both the
ElastaseCreERT2 (Desai et al., 2007) and the Ptf1aCre-ERTM

(Kopinke et al., 2012) systems have advanced the field of pan-
creatic cancer modeling by providing a means for inducibly
targeting pancreatic epithelium. Both of these systems feature a
Cre recombinase cassette fused to a Tamoxifen-responsive mutant
estrogen-receptor element that is driven by an acinar cell specific
promoter region. The Cre recombinase in each of these systems is
then able to activate gene expression in a loxP-mediated system.
The utility of the CreERT system was further demonstrated in
the KrasG12D;Rosa26NIC ;Pdx1-CreERT model, which temporally
controlled the expression of Notch and Kras and showed syner-
gistic effects between the two proteins with respect to mPanIN
progression (De La et al., 2008).

iKras∗ MODELS
The Pasca di Magliano group has also generated several models
that represent the full utilization of both spatial and temporal
control of gene expression. The iKras∗ model functions through
the transgenesis of three different types of mice. In these mice, the
Ptf1a allele drives Cre expression (Kawaguchi et al., 2002), which,
in turn, excises a stop cassette bound by two loxP sites. This stop
cassette functions to inhibit the reverse tetracycline transactivator
(rtTa) for an IRES-EGFP cassette at the R26 locus (Belteki et al.,
2005). Since Ptf1aCre/+ is mostly pancreas specific, the excision of
the stop cassette allows for the expression of both rtTa and EGFP
in the pancreatic epithelium beginning during embryogenesis
(Collins et al., 2012a).

Administering doxycycline to these animals leads to acti-
vation of rtTa and subsequent Kras∗ expression through a
TetO-KrasG12D transgene using rat mutant Kras (Fisher et al.,
2001). This inducible system provides a strong platform to
explore several relevant issues. First, the mutation of Kras can
be expressed in adult tissues, which is far more relevant to
PanIN progression to cancer observed in humans. In addition,
it allows for the abrogation of oncogenic Kras expression at var-
ious stages of cancer development and thus the study of the
dependence of developing lesions and cancer on mutant Kras.
Also, this system can be employed to investigate carcinogene-
sis in the context of tumor suppressor inactivation or additional
oncogene activation. iKras∗-p53+/− mice were also generated
to illustrate the development of PDAC when mutant Kras is
paired with the concurrent inactivation of this tumor suppres-
sor gene (Collins et al., 2012a). This model provides a frame-
work examining various features of oncogenic Kras in PDAC
development. Inhibition of mutant Kras expression through
doxycycline removal and subsequent reversion to a more nor-
mal phenotype supports continued efforts to target mutant
Kras as a therapeutic option and eventual translation to the
clinic.

Furthermore, the Pasca di Magliano group generated a model
that inducibly and conditionally activated Kras and a mutant
p53 allele (Collins et al., 2012b). These mice featured the
same iKras∗ system described above with an additional mutant
p53 allele preceded by a loxP-bound STOP cassette. Therefore,
the same Ptf1a-driven Cre-recombinase that activates the rtTa
for iKras∗ expression will also activate the mutant p53R172H

(p53∗) allele (Olive et al., 2004) by excising the preceding STOP
cassette. However, in these iKras∗p53∗ mice, oncogenic Kras
is not activated until doxycycline administration. This model
demonstrated a dual functionality by allowing the simultane-
ous, pancreas-specific targeting of two alleles (iKras∗ and p53∗)
and the inducible/reversible expression of oncogenic Kras (Collins
et al., 2012b). Although the conditional LSL-KrasG12D/+;LSL-
Trp53R172H/+;Pdx1-Cre (KPC) model (Hingorani et al., 2005) of
PDAC demonstrated a close mimicking of the human disease,
it lacked inducible control of Kras. This type of control over
mutant Kras expression allowed for the study of its role in primary
and metastatic tumor maintenance when expressed concurrently
with mutant p53 (Collins et al., 2012b) and the demonstration
of mutant Kras-dependence on more aggressive and metastatic
pancreatic cancer.

LSL-Kras+/G12Vgeo ;EL-tTA/tetO-Cre MODELS
Additionally, the Barbacid group generated a model that accom-
plishes both temporal and spatial targeting of oncogenic Kras
using a different mutant variant (G12V vs. G12D). By cross-
ing a LSL-Kras+/G12Vgeo knockin strain (Guerra et al., 2003)
to EL-tTA/tetO-Cre mice, their group was able to obtain an
inducible system of endogenous KrasG12V mediated by doxycy-
cline control of Cre recombinase activity (Guerra et al., 2007).
Essentially, removing doxycycline in this tet-off system permits
an elastase-driven Cre specific to acinar and centroacinar cells of
the pancreas. The Cre changes LSL-KrasG12Vgeo into the active,
oncogenic KrasG12Vgeo by excising the loxP sites that contain a
stop cassette. The utility of this system is further advanced by the
detection of cells that ultimately end up with KrasG12V expres-
sion. A knockin of IRES-geo into the 3′ untranslated sequences of
the Kras allele allows for LacZ expression when the LSL cassette
is removed (Guerra et al., 2003). LacZ encodes β-galactosidase,
which is then detectable via histochemical staining. Initially, this
system was used to induce expression of oncogenic Kras at E16.5,
leading to the production of mPanIN lesions that could advance
in severity following caerulein administration (Guerra et al.,
2007). Surprisingly, doxycycline removal in adult stages resulted
in widespread expression of KrasG12V in adult acinar cells with no
phenotypic consequences. Interestingly, adult mice that express
KrasG12V in the acinar cell compartment develop mPanINs and
PDAC in the context of pancreatitis.

To explore the resistance of postnatal acinar cells to trans-
formation via the expression of Kras, the Barbacid group also
characterized the role of several tumor suppressors. These aci-
nar cells were resistant to transformation even in the absence
of tumor suppressors. Kras+/G12V ;p16Ink4a/p19Arf flox/flox;EL-
tTA/tetO-Cre and Kras+/G12V ;Trp53flox/flox;EL-tTA/tetO-Cre mice
were generated and given doxycycline from birth until P60
(Guerra et al., 2011). Acting under the same tet-off system as
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described above, these mice, when taken off doxycycline, were
subject to expression of Cre recombinase in acinar and cen-
troacinar cells of the pancreas. However, instead of just activating
Kras, the Cre simultaneously excised the floxed p16Ink4a/p19Arf
or Trp53 alleles. These models, when combined with caerulein-
induced pancreatitis, presented an invasive, metastatic PDAC
phenotype (Guerra et al., 2011).

TVA-RCAS MODELS
Another mouse model system that features viral delivery for even-
tual induction of gene expression or loss of cell targets demon-
strates the versatility of this field and another avenue for creating
complex inducible/conditional schemes. Varmus and colleagues
generated a model that introduced a replication-competent avian
leukosis sarcoma virus long-terminal repeat with splice accep-
tor (ALSV-A-based RCAS) vector to mice that expressed the
ALSV-A receptor, TVA, (Orsulic, 2002) under the control of the
elastase promoter (Lewis et al., 2003). This elastase-tva model
allowed somatic acinar cells of the pancreas to incorporate RCAS-
delivered genes, such as polyoma virus middle T antigen (PyMT)
(Gottlieb and Villarreal, 2001) or c-Myc, into the host cell
genome. These elastase-tva mice were crossed to Ink4a/Arf null
mice to create models characterizing the phenotype resulting
from these initiating oncogenic events (Lewis et al., 2003). They
found that PyMT and c-Myc induced different types of pancreatic
tumors, illustrating the impact of the initiating lesion on resulting
tumor pathology.

The development of this TVA-RCAS model was further
expanded with the coupling of the elastase-tva mice with Trp53
flox;Ptf1a-Cre (Jonkers et al., 2001) (Kawaguchi et al., 2002)
mice (Morton et al., 2008). In this model, delivery of the
PyMT oncogene is accompanied by the pancreas-specific dele-
tion of the tumor suppressor, Trp53. Results of this model
showed metastatic disease to the liver. In addition, the elastase-
tva;Trp53flox/flox;Ptf1aCre/+ mice were crossed to Ink4a/Arf flox/+
(Krimpenfort et al., 2001) mice to assess tumor development in
the context of a simultaneous p53 deficiency and Ink4a/Arf sin-
gle allele deletion. Results of this model elucidated a much more
aggressive tumor model after PyMT activation via virus adminis-
tration (Morton et al., 2008). This model succeeds as an example
of both conditional and temporal control of gene expression
by combining both pancreas–specific deletion of Trp53 via Cre-
recombinase activity and acinar cell-directed, inducible PyMT
expression via elastase-tva targeting.

Lewis and his group expounded upon these findings by cross-
ing the elastase-tva model with LSL-KrasG12D;Ptf1aCre/+ mice
(Hingorani et al., 2003) to assess the impact of activated Wnt sig-
naling in the context of KRAS-induced pancreatic tumorigenesis
(Sano et al., 2014). These mice were injected with chick fibrob-
lasts that produced ALSV-A-based RCAS vectors encoding Wnt1
or a GFP control, ultimately resulting in host genome uptake
of these genes in pancreatic acinar cells and their progenitors.
Thus, this model allowed for the targeting of Wnt1 to the pancre-
atic epithelium and subsequent characterization of its signaling
activity when introduced in concert with Kras activation. They
found that in this context, activated Wnt signaling induced the
formation of mucinous cystic neoplasms (MCN). Interestingly,

these mice displayed higher Wnt signaling in the stroma of the
MCNs, rather than in the cyst epithelium, which is consistent with
MCN patient data (Sano et al., 2014). These results suggest that
Wnt ligands may act in a paracrine fashion to stimulate MCN
development.

EXPLORING INDUCIBLE/CONDITIONAL SYSTEMS COUPLED
WITH EPIGENETIC EVENTS
The significance of factors external to genomic changes in these
models must not be overlooked. Multiple mutant Kras-expressing
models have demonstrated the contribution of inflammation and
dietary aspects to pancreatic cancer pathogenesis, improving our
understanding of pancreatic cancer and pancreatitis as well as
the interplay between the two. It was shown that high levels of
Ras activity in cLGL-KrasG12V ;EL-CreERT generated high levels
of fibrosis and inflammation that mimicked chronic pancreatitis.
Since elevated Ras activity is also found in PDAC, this finding pro-
vided a mechanistic link between pancreatic cancer and chronic
pancreatitis (Ji et al., 2009; Logsdon and Ji, 2009).

Other mechanisms have been explored with respect to
inflammatory insult and subsequent neoplastic and cancer-
ous phenotypes. Utilizing a breadth of models, Jack’s group
established that chronic pancreatitis may provide enough insult
for insulin-expressing endocrine cells to become susceptible to
KRAS-induced transformation (Gidekel Friedlander et al., 2009).
Logsdon and colleagues also demonstrated that with caerulein
induction of acute pancreatitis in the presence of inducible
mutant Kras (LSL-KrasG12V ;EL-CreERT) there was NF-κB medi-
ated amplification of Ras activity. These mice presented with
chronic inflammation and mPanIN lesions that subsided with
the inhibition of Cox-2 or deletion of IKK2 (Daniluk et al.,
2012). This effect was also demonstrated in KC mice with loss
of Cox-2 despite the additional loss of pTEN, highlighting the
potential role of AKT activation in chemoresistance (Hill et al.,
2012). Likewise, the LSL-KrasG12V ;EL-CreERT model was used
in a cross with Cox-2 conditional knockout mice to study the
effects of high fat diets on PDAC. LSL-KrasG12V ;EL-CreERT mice
fed high fat diet presented with increased fibrosis, mPanINs,
and PDAC compared to no increased mPanIN lesions or PDAC
in COXflox/flox;LSL-KrasG12V ;EL-CreERT mice fed the same diet
(Philip et al., 2013). Similarly, KC mice were shown to generate
mPanIN lesions at an earlier onset following a high fat, high calo-
rie diet with a subsequent increase in infiltration of macrophages
and T cells in an expanded stromal bed (Dawson et al., 2013).

Progression of mPanINs and PDAC has also been explored in
the context of inhibitors to the Ras signaling pathway. Gefitinib,
an EGFR inhibitor, was given to LSL-KrasG12D/+;Ptf1aCre/+ mice,
demonstrating a prevention of mPanIN and PDAC development
(Mohammed et al., 2010). Similarly, it was shown that inhibition
of EGFR does not allow for RAS levels sufficient for the transfor-
mation seen in PDAC (Ardito et al., 2012; Navas et al., 2012).

FUTURE APPLICATIONS OF INDUCIBLE/CONDITIONAL
MODELING SYSTEMS
The mouse-modeling field has capitalized on conditional and/or
inducible Cre-lox technology to target gene expression in numer-
ous cell types. However, the overwhelming majority of pancreatic
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cancer models rely on Cre-lox to drive oncogenic Kras in the
pancreatic epithelium, excluding the use of non-epithelial Cre
systems and limiting the ability to target other cells types involved
in carcinogenesis. Therefore, utilizing non-Cre-lox driven systems
to target mutant Kras to pancreatic epithelium will allow compat-
ibility with a vast array of preexisting Cre-lox systems that target

genetic changes to additional cell types including the stroma and
hematopoietic cell compartments.

The use of single transgenic or knockin systems in combina-
tion with Cre-lox models that target non-parenchymal cells in
the pancreas can circumvent some of the limitations that arise
when using Cre-lox to drive an initiating event like mutant Kras.

FIGURE 1 | Mimicking human tumorigenesis through temporal

modeling of pancreatic cancer. A key difference between human pancreatic
cancer and commonly used mouse models is in the timing of mutations. In
human patients, Kras mutations are often considered an initiating event,
occurring in adult cells, soon followed by mutations to p16, and later p53
and/or SMAD4. Yet in most models, Kras and altered tumor suppressor

genes are induced simultaneously in the developing embryo. Despite a
human-like histotype, these models have yet to be accurate predictors of
outcomes observed in clinical trials. Therefore, we propose that using
combinations of several systems to drive sequential Kras, p16, and
SMAD4/p53 mutations may lead to more human-like disease that responds
to therapy more like that observed in the clinic.

FIGURE 2 | Temporal modeling via two inducible systems. In order to
address the issue of successive induction of mutations as they occur in
human, several modeling systems can be employed. In this example, as
designed by the Pasca di Magliano group, expression of Cre-recombinase is
driven by the Ptf1a promoter. This is combined with a LSL cassette followed
by an rtTA sequence. In the presence of Cre, the stop codon is excised, and
rtTA is transcribed. This allows for interaction with a third transgene, a
TRE-Kras. When doxycycline is administered, oncogenic Kras expression is
induced. By activating this system at 1 month, it would allow a simulated Kras

mutation in near-adult tissues. Once lesions manifest, this can be followed by
the induction of a second transgene, a mutant p53 driven by a Sox9-FLPERT 2

recombinase. This will excise a stop codon in front of a mutant p53 sequence
in the presence of tamoxifen, and drive mutant p53 expression. The p16
allele could also be engineered in the same manner. Timing of these events
will likely have to be determined empirically, as mutant Kras expression in
adult pancreas may not lead to the development of neoplastic lesions without
an external stimulus (like caerulein). Indeed, a third allelic alteration may be
necessary to drive a more aggressive metastatic phenotype (see Figure 3).
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The EL-KRAS model may be a prime candidate for combined
Cre-lox targeting of other cell types, as these mice develop acinar-
to-ductal metaplasia and cystic papillary neoplasms (CPN) that
resemble human cystic disease in the pancreas. These lesions did
progress to PDAC in a p16 null background or acinar carcinoma
when in a p53 null background (personal communication with
Dr. Eric Sandgren).

EL-TGFα (Sandgren et al., 1990) and Mist1KrasG12D/+
(Tuveson et al., 2006) models can serve as potential neoplastic
drivers used in concert with Cre-lox targeting. EL-TGFα mice
have been employed in combination with p53 loss (Greten et al.,
2001; Schreiner et al., 2003) to generate a model of advanced
pancreatic cancer with hallmark genetic features (loss of p16,
inactivation of Cdkn2a) reminiscent in human disease and, in
combination with mutant Kras, development of CPN that resem-
bles human IPMN (Siveke et al., 2007). EL-TGFα does lead to

proliferation of acinar cells and fibroblasts and focally generated
metaplastic lesions derived from acini (Sandgren et al., 1990).
Yet, there was no reported observation of neoplasia or more
advanced lesions in this model. Mist1KrasG12D/+ mice developed
a predictable lethal pancreatic cancer phenotype characterized by
acinar metaplasia and dysplasia in its early stages (Tuveson et al.,
2006). Despite being a strong model of the pancreatic neoplasia to
cancer paradigm as an ectopic model of mutant Kras expression,
Mist1KrasG12D/+ mice did, rather unexpectedly, develop hepato-
cellular carcinoma (Tuveson et al., 2006). This feature of the
model may be of potential concern when attempting to evalu-
ate the phenotypes of genetically engineered mice that employ
this particular initiating event. However, an inducible targeting of
LSL-KrasG12D/+ with Mist1CreERT2/+ produced mPanIN lesions,
indicating the relevance of the Mist1-expressing compartment in
the origins of PDAC (Habbe et al., 2008). Although EL-KRAS

FIGURE 3 | Temporal modeling via three inducible systems. As human
malignancies often involve several mutations, a compound inducible system
may be employed to target three successive transgenes to the same cell
type. For example, mtKras may be first induced through a TVA/RCAS virus
system. In this system, expression of a TVA receptor is targeted to the
pancreas via the elastase promoter. Upon reaching adulthood, animals can be
administered a RCAS virus coding for the mtKras gene. This will interact only
with cells expressing the TVA receptor, allowing for targeted and inducible
expression of KRAS in the pancreas. A second mutation, such as loss of p16,
can then be induced in the same cells via an elastase driven tTA that, in the
presence of doxycycline, will induce expression of Cre through TRE-Cre.
Combining this with a p16flox/flox gene will allow for doxycycline-induced loss

of the p16 gene, and the second genetic hit. Finally, a tamoxifen-responsive
Sox9-FLPERT2 can target cells expressing ductal markers (including those
having undergone acinar-ductal metaplasia), allowing for inducible expression
of mtP53 via an FSF cassette, providing the third genetic hit as it often occurs
in humans. It is important at each induction point that promoter/gene
regulatory elements employed to run the next step be evaluated in the
previous model. Hence, acinar-specific markers (eg., Amylase) should be
assessed in pancreas following mutant Kras expression (TVA/RCAS delivery)
and Sox9 antibodies should be used to demonstrate Sox9 expression in
mtKras expressing pancreas with loss of p16. This would need to be done at
the empirically derived time points (times provided in this figure are merely
considerations) when the next induction is scheduled to begin.

Frontiers in Physiology | Gastrointestinal Sciences December 2014 | Volume 5 | Article 464 | 109

http://www.frontiersin.org/Gastrointestinal_Sciences
http://www.frontiersin.org/Gastrointestinal_Sciences
http://www.frontiersin.org/Gastrointestinal_Sciences/archive


DeCant et al. Engineering mouse models of pancreatic cancer

mice do, on occasion, develop PanIN-like lesions, these are not
the predominant histotype in the pancreas, as PanIN lesions are
more frequently observed in human disease. Nonetheless, these
transgenic approaches are compatible with non-mutant Kras
driving Cre-lox systems and may prove useful in understanding
disease etiology in combination with genetic manipulations in
other cell compartments. These models do have utility with future
approaches, though they lack recapitulation of the predominant
clinical histotype (PanIN to PDAC).

Therefore, a FLP/FRT KRAS model poses the most promise for
inducing Kras mutations that result in a PanIN-like phenotype
while allowing the use of Cre-lox to target different genetic events
in other cell types. In a manner similar to the Cre-lox system,
FLP/FRT utilizes a recombinase called flippase to target FLP
recombinase targets that flank an endogenous gene (Dymecki,
1996). Unlike Cre, which is derived from P1 bacteriophage,
the FLP recombinase is derived from Saccharomyces cerevisiae
(Sadowski, 1995). Ideally, a desirable model would involve the
generation of a pancreas-specific FLP directed toward a FRT tar-
get sequence that flanks a stop codon upstream of oncogenic Kras.
At this point, a pancreas-specific FLP may be possible with the

intraductal injection of an adenovirus FLP or the generation of
an EL-tTA;TetO-FLP;FSF-KrasG12D/+ mouse. Ideally, this mech-
anism would drive mutant Kras in a near identical fashion as
EL-Cre;LSL-KrasG12D/+ while still allowing for the targeting of
non-epithelial cell types with Cre-lox.

While this type of model would increase our understanding
of the contributions of stromal, hematopoietic, and other cell
types to pancreatic carcinogenesis, the ultimate goal of such a
system would be the design of a layered model that is simul-
taneously and/or sequentially inducible. Mimicking a temporal
progression of gene mutations in specific cellular compartments
requires the use of multiple systems employing different modes
of induction. As described, the CreERT system has been well
established for many gene targets but alone can only deliver mul-
tiple mutations simultaneously (Frese and Tuveson, 2007). Young
and colleagues demonstrated the potential of the FLP/FRT sys-
tem when coupled with Cre-lox in lung tissue. They generated
mice with an Flp inducible allele of KrasG12D and Cre driven
mutation of the tumor suppressor, p53 (Young et al., 2011). The
FLP-FRT system, FSF-KrasG12D, was induced through an aden-
ovirus or lentivirus expressing Flpo, a version of Flp optimized

FIGURE 4 | Spatial modeling of pancreatic cancer to explore cross

compartmental interactions. Cre-loxP is the most widely used conditional
targeting system. This is also true in models of pancreatic cancer, where it is
primarily used to drive mtKRAS via a loxP-stop-loxP (LSL) cassette. However,
reliance on Cre-loxP to induce a Kras mutation limits our ability to target other
pertinent cell types in the tumor microenvironment. Should mtKras be

induced by another system, for example a Ptf1a-FLP-driven Frt-stop-Frt (FSF)
cassette, which would allow compatibility with one of the several hundred
possible Cre-loxP combinations. For instance, an αSMA-Cre to explore the
contributions of pancreas stellate cells to tumorigenesis, CD11b-Cre to target
myeloid cells, Lck-Cre to target lymphoid cells, or Cdh5-Cre to target mature
adipocytes (See Table 1).
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Table 1 | Tissue Specific Cre-lox Targeting Systems.

Compartment Cell/Tissue Type Targeting Model Reference

Epithelium Pancreatic epithelium, antral stomach, and duodenum in neonates.
Pancreatic beta islet cells in adults.

Pdx1-Cre Hingorani et al., 2003

Pancreatic acinar cells ElastaseCreERT2 Desai et al., 2007

Pancreatic acinar cells p48-Cre
Ptf1aCre/+
Ptf1aCre-ERTM

Hingorani et al., 2003; Kopinke et al., 2012

Pancreatic acinar cells Mist1Cre-ERT 2/+ Tuveson et al., 2006

Mesenchyme Myofibroblast αSMA-Cre Wu et al., 2007

Myofibroblast Vim-Cre Troeger et al., 2012

Smooth muscle SMA-CreERT2 Wendling et al., 2009

Interstitial stroma of mature tissues—prostate, forestomach, skin Fsp1-Cre Bhowmick et al., 2004; Teng et al., 2011

Bone, cartilage Dermo1-Cre
Twist2-Cre

Yu et al., 2003; Chen et al., 2008; Liu
et al., 2010

Pancreatic exocrine lineages Nestin-Cre Delacour et al., 2004

Dermis, lung, pericardial connective tissue, blood vessel wall,
splenic capsule, mesangial cells of glomerulus

Col1a2-CreERT Zheng et al., 2002; Riopel et al., 2013

Nestin-negative mesenchymal progenitors Prx1-Cre Greenbaum et al., 2013

Hematopoietic CD4+ T Cells CD4-Cre Tanigaki et al., 2004

Peripheral CD8+ T Cells CD8a-Cre Maekawa et al., 2008

Liver and T lymphocytes after IFN or pI-pC induction Mx1-Cre Alonzi et al., 2001

Myeloid lineage Cd11b-Cre Boillee et al., 2006

Macrophages, granulocytes, possibly other myeloid derived cells LysM-Cre Clausen et al., 1999

T lymphocytes and thymocytes Lck-Cre Tomita et al., 2003; Choi et al., 2013

Hematopoietic cell lineages to peripheral blood, bone marrow, and
spleen [Ectopic expression in PDAC (Fernandez-Zapico et al., 2005)]

Vav1-Cre Daria et al., 2008

Neutrophils, monocytes/macrophages, some dendritic cells Lactotransferrin-Cre Kovacic et al., 2014

Hematopoietic stem cells/progeny Pf4-Cre Calaminus et al., 2012

Immature B lymphocytes CD19-Cre Zhang et al., 2012

Lymphoid and granulocyte-monocyte progenitors Flt3-Cre Buza-Vidas et al., 2011

Adipose Brown and white adipose tissue aP2-Cre
FABP4-Cre

Cole et al., 2012

Brown and white adipose tissue aP2-CreERT2 Dali-Youcef et al., 2007

Muscle, white adipose tissue, brain GLUT4-Cre Lin and Accili, 2011

Brown and white adipocytes, skeletal muscle, dermis Myf5-Cre Sanchez-Gurmaches and Guertin, 2014

Brown and white adipose tissue Adipoq-Cre Berry and Rodeheffer, 2013

Mature adipocytes Cdh5-Cre Berry and Rodeheffer, 2013

White adipocytes PdgfRα-Cre Berry and Rodeheffer, 2013

White, inguinal white, and brown adipose tissue Retn-Cre Mullican et al., 2013

for mammalian use. Utilization of this mammalian version of
Flp, as opposed to Flpe, was utilized due to its higher recom-
bination efficiency (Farley et al., 2000). Injection of the aden-
ovirus/lentivirus activates mutant Kras and results in numerous
lung tumors, ultimately confirming that FSF-KrasG12D results in
a phenotype similar to LSL-KrasG12D/+allele. This virus-driven
FLP-FRT was coupled with a tamoxifen-driven p53 mutation via
Cre recombinase activity (Young et al., 2011).

The TVA-RCAS targeting of epithelial tissue and subsequent
stromal phenotype indicates further opportunity for the utiliza-
tion of this system to target other cell types simultaneously. For
example, the conditional nature of this model would allow for the

targeting of genes to the stroma via a TVA-RCAS system utilizing
a driver such as αSMA or Vimentin. Taking this further, the pos-
sibility arises for generation of a trigenic model. Utilizing Cre-lox,
FLP/FRT, and TVA-RCAS targeting methods in the same mouse
would provide a novel way to target several different cell types in
both a conditional and inducible manner.

ADVANCING THE UTILITY OF INDUCIBLE/CONDITIONAL
MODELING
While the aforementioned models are undoubtedly technological
achievements, their ability to faithfully recapitulate human dis-
ease is still limited. Clinically, at least two gene mutations occur
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to produce PDAC. Kras is believed to be the first mutation in
a series of transformation events that lead to PDAC in adults.
Subsequent major mutations include those to p53, SMAD4, or
p16INK4a, among several others (Hezel et al., 2006). With current
mouse models, recombination events affecting Kras and these
other genes occur either during embryonic development or con-
comitantly sometime after pancreas formation, in the case of
inducible systems. However, they fail to capture the step-wise
mutation process that occurs in the adult pancreata of human
patients.

Layering multiple inducible systems to target the same cell type
and cause multiple mutations in a step-wise manner would assist
in capturing a more faithful representation of human disease pro-
gression (Figure 1). For example, targeting Kras with an EL-tTA
or EL-TVA system would provide a mechanism for issuing the
first hit of genetic instability in both a temporal and tissue-specific
manner. However, it should be noted that elastase targeting in
these systems may be dramatically inefficient after pancreas cells
advance to a ductal and/or abnormal phenotype. Ablation of a
second gene such as p53, SMAD4, or p16INK4a could then be
controlled by a Cre-ERT2 system directed toward the same cells
expressing mutant KRAS (Figure 2). Finally, a third system, the
FLP/FRT, could be utilized to mutate a third gene in an effort
to drive metastatic phenotypes. This trigenic model, which is
just one example of many possible inducible/conditional muta-
tion schemes, would better serve to mimic the progressive nature
of PDAC (Figure 3). However, generation of such models inher-
ently results in very complex breeding patterns. Additionally,
once these trigenic mice are established the induction of differ-
ent mutations requires a labor-intensive injection scheme and
administration of doxycycline over extended periods of time.

From a functional standpoint, the utilization of
inducible/conditional drivers other than Cre recombinase
for the activation of mutant KRAS allows for subsequent Cre-
lox targeting of cell types outside the epithelial compartment
(Figure 4). Strategically, withholding Cre-lox targeting of Kras
encourages the use of abundant, pre-existing Cre-lox systems
(Table 1) that can target stromal, hematopoietic, and adipose
compartments. However, this type of modeling is not necessarily
relevant from a clinical standpoint, due lack of evidence that
these non-epithelial mutations are common in human PDAC.
Nevertheless, this approach allows for more rigorous evaluation
of the contributions that different components of the tumor
microenvironment (TME) have on carcinogenesis. Insight into
the mechanism behind TME involvement in tumor progression
and metastatic phenotypes may provide strategies and the
rationale for targeting these compartments with certain thera-
peutic agents. These inducible/conditional systems will be highly
relevant in studying the therapeutic value of a genetic target in
mature tumors and not at the initiation stages. For instance, a
model with expression of oncogenic KrasG12V and deletion of p53
with an EL-tTA FLP system used in conjunction with ablation of
a target gene, such as EGFR, by an ubiquitous Cre-ERT2 system
is under development in the Barbacid laboratory.

The goal of such systems is to recapitulate the human con-
dition, which can only be done in part. Indeed, mouse models
are simply that—models that will never completely recapitulate

human PDAC. It is critical to generate these models in a clean
background strain to eliminate the potential causative role that
genetic variability among chimerics may play when comparing
test and control animals, particularly as the complexity of these
models increases. The layering of multiple schemes lends itself
to amplifying the anomalies produced by one model and poten-
tially augmenting those in another system as they are combined.
Despite these caveats, current and future inducible and/or con-
ditional models will lead to a more faithful representation of
human disease, which is essential to teasing out the phenotypic
and mechanistic aspects of pancreatic cancer that will ultimately
improve outcomes in the clinic.
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