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Abstract

Risk of pancreatic cancer, the fourth deadliest cancer in the U.S., is increased by obesity. Calorie
restriction (CR) prevents obesity, suppresses carcinogenesis in many models, and reduces serum
levels of insulin-like growth factor (IGF)-1. In the present study, we examined the impact of CR
on a model of inflammation-associated pancreatitis and pancreatic dysplasia, with a focus on the
mechanistic contribution of systemic IGF-1. Administration of a 30% CR diet for 14 weeks
decreased serum IGF-1 and hindered pancreatic ductal lesion formation and dysplastic severity,
relative to a higher calorie control diet, in transgenic mice overexpressing cyclooxygenase
(COX)-2 (BK5.COX-2). These findings in CR mice correlated with reductions in Ki-67-positive
cells, vascular luminal size, vascular endothelial growth factor expression, and phosphorylation
and total expression of downstream mediators of the IGF-1 pathway. Cell lines derived from
BK5.COX-2 ductal lesions (JC101cells) formed pancreatic tumors in wild-type FVVB mice that
were significantly reduced in size by a 14-week CR regimen, relative to the control diet. To further
understand the impact of circulating levels of IGF-1 on tumor growth in this model, we
orthotopically injected JC101 cells into liver-specific IGF-1-deficient (LID) mice. The ~65%
reduction of serum IGF-1 in LID mice resulted in significantly decreased burden of JC101 tumors,
despite modestly elevated levels of circulating insulin and leptin. These data show that CR
prevents development of dysplasia and growth of pancreatic cancer through alterations in IGF-1,
suggesting that modulation of this pathway with dietary and/or pharmacologic interventions is a
promising pancreatic cancer prevention strategy.
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Introduction

Pancreatic cancer is the fourth deadliest malignancy in the United States, with the 5-year
survival rate less than 5% (1). In 2010 an estimated 43,140 Americans were diagnosed with
pancreatic cancer and more than 36,800 affected patients died from this disease (1, 2). One
of the few modifiable risk and progression factors for pancreatic cancer is obesity, the
incidence of which has increased dramatically in recent decades as a consequence of long-
term positive energy balance (3, 4). Molecular targets and strategies for preventing
pancreatic cancer are urgently needed given the strong association between pancreatic
cancer risk and excess weight, the increasing prevalence of overweight/obesity across the
world, and the poor prognosis of pancreatic cancer. Potential mechanistic targets for
pancreatic cancer prevention include components of the insulin-like growth factor (IGF)-1
signal transduction pathway that underlie the energy balance-cancer link in other types of
cancer and are affected by energy balance interventions (5).

IGF-1 is a key endocrine and paracrine regulator of tissue growth and metabolism that acts
directly on cells primarily via the IGF-1 receptor (IGF-1R) or indirectly through receptor-
independent processes (6). Levels of serum IGF-1 and pancreatic tissue IGF-1R are
increased in patients with pancreatic cancer compared with unaffected individuals (7), and
elevated serum IGF-1 levels are associated with increased risk of pancreatic cancer-related
death (8). Bioavailable IGF-1 levels are increased in response to diet-induced obesity and
decreased by calorie restriction (CR) (9). IGF-1 is a principal mediator of the anticancer
effects of CR, a potent anti-obesity and cancer preventive intervention in several rodent
models of cancer (9, 10), including carcinogen-induced pancreatic tumors in rats (11). CR
also extends lifespan in rhesus monkeys by delaying many cancers (12). IGF-1 upregulates
cell cycle progression primarily by activating the phosphatidylinositol 3-kinase (PI13K)/Akt/
mammalian target of rapamycin (mTOR) signal transduction pathway downstream of
IGF-1R (13, 14). Cells overexpressing IGF-1R have decreased apoptosis (15, 16), and
pharmacologic inhibition of IGF-1R or mTOR diminishes tumor growth in xenograft models
of human pancreatic cancer (17-19).

Being overweight or obese is associated with a state of chronic inflammation that promotes
pancreatitis (20, 21), and chronic pancreatitis increases the risk of developing pancreatic
cancer (22, 23). Adipose tissue releases immunomodulators, e.g., prostaglandins and
cytokines that promote inflammation and tumorigenicity (24). Human pancreatitis lesions
and pancreatic adenocarcinomas typically overexpress cyclooxygenase-2 (COX-2), the key
enzyme in the conversion of arachidonic acid to prostaglandins, as part of an inflammatory
response, suggesting that COX-2 overexpression is an early step in pancreatic
carcinogenesis (25, 26). Moreover, transgenic mice with pancreatic COX-2 overexpression
driven by the bovine keratin-5 promoter (BK5.COX-2 mice) develop inflamed pancreatic
ductal lesions by 3 months of age and high grade pancreatic dysplasia by 6-8 months
resulting from chronic pancreatitis (27). Dysplastic cells derived from this model develop
anaplastic tumors when injected into mice (27). Thus, BK5.COX-2 mice provide an
excellent model for evaluating strategies to prevent progression from chronic inflammation
to pancreatic cancer.

Although CR is a well-established dietary intervention for preventing cancer in various
preclinical models, the effects and underlying mechanisms of CR on pancreatitis and
pancreatic cancer are poorly understood. We hypothesized tt CR would minimize the high-
grade dysplasia in the pancreas that results from COX-2 overexpression via the IGF-1
pathway. Using the BK5.COX-2 mouse model, we assessed the effects of CR (relative to a
control diet) on pancreatic pathology, IGF-1 levels, IGF-1/Akt/mTOR pathway activation,
and tumor growth. By orthotopically transplanting cells derived from a BK5.COX-2 mouse,
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we also evaluated pancreatic tumor growth in the context of genetically reduced serum
IGF-1 levels (with and without pharmacologic restoration of IGF-1 levels) to establish a
causal link between circulating IGF-1 and pancreatic cancer.

Materials and Methods

Animals and treatment

Mice were maintained in a semibarrier facility at the University of Texas at Austin Animal
Resource Center. The Institutional Animal Care and Use Committee of the University of
Texas approved all experiments involving animals.

The Effect of Energy Balance Modulation on Spontaneous Pancreatic Lesions
in BK5.COX-2 Transgenic Mice—48 male and female FVB-Tg (KRT5-Ptgs2)7Sf
(BK5.COX-2) mice (27) and 48 wild-type (WT) littermates were produced at the University
of Texas M.D. Anderson Cancer Center, Smithville, TX. Upon arrival at the University of
Texas at Austin Animal Resource Center at 4 weeks of age, mice were singly housed and
fed control diet (Research Diets, Inc., New Brunswick, NJ, #D12450B, consumed ad
libitum) for a 2-week acclimation period. Mice from each genotype were randomized to
receive one of two experimental diets for 14 weeks: a) control diet consumed ad libitum
(n=24 per genotype) or b) CR diet (Research Diets, #D03020702), fed in daily aliquots to
provide 70% of the energy and 100% of all nutrients except carbohydrates relative to the
control group (n=24 per genotype). Food intake and body weights were measured weekly.
At the end of the treatment period, mice were fasted for 12 hours and then anesthetized by
isoflurane. Blood was collected by cardiac puncture and the mice were then killed by
cervical dislocation. Blood was allowed to coagulate at room temperature (RT) for 30
minutes and then centrifuged at 9,300 x g for 5 min to obtain serum samples that were
stored at —80°C. Pancreata were collected and either snap-frozen in liquid nitrogen and
stored at —80°C or placed in 10% neutral buffered formalin overnight and then switched to
70% ethanol.

JC101 Pancreatic Tumor Transplant Studies—Our studies in BK5.COX-2
transgenic mice revealed that energy balance modulates pathologies associated with chronic,
unresolved pancreatic inflammation. In order to extend these findings to dietary effects on
pancreatic tumor burden, transplant studies were performed using JC101 mouse pancreatic
cancer cell lines which were derived from spontaneous pancreatic ductal lesions in a
BK5.COX-2 transgenic mouse (27). Prior to transplantation, JC101 cells were maintained
under an atmosphere of 5% CO, in a 37°C incubator with Dulbecco’s Minimum Essential
Media (HyClone, ThermoScientific, Waltham, MA) supplemented with 10% fetal bovine
serum (HyClone), penicillin/streptomycin, glutamine, sodium pyruvate, and HEPES. Cells
were lightly trypsinized, washed and resuspended in Hanks’ Buffered Saline Solution for
injection. Species identification and karyotyping were performed on the JC101 cell line at
the T.C. Shu Molecular Cytogenetics Core at The University of Texas M.D. Anderson
Cancer Center (Houston, TX).

Male WT FVB mice (4 weeks of age; Jackson Laboratories) were singly housed, and fed
chow diet for one week. Between 6 and 8 weeks of age, 18 mice were randomized to receive
either control diet (same as described above) or the CR regimen for 11 weeks. Food intake
and body weights were measured weekly. After 7 weeks on these diet treatments, JC101
cells were subcutaneously transplanted (2x10° cells) into the right flank of each mouse and
allowed to grow for 4 weeks. Tumors were palpated weekly. Mice were fasted for 12 hours
then anesthetized with isoflurane for cardiac puncture and killed by cervical dislocation.
Serum and tumors were harvested and stored as described above.
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To determine the impact of circulating IGF-1 on tumor burden, another transplant study was
performed using 15 male liver-specific IGF-1-deficient (loxP+/+ Cre+/—; LID) mice and 15
male floxed IGF-1 littermate control (loxP+/+ Cre—/—; LC) mice purchased from Taconic
Laboratories (Rockville, MD). These were bred and genotyped as previously described (28).
All of these mice were fed a chow diet for the duration of the study. JC101 mouse pancreatic
cancer cells were orthotopically transplanted (2.5x10° cells) in LID and LC mice between 6
and 8 weeks of age. After 28 days, mice were fasted for 12 hours then anesthetized with
isoflurane for cardiac puncture and killed by cervical dislocation. Serum and tumors were
harvested and stored as described above. One LC mouse died prior to study endpoint,
resulting in a final sample size of 14 LC mice and 15 LID mice.

Serum marker analyses

For the BK5.COX-2 and LID mouse studies, serum levels of IGF-1 were determined by RIA
according to manufacturer’s instructions (DSL-2900 kit, DSL/Beckman Coulter
Laboratories, Webster, TX). For the study assessing energy balance effects on transplanted
pancreatic tumors, serum levels of IGF-1, insulin and leptin were measured using
Lincoplex® bead-based assays (Millipore Corporation, Billerica, MA) on a BioRad
Bioplex® analyzer (BioRad, Hercules, CA) according to manufacturer’s directions. All
analyses were performed on serum samples collected at study termination on mice that had
been fasted for 12 hours. Sample size for each assay was dictated by serum availability at
the time assay was performed.

Histopathologic Analyses

Formalin-fixed pancreata from WT and BK5.COX-2 mice were embedded in paraffin and
then cut into a 4-pum thick section and processed for hematoxylin and eosin (H&E) staining.
The effect of diet on development of pancreatic ductal lesions in the BK5.COX-2 pancreata
was assessed by determining the percentage of the entire pancreatic section comprised of
regions of atypical ductal lesions relative to unaffected areas. This was performed for each
mouse under low-power magnification and averaged over the diet group. Metaplastic
changes in ducts (metaplasia), cellular and nuclear atypia (atypia), degree of inflammatory
cell infiltration (inflammation), and relative size of the stroma and level of fibrosis (fibrosis)
were scored in a blinded manner by a certified veterinary pathologist (M.J.M.) according to
the following criteria: O=normal pancreas, 1=minimal (5-10% affected), 2=mild (10-25%
affected), 3=moderate (25-50% affected), 4=marked (>50% affected). These indices of
pathology were also combined to give a composite score of severity for each mouse and
averaged for each diet group.

Immunohistochemical Analyses

Formalin-fixed tissues were embedded in paraffin, cut into 4-pum thick sections, and
processed for immunohistochemistry at the Histology Core Laboratory at The U.T. M.D.
Anderson Cancer Center, Science Park Research Division (Smithville, TX). Antibodies used
for immunohistochemistry were optimized by core personnel using positive and negative
controls for each analysis. Slides were deparaffinized in xylene and sequentially rehydrated
in ethanol to water. Antigen retrieval required microwaving slides with 10mM citrate buffer,
except CD31 which required protease treatment. Endogenous peroxidase activity was
quenched with 3% hydrogen peroxide for 10 minutes. Nonspecific binding was blocked by
treating sections with Biocare blocking reagent (Biocare Medical, Concord, CA) for 30 min
at RT, followed by incubation with primary antibody diluted in blocking buffer overnight at
4°C, unless otherwise specified. The following primary antibodies and dilutions were used:
Ki-67 (Dako, Carpenteria, CA; 1:200); CD31 (Pharmingen, San Jose, CA,; 1:400); VEGF
(Santa Cruz Biotechnology; 1:100, 1hr at RT); phospho-IGF1Ry1135/1136 (Cell Signaling,
Beverly, MA,; 1:100); IGF1R (Cell Signaling; 1:50); phospho-Akts,73 (Santa Cruz
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Biotechnology, Santa Cruz, CA; 1:50, 1 hr at RT); and Akt (Cell Signaling; 1:100). Slides
were washed twice in PBS, incubated for 30 min with secondary antibody, washed 3 times
with PBS, stained with diaminobenzidine and counterstained with hematoxylin. Images
were captured using a light microscope equipped with a Leica digital color camera (Leica
Camera Inc, Allendale, NJ). Ki-67-positive cells were counted in 3- 6 nonoverlapping fields
(depending on size of tumor section) with 20X objective in WT and BK5.COX-2 pancreatic
sections, and the 40X objective in the transplant study, and averaged per group (5 mice per
diet group per genotype).

Western blotting

Pancreatic tissues from the WT and BK5.COX-2 mice were homogenized and lysed in
RIPA buffer (Sigma, St. Louis, MO) with protease inhibitor tablet (Roche Applied Sciences,
Indianapolis, IN) and phosphatase inhibitor cocktails I and Il (Sigma). Protein lysates
(100ug) were resolved by SDS-PAGE using 8, 12, or 15% gels and transferred to PVDF
membranes (Bio-Rad, Hercules, CA). Membranes were blocked using LI-COR Blocking
Buffer for 1 hour at RT (LI-COR Biotechnologies, Lincoln, NE) then incubated with
primary antibody (all from Cell Signaling) diluted in blocking buffer overnight at 4°C. The
primary antibodies (and their dilutions) used were against: phospho-Aktss73 (1:500), Akt
(1:1000), phospho-mTORg244g (1:500), mTOR (1:1000), phospho-p70/S6KT3gg (1:500),
p70/S6K (1:1000), phospho-S6s,35/236 (1:1000), and S6 (1:1000). After 3 washes (5 min
each) in 0.1% Tween-20/PBS (PBS-T), membranes were incubated for 1 hour at RT in
species-specific secondary antibody (LI-COR Biotechnologies) diluted in LI-COR blocking
buffer (1:5000). Following 3 washes in PBS-T, membranes were scanned using the Odyssey
Infrared Fluorescent Imaging System (LI-COR Biotechnologies). Blots shown are
representative of 3 randomly selected mice per diet group.

Statistical analyses

Results

All values shown are mean + standard deviation, except serum hormone levels and Ki-67
quantification which are shown as mean + standard error of the mean. Statistical analyses
were conducted using SPSS (Apache Software Foundation, Wilmington, DE). Differences
among diet groups with respect to body weight over time were determined using repeated
measures analysis, and differences in final body weights were determined by independent t-
tests. Diet-dependent differences in the percent pancreatic lesion measurements and
pathology scores were determined using a non-parametric Wilcoxon test. Differences
between diet groups in serum levels of IGF-1 and insulin as well as Ki-67-positive cells
were determined by one-way ANOVA followed by either a Tukey’s or Games-Howell post-
hoc test of significance. In the transplant studies, tumor burden and serum hormone levels
were compared between diet groups/genotypes using independent t-tests. Effect of diet on
Ki-67-positivity was determined by independent t-test. Results were considered significant if
P < 0.05.

CR reduced body weight and circulating IGF-1 without altering serum insulin

We compared the effects of a control diet consumed ad libitum, which is a positive energy
balance regimen that results in overweight mice (9), to a 14-week CR regimen (70% of
control group’s energy intake) in 48 male and female BK5.COX-2 mice (n=12 per sex and
diet group) and 48 WT littermates (n=12 per sex and diet group). Because there were no
observed differences in serum markers or pathological parameters between male and female
BK5.COX-2 mice (data not shown), all results are reported as the combined data from both
sexes. CR, relative to control, significantly reduced body weights (n=24 per diet group and
genotype, P < 0.0001 each genotype; Fig. 1A) and fasting serum IGF-1 concentrations (WT,
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n=12 per diet group, P < 0.0001; BK5.COX-2, n=12 for control and n=7 for CR group, P <
0.05; Fig. 1B), regardless of genotype. No diet-dependent differences were detected in
fasting serum insulin levels in either genotype (Fig. 1C).

CR suppresses spontaneous pancreatic ductal lesions in BK5.COX-2 mice

Pancreatic tissue from the control BK5.COX-2 mice consisted of enlarged ductal lesions
with a disorganized growth pattern and associated fibrosis, which are indicators of
pancreatitis (Fig. 2A). Moreover, pancreata exposed to this diet displayed substantial
changes associated with neoplasia including anisokaryosis, pleomorphism, mitosis,
fibroplasia, and disruption of the basement membrane. In contrast, the majority of pancreata
from CR BK5.COX-2 mice retained typical pancreatic morphology including normal lobar
and lobular arrangement and minimal to no changes in acinar, ductular or islet cells (Fig.
2B). On average, 56% + 29% of each pancreas in control BK5.COX-2 mice consisted of
enlarged ductal lesions whereas only 13% + 18% of each pancreas in CR BK5.COX-2 mice
consisted of ductal lesions (P < 0.0001 versus control; n=19 per diet group; Fig. 2C).

Sections of pancreatic tissue from each BK5.COX-2 mouse were scored in a blinded fashion
for severity of four pathological indices of dysplasia (and their composite): inflammatory
cell infiltration, metaplasia, nuclear/cellular atypia, and fibrosis. Pancreatic lesions present
in the CR group consistently had lower indices of pathology compared to the control group,
which mainly consisted of high-grade dysplastic lesions (P < 0.01; n=19 per diet group; Fig.
2D). The CR group, relative to control, also had significantly (P < 0.01) lower composite
pathology scores (Fig. 2E). All of the control BK5.COX-2 pancreata that were scored
displayed pathological ductal lesions. On the other hand, 21% of the CR mice displayed a
complete absence of pathological pancreatic lesion development.

CR reduces proliferation and hinders vascular changes in BK5.COX-2 pancreatic tissue

Based on immunohistochemical analysis of Ki-67, a marker of cellular proliferation, WT
pancreata exhibited very low levels of proliferation that were unaffected by diet treatment
(control, 4.6 + 1.2 Ki-67-positive cells per field versus CR, 3.7 £ 0.6; n=5 mice per diet
group; Fig. 3A and B). Conversely, control BK5.COX-2 mice showed marked increases in
ductal cell proliferation relative to either group of WT mice (123.9 + 16.7 Ki-67-positive
cells; P <0.0001; n=5 mice; Fig. 3A and B). Proliferation in the pancreata of CR
BK5.COX-2 mice was significantly lower than control BK5.COX-2 mice (13.2 + 3.6 Ki-67-
positive cells; P < 0.01; n=5 mice; Fig. 3A and B).

To assess diet-induced vascular changes, we identified vessels in pancreatic sections by
immunohistochemical staining for CD31, an endothelial cell marker, and vascular
endothelial growth factor (VEGF), a principal marker of blood vessel development.
Although there was no apparent effect of diet on the vasculature of pancreata from the WT
mice, control BK5.COX-2 mice displayed enlarged vessels with increased luminal size,
particularly in and around areas of ductal lesions (Fig. 3A). The majority of the blood vessels
in the pancreata of CR BK5.COX-2 mice were morphologically similar to vessels in WT
mice. Only near the few areas of ductal lesions and fibrosis did vessels from the CR
BK5.COX-2 mice show enhanced luminal size. Similar to morphological changes detected
with CD31 staining, a diet-dependent effect on VEGF expression was apparent in the ductal-
rich regions of pancreata from the BK5.COX-2 mice, but not the WT pancreata (Fig. 3A).
VEGF expression in pancreatic tissue of the control BK5.COX-2 mice was qualitatively
increased relative to WT, and CR reduced this elevated expression (Fig. 3A).
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CR decreases phosphorylation and expression of components of the IGF-1 signhaling

pathway

To determine if CR suppressed components of the IGF-1 pathway, pancreatic lesions were
analyzed for protein phosphorylation and protein expression changes in IGF-1R, Akt,
MTOR, p70/S6K, and S6 ribosomal protein. Immunohistochemical analyses of ductal
lesions from BK5.COX-2 mice revealed reduced phosphorylated and total protein
expression of IGF-1R and Akt in the CR group compared to the control group (Fig. 4A).
Immunoblotting for intermediates of the IGF-1 pathway showed increases in both
phosphorylated and total levels of the downstream signaling components Akt, mTOR, p70/
S6K, and S6 in control BK5.COX-2 pancreata relative to WT pancreata. However, CR
BK5.COX-2 exhibited pancreata with reduced expression of these proteins, similar to levels
seen in WT groups (Fig. 4B).

CR significantly reduced growth of JC101 pancreatic tumors

Pancreatic ductal lesions in the BK5.COX-2 mice displayed high-grade dysplasia but did not
progress to ductal adenocarcinoma. However, JC101 cell lines derived from spontaneous
pancreatic ductal lesions of a BK5.COX-2 mouse (27) form invasive tumors when injected
into mice. In order to identify the effects of diet on pancreatic tumor growth, we fed WT
FVB mice either a control or CR diet for seven weeks, subcutaneously injected them with
JC101 cells, then allowed tumors to grow for four more weeks. CR resulted in significantly
reduced fasting serum levels of IGF-1, insulin and leptin (IGF-1 and leptin each at P <
0.0001 and insulin P < 0.01; n=9 mice per diet group; Fig. 5A). Decreased levels of
circulating hormones displayed by the CR group were associated with significantly reduced
tumor burden (0.47g + 0.30g, P < 0.05; n=9 mice per diet group; Fig. 5B) relative to the
mice fed the higher calorie, control diet (1.05g + 0.38g). Immunohistochemical analysis of
Ki-67 revealed that this reduction in tumor burden was associated with significantly
decreased proliferation (69.8 + 4.1 Ki-67-positive cells, P < 0.01; n=5 mice per diet group;
Fig. 5C) compared to the control diet (35.3 + 4.3 Ki-67-positive cells). Unlike the pancreatic
lesions of the BK5.COX-2 transgenic mice, JC101 control tumors were relatively avascular
(Fig. 5C). However, the CR tumors exhibited less CD31-positive blood vessels than did the
control tumors. Along with a diminished presence of tumor vasculature, there were
qualitative reductions in expression of VEGF in the CR tumors relative to the control tumors
(Fig. 5C). Subcutaneous injection of JC101 cells resulted in growth of tumors with mild to
moderate differentiation, cellular and nuclear atypia, and fibrosis similar to that seen in the
BK5.COX-2 pancreata (Fig. 5C).

Genetic reduction of circulating IGF-1 reduces pancreatic tumor growth

To evaluate the effect of genetic reduction of circulating IGF-1 on pancreatic cancer, we
assessed tumor growth and serum hormone levels in LID and LC mice orthotopically
injected with JC101 pancreatic cancer cells. Serum IGF-1 levels were significantly reduced
by ~65% in LID mice (P < 0.0001; n=10 per genotype), relative to LC mice, at study
termination (day 28; Fig. 6A). Although insulin and leptin levels were slightly elevated in
LID mice, this did not reach significance (n=10 per genotype; Fig. 6A). After 28 days of
growth, tumors from LID mice (0.23g £ 0.17g, n=14) were significantly smaller (P <
0.0001) than tumors from LC mice (0.71g £ 0.38g n=14; Fig. 6B).

Discussion

Our findings show for the first time that a reduced calorie diet regimen suppresses
pancreatitis, pancreatic dysplasia, and tumor growth in a mouse model of COX-2-driven
pancreatic cancer. Specifically, we show in BK5.COX-2 mice that a chronic CR regimen,
relative to a control (positive energy balance) diet, significantly reduced body weight and
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both the presence and pathological severity of pancreatic ductal lesions. In addition, we
found that CR reduced tumor growth in a transplant model using cell lines derived from a
BK5.COX-2 mouse. To our knowledge, only two published studies have described
preventive effects of CR on pancreatic tumorigenesis, and both were performed on rats
initiated with the chemical carcinogen azaserine (11, 29). Neither of these studies identified
possible mechanisms underlying the anticancer effects of CR. One additional study found no
effect of CR on N-nitrosobis(2-oxopropyl)amine-induced pancreatic tumors in Syrian
hamsters (30). We report here that CR significantly decreased circulating levels of IGF-1,
consistent with data published in earlier studies showing that CR decreases serum IGF-1 in
multiple mouse strains (9, 10, 31). We also found that the growth of orthotopically injected
JC101 pancreatic tumor cells was suppressed by genetic reduction of circulating IGF-1 in
LID mice. Thus, reduction of IGF-1 by either CR or genetic manipulation abrogated
pancreatic cancer progression. Therefore, our results implicate IGF-1 as a key mediator
linking dietary energy intake and pancreatic cancer progression.

The enhanced presence of inflammatory cells and fibrosis noted in the pancreatic
microenvironment of the BK5.COX-2 mice mimics the intense desmoplasia associated with
human pancreatic cancers. These desmoplastic regions have been shown to release
protumorigenic cytokines, growth factors, and angiogenic factors (32, 33). In fact, the
extensive fibrosis observed in the pancreata of control BK5.COX-2 mice was adjacent to
ductal epithelial cells showing marked increases in proliferation. These areas were also
associated with striking changes in both vascular luminal size and VEGF expression.
Interestingly, the CR diet significantly diminished the impact of COX-2 overexpression on
proliferation and vascularity coincident with reduced inflammatory cell infiltration and
fibrosis. The observed relationship between amplified inflammatory cell infiltration and
alteration in vascular morphology is supported by others who have shown that pancreatic
cancer cells and inflammatory cell infiltrate (predominately macrophages and mast cells)
contribute to elevated expression of pro-angiogenic factors such as VEGF (34). Moreover,
Abdollahi et al., showed that human pancreatic tissues exhibit increases in expression of an
angiogenic gene signature in a progressive manner from normal pancreatic tissue to
pancreatic cancer, with pancreatitis being intermediate (35). Our data suggest that the
changes in proliferation, vascularity, and VEGF expression in the ductal regions of
BK5.COX-2 mice pancreata exposed to the higher calorie diet contribute to the transition
from benign to neoplastic lesions.

In the BK5.COX-2 mice, CR relative to the control diet significantly reduced the extent of
cellular and nuclear atypia, fibrosis, metaplasia, and inflammatory cell infiltrate. The
inhibitory effects of CR on pancreatic pathology in BK5.COX-2 mice were associated with
concomitant reductions in serum levels of IGF-1, as well as expression and activation of
downstream effectors of the IGF-1 pathway. Although elevation of circulating insulin has
been associated with poor cancer outcomes (24, 36), we found that the protumorigenic
environment associated with the higher calorie control diet in the BK5.COX-2 mice
occurred independently of fasting insulin levels. Furthermore, we offer evidence of a causal
role for IGF-1 by demonstrating a dramatic reduction in pancreatic tumor growth when
pancreatic cancer cells derived from a BK5.COX-2 mouse were transplanted into L1D mice.
In addition to having lower circulating IGF-1 levels, LID mice are hyperinsulinemic (37)
further suggesting that IGF-1 may be more influential on pancreatic tumor progression than
insulin in this model.

We have previously used the LID mouse model to examine the effect of reduced circulating
IGF-1 on carcinogen-induced skin and colon tumor development (31, 38). In both of these
studies, reduced circulating IGF-1 levels had a significant inhibitory effect on tumor
development. Furthermore, the reduced circulating IGF-1 levels in LID mice were
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associated with inhibition of growth and metastasis of mouse colon 38 adenocarcinoma cells
following orthotopic transplantation (39) and carcinogen-induced and spontaneous
mammary tumors (40). Findings from these studies suggest an important role for IGF-1 in
mediating development and growth of multiple types of epithelial cancers. Our studies
expand this conclusion to include the impact of systemic IGF-1 on pancreatic cancer.

Alterations in the IGF-1 pathway in response to overexpression of IGF-1R have been
associated with enhanced pancreatic tumor progression, angiogenesis, and resistance to
chemotherapies (18, 41-44). In addition, pharmacologic inhibitors of IGF-1R can diminish
pancreatic tumor growth in several models of pancreatic cancer (17, 18). Our data extend
these findings by identifying a link between dietary energy balance, circulating levels of
IGF-1, and pancreatic cancer. Taken together, these findings suggest that targeting
components of the IGF-1 pathway may be an efficacious strategy for preventing or
controlling pancreatic cancer, particularly in obese individuals.

Unfortunately, the development of effective IGF-1R inhibitors has been a challenge because
of the significant homology between the insulin receptor and IGF-1R (45). Promising
IGF-1R inhibitors have recently been developed that exhibit specificity for IGF-1R and
show significant antitumor activity in both in vitro and in vivo models of pancreatic cancer
(17, 46), although a moderate degree of hyperglycemia remains in approximately 25% of all
patients undergoing IGF-1R inhibition (45, 47). The management of hyperglycemia in phase
I and 11 clinical trials of IGF-1R inhibitors typically includes administration of anti-diabetic
drugs. The anti-diabetic drug metformin is itself associated with a 62% reduction in
pancreatic cancer risk in type Il diabetics (48) and protects hamsters from developing
carcinogen-induced pancreatic lesions enhanced by a high-fat diet (49). Metformin has been
considered a CR mimetic based on findings that an 8-week metformin treatment in mice
resulted in a hepatic gene expression profile similar to a long-term CR regimen (50). Studies
in our model are underway to determine effective combinations of lifestyle interventions
(such as CR and exercise) and pharmacological agents (such as metformin and IGF-1R
inhbitiors) for pancreatic cancer prevention and control.

In conclusion, our findings show that CR protects against the protumorigenic nature of
chronic pancreatitis, diminishes progression to high-grade dysplastic ductal lesions, and
decreases tumor growth in a COX-2-driven mouse model of pancreatic neoplasia. Some of
the anticancer effects of CR in the pancreas include diminished proliferation, altered
vasculature, and reduced IGF-1/Akt/mTOR signaling. Specifically, CR prevented the
metaplasia and fibrosis caused by a chronic state of inflammation, suggesting that dietary
modulation could produce effects similar to those seen with the selective COX-2 inhibitor
celecoxib (27). Findings from our LID mouse study suggest that reduced circulating levels
of IGF-1 substantially contribute to the reduced tumor growth conferred by CR. Exploiting
the apparent sensitivity of pancreatic cancer to dietary intervention and circulating IGF-1
modulation offers a viable approach to pancreatic cancer prevention strategies, including CR
mimetics and IGF-1 targeted therapies.
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Figure 1.
Effect of diet on body weight, IGF-1, and insulin serum levels in WT and BK5.COX-2 mice.

A, weekly average body weights of control and CR WT mice (n=24 per diet group) and
control and CR BK5.COX-2 mice (n=24 per diet group) through 14 weeks of dietary
regimens. Error bars represent SD. Fasting serum IGF-1 levels (B) and insulin levels (C) at
week 14 for control and CR WT mice (IGF-1, n=12 per diet group; insulin, n=10 per diet
group) and control BK5.COX-2 (IGF-1, n=12 and insulin, n=10) and CR BK5.COX-2 mice
(IGF-1, n=7; insulin, n=10). Differences in sample size were dictated by serum availability
at the time assay was performed. Error bars represent SEM. Significant differences are
denoted by different letters.

Cancer Prev Res (Phila). Author manuscript; available in PMC 2012 July 1.




1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Lashinger et al. Page 14

(2]
o
m

151 —_—

90+ 2 a

80+ 44 a
704
60
50
40
304
20
C T T T T T c T

CON CR Inflammation ~ Atypia  Metaplasia ~ Fibrosis CON CR

[JCON HEECR

10- b

Pathology Score
i
|

% Pancreatic lesions
T

Composite Pathology Score

o

Figure 2.

Pathological assessment of spontaneous pancreatic ductal lesions in the BK5.COX-2
transgenic mouse model. A, H&E-stained sections of pancreatic tissue from control
BK5.COX-2 mice show changes in pancreatic structure (10x) and neoplastic features (40x)
such as fibrosis, anisokaryosis, and pleomorphism. B, normal pancreatic architecture is
largely preserved in pancreatic sections in CR BK5.COX-2 mice (10x) with fewer ductal
structures evident. Minimal metaplastic change occurred in the ductal structures present
(40x). C, the effect of diet on the average percentage of pancreatic sections from
BK5.COX-2 mice comprised of ductal lesions, based on histopathologic assessment of
H&E-stained pancreata (n=19 mice per diet group). Scale bars for 10X magnification, 100-
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pm; scale bars for 40X magnification, 30-um. D, the effect of diet on the average pathology
scores (on a 0 to 4 scale) for inflammation, nuclear atypia, metaplasia, and fibrosis in
pancreatic sections of each pancreas from BK5.COX-2 mice. E, the effect of diet on average
composite pathology scores (on a 0-16 scale) of BK5.COX-2 pancreatic ductal lesions.
Error bars represent SD. Significant differences are denoted by different letters.
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Figure 3.

Effect of diet on proliferation and vascular markers in WT and BK5.COX-2 pancreatic
tissue. A, representative images of pancreatic sections stained with antibodies to Ki-67,
CD31, and VEGF. Scale bars, 150-um, except CD31, 300-um. B, Ki-67-positive cells were
quantified at 20X magnification in pancreatic sections from WT and BK5.COX-2 mice (5
mice per diet group). Ki-67- and CD31-positive cells indicated with arrows. Error bars
represent SEM. Significant differences are denoted by different letters.
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Figure 4.

Dietary modulation of the IGF-1 signaling pathway in WT and BK5.COX-2 pancreatic
tissue. A, pancreatic sections from WT and BK5.COX-2 mice on either control or CR diets
were stained with antibodies to p-IGF-1R, IGF-1R, p-Akt and Akt. Images are
representative of 3 mice per group and were captured at 20X magnification. Scale bars, 200-
pm B, whole pancreatic lysates from WT or BK5.COX-2 mice on either control or CR diets
were resolved by western blot analyses. Figures shown are representative of 3 mice per

group.
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Figure 5.
Effects of CR on JC101 pancreatic tumor growth and vasculature. A, mean fasting serum

IGF-1, insulin and leptin levels (n=9 per group). Errors bars represent SEM. B, pancreatic
tumor weight in FVB mice fed either a control or CR diet for 11 weeks (n=9 per group).
JC101 cells were injected after 7 weeks on diet and allowed to grow for 4 weeks. Error bars
represent SD. Significant differences are denoted with an asterisk. C, representative images
of JC101 tumor sections stained with antibodies against Ki-67, CD31, and VEGF captured
with 40X objective; except CD31, captured with 20x. Ki-67- and CD31-positive cells
indicated with arrows. H&E-stained tumor sections captured with 40X objective. Scale bars,
100-pum; except CD31, 200-um. Ki-67-positive cells were quantified and mean + sem is
embedded within image (5 mice per diet group). Significant difference denoted by asterisk.
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Effect of genetically reduced circulating IGF-1 on pancreatic tumor burden and serum levels
of IGF-1 and insulin. (A) mean serum IGF-1, insulin, and leptin levels in LC and LID mice
(n=10 per genotype) 28 days after orthotopic injection of JC101 cells. Errors bars represent
SEM. (B) mean pancreatic tumor weight in LC mice (n=14) and LID mice (n=15) 28 days
after orthotopic injection of JC101 cells. Significant differences are denoted by an asterisk.
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