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Abstract

Pancreatic ductal adenocarcinoma (PDAC) continues to be a lethal disease with no efficacious
treatment modalities. The incidence of PDAC is expected to increase, at least partially because of
the obesity epidemic. Increased efforts to prevent or intercept this disease are clearly needed.
Mutations in KRAS are initiating events in pancreatic carcinogenesis supported by genetically
engineered mouse models of the disease. However, oncogenic KRAS is not entirely sufficient for
the development of fully invasive PDAC. Additional genetic mutations and/or environmental,
nutritional, and metabolic stressors, e.g. inflammation and obesity, are required for efficient PDAC
formation with activation of KRAS downstream effectors. Multiple factors “upstream” of KRAS
associated with obesity, including insulin resistance, inflammation, changes in gut microbiota and
GI peptides, can enhance/modulate downstream signals. Multiple signaling networks and feedback
loops “downstream” of KRAS have been described that respond to obesogenic diets. We propose
that KRAS mutations potentiate a signaling network that is promoted by environmental factors.
Specifically, we envisage that KRAS mutations increase the intensity and duration of the growth-
promoting signaling network. As the transcriptional activator YAP plays a critical role in the
network, we conclude that the rationale for targeting the network (at different points), e.g. with
FDA approved drugs such as statins and metformin, is therefore compelling.
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1. Importance of KRAS mutations in pancreatic cancer

Pancreatic cancer, of which pancreatic ductal adenocarcinoma (PDAC) represents the most
common histological subtype, has been and continues to be an aggressive and lethal disease
with an overall 5-year survival rate of only about 7% [1]. The worldwide estimates of its
incidence and mortality in the general population are 8 cases per 100,000 person-years and 7
deaths per 100,000 person-years, and they are significantly higher in the United States than
the rest of the world [2]. The incidence in the United States is estimated to increase to
53,670 new cases (27,970 males and 25,700 females) in 2017 and it is currently the fourth
leading cause of cancer mortality in both men and women [1]. Despite advances in
understanding the biology of PDAC, molecularly targeted therapy has not been translated
into improved prognosis. In fact, total deaths due to PDAC are projected to rise to become
the second leading cause of cancer-related deaths before 2030 [3]. Consequently, research
efforts are increasingly focusing on prevention and interception, a novel concept, which
encompasses halting transformed cells from becoming malignant [4-8]. The identification of
modifiable risk factors and a better understanding of the molecular mechanisms of PDAC
promotion will clearly guide the discovery of novel targets and agents for prevention.

Mutations in the KRAS oncogene were first associated with PDAC more than 30 years ago
[9,10]. Since then numerous studies in humans and mice have confirmed the importance of
KRAS mutations in the initiation of PDAC. Recent exome sequencing established KRASto
be the most frequently mutated gene in PDAC (~95%) [11,12]. Approximately 98% of all
missense KRAS mutations in PDAC occur at position G12, with a G12D single amino acid
substitution as the most prevalent [13]. Other missense mutations at position G13 (21%) or
Q61 (28%) occur at lower frequency [13]. A recent integrated genomic characterization of
PDAC using deep whole exome sequencing revealed multiple different KRAS mutations in a
subset of tumors, with some PDACs showing evidence of biallelic mutations [14].
Furthermore, KRAS wild-type tumors were found to harbor mutations in other oncogenic
drivers, including GNAS and BRAF, and additional RAS pathway genes, emphasizing the
importance of KRAS and KRAS pathway genes in PDAC [14]. Missense mutations in G12
with single amino acid substitutions, which prevent interactions between KRAS and KRAS
GTPase-activating proteins (GAPs), lead to constitutive activation of KRAS on a single
molecule level. This has been thought to induce and sustain activation of a multitude of
downstream signaling effectors, which ultimately result in many of the phenotypic hallmarks
of cancer [13,15], including unhindered proliferation, suppression of apoptotic cell death,
reprogramming of the cellular energy metabolism, evasion of immune system surveillance,
and metastatic spread.

PDAC:s arise through a step-wise progression from precursor lesions, i.e. pancreatic
intraepithelial neoplasias (PanINs) [16-19]. The discovery that over 90% of low-grade
PanIN lesions harbor oncogenic KRAS mutations [20] led to the step-wise carcinogenesis
paradigm, in which KRAS mutations are characterized as early, initiating events [13,21].
This notion is strongly supported by genetically engineered mouse models of PDAC [22—
25]. The endogenous KRAS models, in which mutated Krasis expressed from its
endogenous locus conditionally driven by PDX1 and PTF1-p48, transcription factors
critically important for foregut (and pancreatic) differentiation, are among the most widely
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used and considered state-of-the-art models [24,25]. This so-called KC mouse model closely
recapitulates the human disease in terms of histopathological and genetic features, including
the development and step-wise progression of PanINs [22]. Besides the importance of
KRAS in PDAC initiation, more recently Krasmutations have been demonstrated to be also
important for the maintenance of PDAC [26]. During early carcinogenesis inactivation of
KRAS led to re-differentiation of PanINs to normal pancreatic lineages (acinar cells) or
apoptosis, while inactivation of KRAS in advanced disease led to tumor regression [26,27].
However, in KC mouse models (without additional genetic alterations) the development of
invasive PDAC occurs very late (usually after 9 months) and only in few animals (5-10%)
[22]. Mutated Kras seems to be necessary but not sufficient for the development of invasive
PDAC. The presence of another mutation, e.g. in the 77053 tumor suppressor gene, greatly
accelerates PDAC development [23,28].

Importantly, environmental, nutritional, and metabolic factors, e.g. inflammation, obesity,
type-2 diabetes mellitus (T2DM) also seem to be capable to promote PDAC development,
potentially substituting additional genetic alterations as required factors for PDAC
formation. This notion is supported by the use of genetically engineered mouse models. In
the absence of additional promotional factors “upstream” of KRAS, expression of oncogenic
Kras in mice at physiologic levels was capable to transforming only a small percentage of
cells [29]. Signaling pathways downstream of KRAS, e.g. mitogen-activated protein kinase
(MAPK), were not activated when oncogenic Kraswas expressed from its endogenous locus
in mice [30]. Similarly, incubation of human PDAC cells in a serum-free synthetic medium
did no exhibit constitutive ERK pathway activation despite harboring KRAS activating
mutations, though ERK could be stimulated by restoring growth factors [31-33]. Although
expression of oncogenic Kras in adult mice failed to induce pancreatic neoplasia, a
simultaneous pancreatic inflammation causes PanIN development and cancers [34]. Overall,
the current available literature suggests that oncogenic Krasis necessary but not fully
sufficient to transform cells and additional genetic or environmental factors might be
required to raise the threshold of KRAS activity [27] to initiate and promote cancer
development.

2. Obesity and type 2 diabetes mellitus as upstream factors of PDAC

development

Among the known modifiable risk factors of PDAC are obesity and T2DM. There is strong
epidemiologic evidence of an increased risk for PDAC in longstanding T2DM and new-
onset diabetes mellitus [35-39]. About 85% of patients diagnosed with PDAC have impaired
glucose tolerance or frank diabetes mellitus [37]. Meta-analyses have concluded that an
about two-fold risk of PDAC exists in diabetic patients [40,41]. Possible mechanisms for
increased PDAC risk in diabetic patients include cellular proliferative effects of
hyperglycemia, hyperinsulinemia, and abnormalities in insulin/IGF receptor pathways. The
importance of insulin in that context is underscored by reports showing an increased risk of
PDAC in patients treated with insulin or insulin secretagogues [37] and by the link between
hyperinsulinemia and cancer incidence [42]. Furthermore, diabetic patients treated with
metformin have an improved insulin sensitivity and reduced risk of developing PDAC
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further underscoring the importance of diabetes mellitus and hyperinsulinemia as risk factors
for PDAC [37,43,44].

There is strong evidence that obesity is associated with an increased risk of cancer, including
PDAC [45-52]. A recent umbrella review of systematic reviews and meta-analyses described
that the association between obesity and PDAC is supported by strong evidence [53]. The
International Agency for Research on Cancer reported a significant association between
obesity and PDAC and described the strength of the currently available evidence as
sufficient [54]. The projected increase in PDAC may thereby be related to the obesity
endemic. In addition to an overall increased PDAC risk in obese people, our own data
showed that obese people have an earlier onset of the disease. While the percentage of non-
obese patients with onset of PDAC at the age of 50 years or younger (early-onset PDAC)
was 6.1%, this percentage increased in obese and morbidly obese patients to 8.4% and
11.6%, respectively (unpublished).

Obesity and T2DM often coexist, but act independently to increase the risk for developing
PDAC [55]. Obesity, as measured by an increased body mass index (BMI) was associated
with an increased risk of death from several other cancers (such as esophagus, liver, and
colon) [56-58] in which T2DM is less prevalent supporting an independent role of obesity in
cancer development. It is important to note that the use of BMI to assess cancer risk might
be oversimplified and often times inadequate because the distribution of fat appears to also
influence cancer risk. Visceral obesity, as measured by an increased waist-to-hip ratio or
waist circumference, has a stronger correlation to the metabolic syndrome and the
development of certain cancers, including PDAC [48].

3. Animal models of obesity-associated PDAC

Genetically engineered animal models strongly confirmed the promotional effect of obesity
on PDAC development. Using the KC mouse model we reported that a diet high in fats and
calories (HFCD) led to substantial weight gain and accelerated early pancreatic neoplasia
and invasive PDAC formation in obese mice [59,60]. No pancreatic neoplastic lesions were
detected in lean or obese wildtype mice, underscoring the necessity of oncogenic Krasin
PDAC development. Similar to humans, obese mice developed metabolic disturbances
including hyperleptinemia, hyperinsulinemia, and elevated levels of insulin like growth
factor-1 (IGF-1), indicating a level of insulin resistance [59]. Blood lipid levels, triglycerides
and cholesterol, were not significantly different between obese and lean KC mice. Diet-
induced obesity (DIO) in KC mice was associated with a robust inflammation of the visceral
adipose tissue (VAT), as determined by an increase in crown-like structures (dying
adipocytes surrounded by macrophages), by an elevated production of inflammatory
cytokines, and by a greater number of inflammatory immune cells [61]. Similarly, DIO
induced a strong inflammatory response in the pancreas, as indicated by an increase in the
pancreatic inflammation index, a composite score of acinar cell loss, desmoplasia, and
immune cell infiltration [59].

Molecularly, the pancreas of obese KC mice (compared to lean KC mice) showed increased
activation of KRAS downstream pathways, including MAPK and PI3K/AKT/mTORCL1. In
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addition, the transcriptional activator YAP was more strongly expressed in the pancreas of
obese KC mice (compared to lean KC mice), suggesting a responsiveness of the YAP
pathway to environmental and metabolic stressors (unpublished data). The importance of
YAP in PDAC will be discussed in detail in a later section below. Using KRAS G-LISA
assays we did not detect significant differences of KRAS activity between pancreas samples
from obese versus lean mice. Together these data suggest that DIO in the KC mouse model
promotes PDAC development and progression by stimulating KRAS downstream signaling
pathways rather than directly affecting KRAS activity.

In order to investigate whether DIO and the DIO-induced inflammatory microenvironment
induce genetic alterations that could explain the acceleration of PDAC development in KC
mice, we performed exome sequencing on laser-captured PanIN-2/3 lesions [60]. Exome
sequencing of micro-dissected PanIN-2/3 lesions identified a total of more than 4,500
genetic variants specific to the obese, HFCD-fed group [60]. As expected, the KrasG12D
mutation was detected in each of the PanIN lesions. There were no additional somatic
mutations present within the Kras gene. Moreover, there were no somatic mutations detected
in a panel of genes that are commonly mutated in human PDAC, including 7rp53, Smad4
and /nk4a/Arf. Using pathway analysis, we found several mutations in key molecules within
the insulin signaling pathway, e.g. m7orand class Il PI3K isoforms that may be of
functional relevance [60]. Together, these sequencing results suggest that additional genetic
mutations may explain at least some of the promotional effects of the HFCD and DIO on
PDAC development in KC mice, although again no additional genetic variants in the most
commonly mutated genes in PDAC were detected.

Others have also documented an increase in PDAC in high fat-fed and/or obese mice,
thereby corroborating our data [62,63]. Mice that expressed oncogenic Krasin the adult
pancreas under an acinar cell-specific promoter and were fed an isocaloric high fat diet
gained significantly more body weight, developed enhanced pancreatic inflammation and
showed accelerated PanIN progression [63]. This was associated with elevated activation of
KRAS downstream signaling, e.g. ERK. The tumor promoting effect of the high fat diet was
thereby reversed in a cyclooxygenase-2 (COX-2) deficient background, indicating the
importance of inflammation in this process [63]. This is in agreement with our previous
study, in which administration of a selective COX-2 inhibitor attenuated PDAC development
in the KC mouse model [64]. In another study, mice with a pancreas-specific activation of
oncogenic Krasfed a high fat diet showed accelerated PanIN progression [65]. In this case,
the tumor promoting effects of the high fat diet were mediated by a low-grade systemic
inflammation, as PanIN development was attenuated on a TNF-a receptor-deficient
background. However, in this study the high fat diet led to pancreatic exocrine insufficiency
and changes in energy metabolism, which contributed to an improved glucose tolerance.
Mice on the high fat diet did not become obese and remained insulin sensitive. Differences
in the genetic background of the animals might explain some of the discrepancies to our
study. Overall, convincing evidence from preclinical mouse models exists demonstrating a
promoting effect of high fat diet and DIO on PDAC development with enhanced activation
of KRAS downstream effectors.
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4. Extra-pancreatic mechanisms by which obesity and T2DM promote PDAC

The mechanisms, by which DIO promotes PDAC are multifaceted and highly interacting. In
the subsequent sections, we divided these promotional processes in extra-pancreatic, i.e.
processes that primarily occur outside the pancreas but impinge on the development of
PDAC and pancreatic intracellular mechanisms (Figure 1). In what follows, we separated
these processes to facilitate their discussion.

Inflammation

A defining feature of obesity is the expansion of adipose tissue depots. Adipose tissue
enlargement can occur by hyperplasia and/or hypertrophy of adipocytes. While hyperplasic
adipose tissue expansion, which is seen primarily in subcutaneous adipose tissue, is
considered “metabolically healthy”, adipocyte hypertrophy, commonly found in VAT, is
associated with insulin resistance and inflammation [66,67]. Adipose tissue inflammation is
characterized by profound changes in the number and function of resident and infiltrating
immune cells, by the secretion of pro-inflammatory cytokines and adipokines, e.g. TNF-a.,
IL-1B, IL-6, MCP-1, leptin, and resistin, and by a decrease in anti-inflammatory molecules,
e.g. IL-10, adiponectin [68]. Besides adipose tissue inflammation, obesity is also associated
with a robust pancreatic inflammation [59,63]. Similar to adipose tissue inflammation,
obesity-associated pancreatic inflammation occurs in the presence of profound changes in
immune cell activity and cytokine production. It is unclear whether the pancreatic
inflammation seen during obesity is simply a consequence of accompanying VAT
inflammation or occurs independently from it. The observation that pancreatic inflammation
(albeit to a lesser extent) is also seen in lean KC mice and is more robust in obese KC mice
compared to obese wildtype mice indicates that the presence of oncogenic KRAS elicits
some level of tissue inflammation independently of obesity-associated adipose tissue
inflammation[59]. Overall, pro-inflammatory cytokines and adipokines may directly and
indirectly affect PDAC development and growth, e.g. by modulating immune surveillance
and cellular proliferation. Available data support the hypothesis that in the presence of
oncogenic KRAS, inflammatory stimuli trigger a positive feedback mechanism, which
involves NF-xB and COX-2 that amplifies KRAS activity to pathological levels leading to
PDAC formation [30,63]. Mechanistically, we have previously reported that the COX-2
product prostaglandin E2 enhances mTORC-1 activity downstream of oncogenic KRAS in
PDAC cells via a EP4/cAMP/PKA- and EP1/Ca%*-mediated mechanism [69]. Recently, in
interesting role of interleukin-17 (IL-17) has been described in PDAC [70,71]. IL-17, which
contributes to obesity-associated inflammation in adipose tissue [72], promotes the transition
from chronic pancreatitis to cancer in the context of oncogenic KRAS-driven PDAC[73]. In
our own study, IL-17 was the most highly upregulated cytokine in the VAT of obese KC
mice (unpublished data), suggesting an important IL-17-mediated positive reinforcement of
oncogenic KRAS in obesity-associated PDAC. Taken together, the available data strongly
suggest that tissue (adipose and pancreatic) inflammation, as seen during obesity, can
enhance KRAS downstream signaling and promote/accelerate PDAC development.
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Gut microbiota

Obese animals and humans have altered gut microbiota when compared to their leaner
counterparts. This alteration involves a greater representation of Firmicutes and fewer
Bacteroides species in both mice and men. A reduced overall bacterial diversity as a whole
and altered representation of bacterial genes are now considered a major cause for affecting
metabolic pathways, which are likely involved in obesity [74]. Obesity-associated dysbiosis
can result in several physiologic changes that may contribute to the relationship between
obesity and cancer risk. These include i) altered microbial metabolism, which contributes to
the generation of pro-carcinogenic metabolites, ii) increased extraction of energy and
enhanced nutrient availability, and iii) induction of systemic low-grade inflammation
initiating and promoting tumor development [75]. Gut microbiota, e.g. methanogens,
ferment dietary polysaccharides resulting in the production of metabolites, namely
monosaccharides and short-chain fatty acids (SCFAs), including butyrate, propionate, and
acetate. These metabolites are absorbed and act as an energy source by the host. In addition,
SCFAs can bind to intestinal free fatty acid receptors, including FFAR2 and FFAR3 that
belong to the G protein-coupled receptor superfamily, and thereby regulate the secretion of
gut hormones [76]. In obese individuals, compared to their lean counterparts, colonic
fermentation patterns may be changed resulting in different fecal SCFA concentrations [76].

High-fat and high-energy diets have been shown to facilitate absorption of bacterial
lipopolysaccharide (LPS), the most frequently studied pathogen-associated molecular
pattern, from intestinal bacteria leading to a systemic inflammatory state through activation
of toll-like receptor 4 [76,77]. A recent elegant study described that DIO altered gut
microbiota with an increase in the production of deoxycholic acid (DCA), a gut bacterial
metabolite known to cause DNA damage. The enterohepatic circulation of DCA induced a
senescence-associated secretory phenotype (SASP) in the liver facilitating the development
of hepatocellular carcinoma in mice [78]. Although studies on obesity, gut microbiome, and
PDAC are rare, reports in other cancer models have shown that high fat diet-induced
dyshiosis promoted oncogenic KRAS-driven intestinal tumorigenesis [79]. However, a
recent meta-analysis questioned whether there are specific microbiome-based markers that
can be associated with obesity [80]. The ability to reliably classify individuals as obese
solely on the basis of their microbiome was limited due to a lack of power to detect modest
effect sizes [80]. In conclusion, the possibility that metabolites produced by gut microbiota
provide a mechanism linking dysbiosis to PDAC promotion via metabolite-sensing receptors
acting either in pancreatic cells or in other cells, e.g. adipocytes, warrants further
experimental work.

Gastrointestinal (Gl) peptides

Obesity modulates the production and release of GI hormones, including peptide YY (PYY),
pancreatic polypeptide, ghrelin, glucagon peptide-1 (GL-1), cholecystokinin (CCK) and
neurotensin (NT). These Gl peptides are produced by specialized enteroendocrine cells
located in the gut. These cells are thought to play a critical role in sensing the chemical
composition of the luminal contents. An elegant study using NT-deficient mice implicated
NT in the pathogenesis of obesity, hepatic steatosis, and insulin resistance associated with
high fat consumption [81]. Interestingly, in humans both obese and insulin-resistant subjects
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have elevated plasma concentrations of pro-NT, and in longitudinal studies among non-
obese subjects, high levels of pro-NT denoted a doubling of the risk of developing obesity
later in life [81]. These findings directly link the GI peptide NT with increased fat absorption
and obesity and suggest that NT may provide a prognostic marker of future obesity and a
potential target for prevention.

Crosstalk between GPCRs and insulin/IGF-1 receptor signaling pathways

Most Gl peptides initiate their characteristic cellular effects through heptahelical G protein-
coupled receptors (GPCRS) in the surface of their target cells. Many studies support the
notion that crosstalk between the insulin/IGF-1 receptor and GPCR signaling systems plays
a key role in the regulation of normal and abnormal functions, including the pathogenesis of
cardiovascular and renal pathologies in obesity and T2DM [82-90]. GPCRs and their
cognate agonists also mediate autocrine/paracrine growth stimulation [91-98] and
dramatically synergize with insulin/IGF-1 in inducing mitogenic signaling [99-105]. A
recent characterization of cancer genomes demonstrated frequent mutations in GPCRs and G
proteins [106]. Consequently, a crosstalk between insulin/IGF-1 receptor and GPCR
signaling systems is a plausible mechanism for enhancing the development of PDAC in
obesity and a potential target for chemoprevention [107-109]. In line with this proposition,
PDAC cells express multiple growth-promoting GPCRs and their cognate agonists
[32,33,110-120], including NT, angiotensin, and endothelin, and a broad-spectrum GPCR
antagonist [121,122] inhibited the growth of PDAC cells [116]. Moreover, expression of
multiple GPCRYs, including the high-affinity NT receptor, is markedly increased in human
PDAC tissues [98,123-126] and in PanINs [127]. Thus, Gl peptides released from
enteroendocrine cells in the gut can have important roles in mediating DI1O as well as in
promoting PDAC proliferation acting synergistically with insulin/IGF-1 in PDAC cells. We
conclude that oncogenic KRAS in conjunction with multiple extra-pancreatic factors act
additively and/or synergistically on the pancreas to elicit a complex signaling network that
leads to PDAC development (Figure 1).

5. Pancreatic intracellular mechanisms by which KRAS, obesity, and T2DM
promote PDAC
PI3K/AKT/mTOR

A key pathway in KRAS and insulin/IGF1R signaling is PI3BK/AKT leading to mTOR
activation [128]. This signaling module plays a pivotal role in stimulating proliferation of
PDAC cells [129], is activated in PDAC tissues [130,131], and limits catabolic processes,
including autophagy [132]. Reciprocally, suppression of mTOR and IGF-1 has been
associated with the antitumor actions of caloric restriction [133,134]. mTOR functions as a
catalytic subunit in two distinct multi-protein complexes, mMTORC1 and mTORC2 [135,136]
both of which impinge on YAP regulation (Figure 2). mTORC1, characterized by Raptor
phosphorylates and controls at least two regulators of protein synthesis, the 40S ribosomal
protein subunit S6 kinase (S6K) and the inhibitor of protein synthesis 4E-binding protein 1,
referred to as 4EBP1 [137-140]. mTORCL1 is acutely inhibited by rapamycin whereas
mTORC2, characterized by Rictor and Sinl, is not acutely inhibited by this agent [141,142].
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The heterodimer of the tumor suppressor TSC2 (tuberin) and TSC1 (hamartin) represses
mTORC1 signaling [143,144] by acting as the GTPase-activator protein for the small G
protein Rheb, a potent activator of mMTORC1 signaling in its GTP-bound state [145,146].
Phosphorylation of TSC2 by AKT and/or ERK/p90RSK uncouples TSC1/TSC2 from Rheb,
leading to Rheb-GTP accumulation and mTORCL1 activation. The importance of mMTORC1
activation in human PDAC is highlighted by survival analysis showing that increased TSC2
expression is a favorable prognostic marker for patients with PDAC (our unpublished
results).

The Rag GTPases (RAGA/B and RAGC/D), in conjunction with the adaptor Ragulator,
activate mTORCL in response to amino acids [147]. Phosphatase and tensin homologue
(PTEN) opposes PI3K by degrading PIP3 to PIP2 thereby inactivating AKT and mTOR
signaling [148]. Inactivation of p53, as seen during the progression of 50-70% of PDAC,
potently up-regulates the insulin/IGF-1/mTORC1 pathway [149,150]. It is also relevant that
YAP stimulates mTORCL via downregulation of PTEN [151] and increased amino acid
(leucine) transport [152,153]. In turn, mTORC1 activation leads to YAP accumulation
through impaired autophagy [154] giving rise to an amplification loop. We will discuss YAP,
a major downstream target of KRAS in PDAC, in a subsequent section.

PKD/MEK/ERK

Many GPCRs activate G proteins of the Gq and G12 families, thereby stimulating isoforms
of phospholipase C (PLC), identified as one of the “core” signaling pathways that undergo
somatic alterations in nearly all PDAC [155]. PLCs produce second messengers that activate
protein kinase C (PKC), which, in turn, phosphorylates and activates the protein kinase D
(PKD) family [92,156-158]. The PKC/PKD axis induces MEK/ERK/p90RSK activation and
thereby potentiates KRAS signaling in promoting cell proliferation [158-161]. PKD
stimulates Rho activation as well as functions as a Rho effector [162,163], thereby
establishing a positive feedback loop (Figure 2). PKDs are rapidly activated by GPCR
agonists in PDAC cells [33,113,164,165], are over-expressed in PDAC tissues [166] and
PKD over-expression promotes PDAC cell proliferation [167], invasion [168] and acinar to
ductal trans-differentiation [169]. Furthermore, a PKD family inhibitor blocked PDAC cell
growth /n vitroand /n vivo [166]. Interestingly, PKD1 provides a potential molecular link
between obesity, insulin secretion and PDAC. Indeed, PRKDI (which encodes PKD1) has
been identified as a risk gene for obesity [170] and PKD1 has been implicated in the
regulation of insulin secretion from the B cells of the pancreas [171].

The activation of GPCRs by their cognate agonists also leads to mTORC1 stimulation
through two converging mechanisms: EGFR (ErbB1,HER1) transactivation [172] and
PKD/ERK pathway [109,135,172]. Consequently, mTORC1 and PKD/ERK are sites of
convergence, crosstalk and amplification in the signaling network triggered by GPCRs,
EGFR and insulin/IGF-1 receptor systems in PDAC cells. Importantly, these obesity-
sensitive pathways reinforce KRAS signaling and in turn, KRAS mutations leading to
KRAS activation potentiates the signal intensity emanating from the GPCRs, EGFR and
insulin/IGF-1 receptor network in PDAC cells. It is plausible that this amplification loop can
play a role in enhancing the strength of KRAS signaling, alluded to in previous sections.
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Consequently, the identification of the downstream targets and gene regulatory programs of
this signaling system is of fundamental significance and major translational interest in the
mechanisms, by which obesity promotes KRAS-initiated PDAC development.

6. The Hippo/YAP pathway: a site of signal convergence and integration in

PDAC

The highly conserved Hippo pathway, originally identified in Drosophila, is attracting
intense attention as a key regulator of development, organ-size, tissue regeneration and
tumorigenesis [173]. The YAP/TAZ pathway is as a central downstream pathway in KRAS,
PI3K, mTORC1/2, EGFR and GPCR signaling [174-177], all of which play a critical role in
PDAC and in its promotion by obesogenic diets.

YAP/TAZ pathway

A serine/threonine kinase cascade wherein Mst1/2 kinases, in complex with Sav1,
phosphorylate and activate Lats1/2, in complex with its regulatory protein MOB1/2 is a
major pathway in the transduction of canonical Hippo signals [173]. As illustrated in the
scheme shown in Figure 2, Lats1/2 phosphorylates the transcriptional co-activators Yes-
Associated Protein (YAP) and WW-domain-containing Transcriptional co-Activator with
PDZ-binding motif (TAZ), two major downstream effectors of the Hippo pathway and novel
sensors of the mevalonate and glycolytic pathways [178-180]. Structurally, YAP and TAZ
share nearly half of the overall amino acid sequence and have very similar topology. The
phosphorylation of YAP at Ser'2” and Ser3%7, highly conserved residues located within a
consensus sequence phosphorylated by the Hippo kinases Lats1/2 (HXRXXS), restricts its
cellular localization to the cytoplasm, inhibits its activity and reduces its stability.

In the absence of phosphorylation, YAP localizes to the nucleus where it binds and activates
the TEA-domain DNA-binding transcription factors (TEAD 1-4) thereby stimulating the
expression of a variety of genes (Figure 2), including Connective Tissue Growth Factor
(CTGF), BIRCS, Cysteine-rich angiogenic inducer 61 (CYR61), Amphiregulin (AREG) and
endothelin 2 (EDNZ2). CTGFis one of the best-characterized direct target gene of YAP that
contains three putative YAP-TEAD binding sites (GGAATG) in its promoter region. The
products of YAP/TEAD-regulated genes have a major impact on important cell processes,
including shaping the micro-environment (CTGF), opposing apoptosis (survivin, the product
of BIRC 5), mediating angiogenesis (CYRG61), signaling communication between cancer
cells and immune cells (CXCL5) and promoting autocrine/paracrine proliferation via EGFR
(AREG) and GPCR (EDN2). CXCLS5, a chemokine produced by PDAC cells [181], has been
proposed to promote infiltration by polymorphonuclear myeloid-derived suppressor cells
(MDSC) into cancer tissues. Furthermore, CYR61 regulates other developmental pathways
activated in PDAC, including Sonic Hedgehog [182]. YAP/TAZ also orchestrates epithelial-
to-mesenchymal transition (EMT) and reprogramming of malignant cells to a more
undifferentiated state. Another study has linked chronic inflammation and mechanical cues
from the microenvironment to YAP/TAZ for eliciting pathological responses in regenerating
epithelia [183]. It is recognized that YAP/TAZ acts as a context-specific oncogene [175]. In
addition to the Hippo pathway, YAP/TAZ localization and activity is controlled by a
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multitude of signals that include those mediated by GPCRs, PKD, Rho and actin
cytoskeleton, which rapidly stimulate its transcriptional co-activator activity [173,184].

Regulation of the YAP/TAZ pathway in PDAC

The YAP/TAZ pathway assumes an added importance in PDAC given that YAP is a key
downstream target of KRAS signaling required for acinar-to-ductal metaplasia (ADM) and
PanIN progression into PDAC [185,186]. Interestingly, we found that obesity was associated
with a marked decrease of intact acini in KC mice, suggesting that DIO also enhances ADM
[60]. YAP induces ADM at least in part via JAK/signal transducer and activator of
transcription-3 (STAT3) signaling [186]. Interestingly, DIO in KC mice induced a marked
activation of STAT3, as indicated by increase phosphorylation of STAT3 at Tyr-705 [60].
YAP is also a major mediator of pro-oncogenic mutant p53 [187], resistance to RAF/MEK
inhibitors [188] and chemotherapy in PDAC [189]. In the context of this article, it is relevant
that Hippo signaling also functions in the regulation of adipocyte cell proliferation and
differentiation [190,191] thus playing a role in obesity.

In view of the importance of the crosstalk between insulin/IGF-1 receptor and GPCR
systems in the context of obesity and PDAC promotion (discussed above), we examined
whether YAP acts as a downstream effector of crosstalk between insulin and NT in human
PDAC cells [192]. This study focused on rapid regulation of YAP localization,
phosphorylation and activity assessed by the expression of YAP/TEAD-regulated genes.
Stimulation of PDAC cells with insulin and NT induced rapid nuclear import and
dephosphorylation of YAP and markedly increased the expression of YAP/TEAD-regulated
genes, including CTGF, CYR61 and CXCL5through PI3K and PKD [192]. Accordingly,
recent studies with other cell types demonstrated that PI3K inhibits the activity of the Hippo
pathway [193,194] and PKD stimulates YAP activation [184]. Consequently, YAP emerges
as a central node of transcriptional convergence in the crosstalk between insulin receptor and
GPCR signaling systems and of critical importance in the proliferative response induced by
growth-promoting agonists in PDAC cells.

In addition to the rapid regulation by multiple mechanisms and upstream pathways that feed
into the YAP/TAZ pathway, including Rho, actin cytoskeletal organization, PI3K, PKD and
GPCR signaling (Figure 2), it is important to emphasize that additional pathways and
epigenetic events regulate the level of protein expression of YAP and TAZ. In this regard, the
RAS pathway promotes YAPL1 stability independently of the Hippo pathway through
downregulation of the ubiquitin ligase complex substrate recognition factors SOCS5/6,
thereby increasing YAP stability [195]. A recent study demonstrated that elF5A (eukaryotic
translation initiation factor 5A), which is up-regulated by KRAS in PDAC and in KC mice,
increases the tyrosine kinase PEAK1. In turn, the elF5A/PEAK1 axis enhances YAP
expression [196]. As indicated in a previous section, we found that YAP was also more
strongly expressed in the pancreas of obese KC mice (compared to lean KC mice),
suggesting a responsiveness of the YAP pathway to DIO (our unpublished data). The
pathways that link obesity to YAP/TAZ expression are of great interest and require further
experimental work. It is also important that amplification and overexpression of YAP can
substitute for oncogenic Krasin PDAC mouse models [197]. These studies raise the
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important notion that YAP not only acts downstream of KRAS but also that its hyper-
activation and expression can circumvent the need for oncogenic Krasin PDAC [198].

The YAP/TAZ pathway as a prognostic marker in PDAC

We next turn our attention to the importance of YAP in human PDAC. A number of studies
indicated that YAP and TAZ are overactive in PDAC patient tumor samples [197,199,200]
and a new report identified YAP expression as an independent prognostic marker for overall
survival of PDAC [201]. In order to extend this important conclusion, we used a recently
published interactive open-access database (www.proteinatlas.org/pathology) [202] to
perform correlation analyses based on mRNA expression levels of genes of the YAP
pathway in PDAC tissue and the clinical outcome (survival) of the patients. We found that
higher expression of either YAP or of the YAP/TEAD-regulated genes AJUBA, ANLN,
AREG, ARHGAP29, CCND1, CXCL5, EDN2, JAG1 and NOTCHZwas significantly
associated (p<0.001) with unfavorable prognosis in PDAC. A recent study showed that
activator protein-1 (AP-1, dimer of JUN and FOS proteins) factors potentiate YAP/TAZ/
TEAD-dependent gene expression [203]. Interestingly, expression of FOSL 1, a component
of AP-1, is also strongly associated (p< 0.001) with unfavorable prognosis in PDAC, as
shown recently by others [204]. In addition to AREG, which functions in an autocrine
manner, other EGFR ligands, including TGFa., epiregulin (EPEG), and heparin binding EGF
(HBEGF) that stimulate YAP activity are also associated with shorter overall survival in
PDAC. Conversely, high expression of PKA, which inhibits YAP activity via stimulation of
LATS kinases [205], is associated with a favorable prognosis in PDAC, presumably via
inhibition of YAP function. These new findings indicate that YAP, YAP/TEAD-regulated
genes (AJUBA, ANLN, AREG, ARHGAPZ29, CCND1, CXCL5, EDNZ2, JAGI and
NOTCH?2), components of AP-1 that synergize with YAP (FOSL 1), and growth factors that
stimulate YAP activity are convincingly associated with unfavorable survival in PDAC
whereas higher expression of a YAP inhibitory pathway (PKA) portends a favorable
prognosis. All these associations, which were highly statistically significant (p<0.001),
emphasize that hyper-activation of the YAP pathway correlates with poorer survival of
PDAC patients.

7. Chemoprevention strategies targeting YAP in obesity-promoted PDAC

In the light of the new developments discussed so far, including preclinical studies,
mechanistic connections and survival analysis, there is intense interest in targeting YAP/TAZ
in PDAC chemoprevention. Although inhibition of the activity of transcription factors or
their co-activators is a challenging strategy, recent preclinical and epidemiological evidence
as well as our own results suggest new avenues to target YAP/TAZ activity via statins and
metformin in PDAC and other malignancies (Figure 2).

Statins and PDAC

Many studies showed that the mevalonate pathway is markedly up-regulated in several
epithelial cancers via mutant p53 [206-208] and AKT/mTORCL1 [208]. Statins are specific
inhibitors of the 3-hydroxy-methylglutaryl (HMG) CoA reductase [209], the rate-limiting
enzyme in the generation of mevalonate, the first step in the biosynthesis of isoprenoids,

Semin Cancer Biol. Author manuscript; available in PMC 2020 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eibl and Rozengurt

Page 13

leading to farnesyl pyrophosphate (FPP), geranylgeranyl pyrophosphate (GG-PP) and
cholesterol. The transfer of the geranylgeranyl moiety to a COOH-terminal cysteine of Rho
GTPases is critical for their function in signal transduction. In turn, active Rho (i.e. Rho-
GTP) plays an essential role in YAP/TAZ activation in many cell types. Statins that are
usually well tolerated and generally safe have been long used to treat hypercholesterolemia
and prevent cardiovascular diseases. Although initially inconsistent, mounting
epidemiological studies indicate that use of statins is associated with a reduced risk and
beneficial effects in PDAC [210-215], especially in men [213,214]. For example, a large
study showed that statin use was associated with a 34% reduced PDAC risk with a stronger
association in male subjects [213]. In addition to their potential use in primary prevention,
statins may improve the survival of patients after resection of primary PDAC [216-218],
indicating a possible role of statins in secondary PDAC prevention. Epidemiological
associations do not establish causation and should be interpreted with caution, but support
the need of mechanistic studies and prospective clinical trials. A high-throughput screens of
compounds capable of altering the subcellular localization of YAP led to the identification of
the statins as potential YAP inhibitors [219]. Our studies with human and mouse PDAC cells
also show that statins strikingly inhibited YAP nuclear localization, YAP/TEAD-regulated
genes, proliferation, and colony formation by PDAC cells (unpublished data). Thus,
converging epidemiological and preclinical studies indicate a protective effect of statins in
PDAC, which is emerging as a novel area of translational research. Given the dismal
prognosis of PDAC, a chemoprevention strategy for potentially vulnerable populations,
including obese individuals with a family history of PDAC, should receive serious
consideration.

Metformin and PDAC

Metformin (1,1-dimethylbiguanide hydrochloride) is the most widely prescribed drug for
treatment of T2DM worldwide [220,221]. 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 [222]. Metformin also reduces the circulating levels of insulin
and IGF-1 in both diabetic and non-diabetic patients [223,224]. Epidemiologically,
metformin administration has been linked with reduced incidence, recurrence and mortality
of cancer in diabetic patients [225-232], although a therapeutic efficacy of metformin is not
universally seen in all studies [233], especially in advanced cases of cancer. Indeed, a recent
major meta-analysis indicated that the effects of metformin depend on tumor stage, with
marked improved survival in patients with locally advanced disease but not in patients with
metastatic PDAC [230]. Accordingly, recent studies concluded that the survival of T2DM
patients with resected PDAC was significantly higher in metformin users than in the diabetic
patient that did not receive metformin, suggesting that metformin should be considered for
secondary chemoprevention [234,235]. Although numerous preclinical and epidemiological
studies support the notion that metformin is beneficial in early stage or resected PDAC, the
mechanisms involved remain incompletely understood.

At the cellular level, metformin indirectly stimulates AMP—-activated protein kinase (AMPK)
activation [236], though other AMPK-independent mechanisms of action operate, especially
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at high concentrations [237,238]. AMPK is a well-known sensor of cellular energy being
activated when ATP concentrations decrease and 5’-AMP concentrations increase [221].
The tumor suppressor LKB-1/STK11 is the major kinase phosphorylating the AMPK
activation loop [239]. STE20-related adaptor (STRAD), a co-factor that allosterically
stimulates LKB-1 activity, is a favorable prognostic marker in pancreatic cancer. Metformin
does not act directly on AMPK but inhibits complex | activity of the mitochondrial
respiratory chain [240,241], resulting in reduced ATP synthesis and increase in cellular
AMP and ADP thereby leading to AMPK activation. In mechanistic experiments with
metformin or other inhibitors of mitochondrial respiration, including the natural alkaloid
berberine, it is important to use physiological concentrations of glucose in the culture
medium [242,243].

AMPK inhibits cell proliferation by suppressing mTORCL1 function via at least three
mechanisms. AMPK stimulates TSC2 function via phosphorylation on Ser-1345 [244-246],
leading to accumulation of Rheb-GDP (the inactive form) and thereby to inhibition of
mTORC1 activation. AMPK also inhibits mTORCL1 by direct phosphorylation of Raptor (on
Ser-722 and Ser-792), which disrupts its association with mTOR[247]. Insulin/IGF-1-
induced mTORC1 activation is also attenuated by AMPK by direct phosphorylation of
IRS-1 on Ser-794, a site that interferes with PI3K activation [248,249]. In PDAC cells, we
demonstrated that metformin potently stimulates AMPK activation in cells cultured in
physiological glucose [242,250] and inhibited mTORC1, ERK and mitogenic signaling via
AMPK at low concentrations [242,250,251]. In line with these results, mitochondrial
targeting of metformin greatly increases its growth-suppressive effects [252]. Metformin
also inhibited the growth of PDAC xenografts [108,253] and recent results show that
metformin is effective inhibitor of PDAC development in the KC model subjected to an
obesogenic diet (our unpublished results). Berberine, a different AMPK activator that
inhibits mitochondrial ATP synthesis, also inhibited mMTORCL1, ERK, DNA synthesis,
proliferation and growth of PDAC xenografts [251].

Recently, it is becoming apparent that AMPK not only inhibits mMTORC1 but also opposes
the growth-promoting activity of YAP via different mechanisms, including direct
phosphorylation of YAP at Ser-94 [254,255], a residue that plays a critical role in the
coupling of YAP with TEAD. AMPK also phosphorylates HMG-CoA reductase at Ser-872
and inhibits its activity thereby interfering with mevalonic acid synthesis [256]. These
studies imply a direct connection between cellular energy status, AMPK and YAP/TAZ
function. In this context, we recently found that an obesogenic diet induced a marked
increase in YAP expression in the pancreas of KC mice and that the administration of
metformin prevented the increase in YAP (our unpublished results). Because statins and
metformin interfere with YAP function through different mechanisms (Figure 2), it is
conceivable that a combination of these agents synergistically suppresses YAP/TAZ activity
and thereby exerts cancer-protective activity at low concentrations of each agent.

Feedback loops and effect of pathway inhibitors

In recent years, it has become apparent that potent negative feedback loops regulate most
signaling pathways and thereby fine-tune the output of the signaling network. For example,
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mounting evidence indicates that the mTORC1/S6K and RAF/MEK/ERK pathways not only
promote growth-promoting signaling but also mediate potent negative feedback loops that
restrain upstream signaling through insulin/IGF-1 and EGFR and other tyrosine kinase
receptors [257]. For example, the mTORC1/S6K axis inhibits IRS-1 function via
phosphorylation of multiple residues, including Ser-636/639 by mTORC1 and
Ser-307/636/1001 by S6K [258]. Suppression of these feedback loops by inhibitors of
mTORC1/S6K or MEK/ERK causes compensatory over-activation of upstream signaling
nodes, including PI3K, AKT, and ERK that potentially oppose the anti-proliferative effects
of the inhibitors [250,257,259]. It is conceivable that the up-regulation of these pathways
promotes YAP activation thereby leading to drug resistance. Similarly, statin resistance can
develop during its administration because of an increase in the expression of HMGCR,
which should be expected to be up-regulated by suppression of a negative feedback loop. A
detailed understanding of these feedback mechanisms will allow the design of rational
combinations of therapeutic agents to overcome drug resistance produced by compensatory
activation of upstream pathways.

8. Conclusions and implications

PDAC is an aggressive and lethal disease with an overall 5-year survival rate of only about
7%. Although new therapies are clearly needed, considerable research efforts should be
increasingly concentrated on PDAC prevention and interception. In this context, the
identification of modifiable risk factors and a better understanding of the molecular
mechanisms of PDAC promotion will clearly guide the discovery of novel targets and agents
for prevention.

There is persuasive epidemiological evidence that obesity is a major risk factor for PDAC. It
is also established that >90% of PDACs harbor a mutation of KRASthat increases the
duration and intensity of its GTP bound state. However, it is also evident that KRAS
mutation is necessary but not sufficient for PDAC development. While a number of
additional mutations, typically in tumor suppressor genes ( 7rp53, Smad4 and CdknZa),
markedly accelerates PDAC development in mouse models, it is also evident that
environmental conditions, including obesity and inflammation (Figure 1), also promote
PDAC in KC mice. As discussed in a previous section, the development of obesity-
associated genetically engineered mouse models to replicate the disease is a major advance
to explore new strategies for chemoprevention.

Mechanistically, we propose that PI3K/mTORC1 and PKD/ERK are sites of convergence,
crosstalk, and amplification in the signaling network triggered by GPCRs, EGFR and
insulin/IGF-1 receptor systems in PDAC cells. Importantly, these obesity-sensitive pathways
reinforce KRAS signaling and in turn, KRAS mutation leading to prolonged KRAS
activation potentiates the signal intensity emanating from GPCRs, EGFR, and insulin/IGF-1
receptor network in PDAC cells by stimulating PI13K and ERK, which are well-established
downstream targets of activated KRAS. We propose that a major new element in this
amplification loop are the YAP/TAZ transcriptional co-activators, which further intensify
positive feedback loops in the network (Figure 2). Importantly, GPCRs, EGFR, and insulin/
IGF-1 receptor signaling rapidly stimulate YAP nuclear localization and activity whereas
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KRAS enhances YAP protein expression. In turn, the output of YAP stimulates signaling via
EGFR (AREG) and GPCR (EDNZ2), which further stimulate KRAS. YAP also leads to
PDAC survival (B/RC5) and evasion of immune surveillance (CXCL5). Thus, rather than
increasing the strength of KRAS signaling, as proposed by others [260], we envisage that
KRAS mutations potentiate a signaling network that is promoted by environmental factors,
including pro-inflammatory mediators, adipocyte-derived factors, and Gl peptides.
Specifically, we envisage that KRAS mutations increase the intensity and duration of the
growth-promoting signaling network. The model can accommodate multiple experimental
results, including the induction of PDAC in KC mice by mutations in other genes such as the
recent findings showing that chronic inflammation in mice lacking p53 develop
(inefficiently) PDAC with hyperactive YAP but without KRAS mutations [261]. As YAP
plays a critical role in the network, we conclude that the rationale for targeting the network
(at different points) is therefore compelling. As an initial approach to achieve this end, we
propose FDA-approved drugs extensively used for preventing cardiovascular disease
(statins) and treating T2DM (metformin) as plausible strategies for disrupting the network at
multiple points, especially in obese patients predisposed to PDAC.
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Factors “upstream” of KRAS, e.g. obesity, insulin resistance, inflammation, gut microbiota,
and Gl peptides, reinforce and amplify the signaling network and feedback loops, including
YAP/TAZ “downstream” of oncogenic KRAS, via receptor tyrosine kinase (RTK) and G

protein-coupled receptors (GPCR) to fully and efficiently promote PDAC development and

progression.
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Signaling network and feedback loops responsive to obesogenic signals and downstream of
oncogenic Kras in PDAC with the transcriptional activators YAP/TAZ as converging and
central regulators. FDA approved drugs metformin and statins disrupt this signaling network

at different sites representing intriguing agents for PDAC prevention and interception.
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