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Abstract

Objective—We describe the first mouse model of pancreatic intra-epithelial neoplasia (PanIN)
lesions induced by alcohol in the presence and absence of chronic pancreatitis.

Methods—Pdx1-Cre; LSL-Kras (KC) mice were exposed to Lieber-DeCarli alcohol diet for 6
weeks with cerulein injections. PanIN lesions and markers of fibrosis, inflammation, histone de-
acetylation, epithelial-to-mesenchymal transition (EMT), and cancer stemness were measured by
immuno-histochemistry and Western.

Results—Exposure of KC mice to an alcohol diet significantly stimulated fibrosis and slightly,
but not significantly, increased the level of PanIN lesions associated with an increase in tumor-
promoting M2-macrophages. Importantly, the alcohol diet did not increase activation of stellate
cells. Alcohol diet and cerulein injections resulted in synergistic and additive effects on PanIN
lesion and M2-Macrophage phenotype induction, respectively. Cerulein-pancreatitis caused
stellate cell activation, EMT, and cancer stemness in the pancreas. Pancreatitis caused histone
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deacetylation which was promoted by the alcohol diet. Pancreatitis increased EMT and cancer
stemness markers which not further affected by the alcohol diet.

Conclusion—The results suggest that alcohol has independent effects on promotion of PDAC
associated with fibrosis formed through a stellate cell-independent mechanism and that it further
promotes early PDAC and M2 macrophage induction in the context of chronic pancreatitis.

Alcohol; chronic pancreatitis; pancreatic cancer

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading cause of cancer-related
deaths among both men and women in the United States! because of a lack of effective
therapies. Although PDAC is largely due to environmental factors, there has been a lack of
models developed needed to investigate how environmental factors promote the disease.

Chronic pancreatitis, which results from repeated episodes of acute pancreatitis, is the
strongest identified risk factor for pancreatic cancer and increases the risk by at least 13.3
fold.2~* Chronic pancreatitis is a progressive, destructive inflammatory process that ends in
total destruction of the pancreas, malabsorption of the nutrients and severe pain.°> By far, the
most common etiology of chronic pancreatitis is alcohol abuse, estimated to cause 60-90%
of the cases.5 7 In addition to its effect on chronic pancreatitis, numerous studies showed
that heavy alcohol drinking speeds up the process of development of pancreatic cancer and
decreases the median age of diagnosis of pancreatic cancer among drinkers.8-10 These
results suggest two effects of alcohol abuse on pancreatic cancer promotion. One due to
effects of alcohol abuse resulting in chronic pancreatitis; and the other independent of
chronic pancreatitis.

Recent studies are demonstrating that educated macrophages (M2 type) play a major role in
promotion of many cancers including pancreatic cancer.1: 12 There is a strong association
shown between M2 macrophages in the tumors and increased metastasis and poor prognosis
in humans.13 The increase in M2 macrophages is also associated with epithelial to
mesenchymal transition (EMT) and stemness markers which also are highly associated with
metastasis and poor outcome. Such results suggest that M2 macrophages are involved in
promoting EMT and stemness in the cancer.

The mechanisms involved in recruiting and supporting M2 macrophage function are not
well understood. Our studies focus on the role of interleukin-6 in M2 macrophage function.
We find that IL-6 is involved in the conversion of macrophages to the M2 phenotype by
stimulating the expression of IL-4 receptors which are known to be critically involved in the
activation of M2 macrophages. We further find that IL-6 production is regulated by histone
deacetylase (HDAC) enzymes in cancer cells and stellate cells of the tumor. HDAC proteins
are critical regulators of fundamental cellular events such as cell cycle, differentiation, and
apoptosis.1 HDAC1 has been shown to be involved in regulating epithelial to mesenchymal
transition (EMT) in pancreatic cancer by directly interacting and stabilizing the pro-EMT
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Zeb1 transcription factor.1> Multiple human case-control studies have linked high serum
levels of IL-6 with pancreatic cancer and suggested using it as a marker of cancer
progression. A strong positive correlation was found among tumor stage, cachexia and
decreased survival.16-21

In the present study we developed a mouse model of pancreatic cancer precursors using the
Pdx1-Cre;LSL-Kras mice exposed to alcohol diet with and without causing pancreatitis with
cerulein injections. We characterized the animal model including pancreatic lesions, fibrosis,
inflammation, EMT and cancer stemness. We further, measured the level of histone
acetylation in mice pancreatic tissues. The results suggest that alcohol has independent
effects on promotion of pancreatic cancer associated with fibrosis formed through a stellate
cell-independent mechanism and that it further promotes early pancreatic cancer in the
context of chronic pancreatitis which has effects of stellate cell activation, EMT and cancer
stemness. The effects of chronic pancreatitis on EMT and cancer stemness did not occur
with alcohol treatment alone.

MATERIAL AND METHODS

Reagents

Alpha-smooth muscle actin (aSMA) antibody was purchased from Sigma-Aldrich (St.
Louis, MO); Sirius Red/Collagen Staining Kit was from Chondrex (Redmond, WA); F4/80
and vimentin antibodies were from AbCam (Cambrige, MA); Arginasel antibody was from
Santa Cruz Biotechnology (Santa Cruz, CA); and other antibodies were from Cell Signaling
(Danvers, MA). Chemicals were from Sigma Aldrich (St. Louis, MO).

Mouse model

The Pdx1-Cre;LSL-Kras mice were generated at Northwestern University, Chicago, IL.22
Mice were housed in a temperature of (20 —/+2°C) room with a 12 hour light-dark cycle.

Mice (at least 10 per group) were fed with Lieber Decarli diet alcohol or regular diet for 6
weeks. During the last 3 weeks of the feeding mice were injected with 7-hourly cerulein
injections (50pg/Kg) 2 times per week. The repetitive doses of cerulein cause a
histologically verified chronic pancreatitis.23: 24

After 6 weeks, mice were sacrificed 72 hours after the last exposure to cerulein, pancreas
collected and preserved adequately for analysis.

All of the mice were housed in Association for Assessment and Accreditation of Laboratory
Animal Care-accredited facilities and the experiments were conducted by the Animal Core
of the Southern California Research Center for ALPD and Cirrhosis in accordance with the
NIH Guide for Care and Use of Laboratory Animals. The IACUC protocol number is 11529.

Immunohistochemistry

Samples of pancreas were fixed in formalin and paraffin embedded. Paraffin-embedded
sections of pancreas were stained with hematoxylin and eosin to determine the presence of
pancreatic lesions and for standard histological examination. Fibrosis was evaluated by
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immunostaining with Sirius Red/ Collagen antibody and activated stellate cells identified by
aSMA antibody staining. Macrophages were stained by immunofluorescence using
antibodies to the general macrophage marker F4/80 and the M2 macrophage specific marker
arginasel.

Quantification of the staining was performed using the Leica SCN400 software.

Western blot

Statistics

RESULTS

Tissue was homogenized and re-suspended in RIPA phosphorylation buffer (50 mM NacCl,
50 mM Tris/HCI pH 7.2, 1% deoxycholic acid, 1% Triton X-100, 0.1% SDS, 10 mM
NayHPO4 + NaH,PO4, 100 mM NaF, 2 mM NazVO,, 80 uM glycerophosphate, 20%
glycerol, 1 mM PMSF, 5 ug/ml each of pepstain, leupeptin, chymostatin, antipain, and
aprotinin), sonicated and centrifuged for 15 min at 16,000 x g at 4 °C. Proteins were
separated by SDS-PAGE and electrophoretically transferred to nitrocellulose or PVDF
membranes. Non-specific binding was blocked for 1 h with 5% bovine serum albumin or
non-fat dry milk in Tris-buffered saline (4 mM Tris base, 100 mM NaCl, pH 7.5) containing
0.05% Tween 20. Membranes were incubated with primary antibody overnight at 4°C, and
then for 1 h with peroxidase-conjugated secondary antibody. Blots were developed using
Supersignal Chemiluminescent Substrate (Pierce, Rockford, IL).

Statistical analyses of the immunohistochemical quantifications were performed by using
Student’s t test, one-way ANOVA, or Fisher’s exact test with GraphPad Prism (GraphPad
Software). A p value < 0.05 was considered statistically significant.

Alcohol feeding and pancreatitis promote PanIN lesions in KC mice

KC mice carry the Kras mutation in the pancreas and spontaneously develop PanIN lesions,
which are precursors of PDAC.2° Kras mutation is present in 90% of pancreatic cancer
patients.26: 27 The KC mouse pancreas recapitulates characteristics of human disease
including a vast desmoplastic reaction and rapid growth, and represents the early stage of the
disease.?2

We fed the KC mice with Lieber-DeCarli alcohol or regular diet for 6 weeks. During the last
3 weeks of the diet a portion of the mice were injected with 7-hourely injections of cerulein
(50ung/Kg) 2 times per week (Fig 1A). This is an established procedure for inducing
histologically verified chronic pancreatitis.23: 24

Analysis of the pancreatic tissue showed a 2-fold increase in the percentage of pancreatic
tissue occupied by PanIN lesions in mice fed alcohol (10% of the tissue area) compared to
regular diet (5% the tissue area) (Fig 1B, C). However, the increase was not significant.
Repetitive series of cerulein injections, which are known to induce chronic pancreatitis,23 24
significantly increased the area of PanIN lesions by 5 fold compared to control mice. The
combination of alcohol diet and the repetitive series of cerulein injections had a synergistic
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effect on inducing PanIN lesions by increasing PanINs from 5% of pancreatic tissue area in
control mice to 45% in mice treated with alcohol and cerulein together (Fig 1C).

Alcohol feeding and pancreatitis differentially stimulate fibrosis in KC mice

Next we measured the effects of alcohol feeding and pancreatitis on two characteristics of
the microenvironment of pancreatic cancer, namely fibrosis and stellate cell activation. We
found that the alcohol diet alone significantly stimulated collagen deposition as measured by
Sirius red staining (Fig 2A). Quantification of the staining showed a 2.5-fold increase in
collagen deposition (Fig 2B). Cerulein injections also increased Sirius red staining inducing
a 3.5-fold increase. The combination of the alcohol diet and cerulein injections did not
significantly change the level of collagen deposition compared to each treatment alone (Fig
2B). Differently, stellate cell activation as assessed by measuring the level of its marker a-
SMA was not increased by alcohol (Fig 2B, C). Cerulein alone and in combination with
alcohol increased a-SMA level by 3 and 4 folds, respectively. These findings suggest that
although alcohol feeding and pancreatitis both cause fibrosis of the microenvironment of the
developing tumor; the fibrosis is independent of stellate cells in the animals treated with the
ethanol diet alone.

Alcohol feeding and pancreatitis promote M2 macrophages in the KC mouse pancreas

Next, we performed dual staining of macrophages by the general macrophage marker F4/80
and the M2 macrophage specific marker Arginasel (Fig 3A). We found that alcohol alone
had a small effect on the level M2 macrophages (Fig 3B). However, cerulein injections
alone increased the level of M2 macrophages by 2 fold. The combination of the alcohol diet
and cerulein injections had an additive effect on the level of M2 macrophages (Fig 3B).

Alcoholic chronic pancreatitis stimulates EMT, cancer stemness and HDAC pathway in
pancreas of KC mice

EMT is a key step in inducing cancer cell metastasis and cancer stemness is a major
contributor to the resistance of cancer cells to treatments.28-30 In our animal model we
found that cerulein stimulated EMT as shown by a decrease in E-cadherin levels measured
by Western blot (Fig 4A). Whereas, alcohol alone did not affect the E-cadherin level (not
shown). Equally important was the up-regulation of the cancer stemness marker Sox2 by
cerulein injections. These effects were not further increased by alcohol (Fig 4A).

Our previous results showed a role of HDAC in regulating promotion of pancreatic cancer
and stimulation of EMT and cancer stemness. We found that cerulein treatment decreased
H3 histone acetylation whereas alcohol feeding alone had no effect (Fig 4B). Importantly,
alcohol slightly further decreased the level of histone acetylation in cerulein treated mice
from 44% of control level to 24% (Fig 4B).

DISCUSSION

In this study we have developed novel models of early PDAC to determine the differential
effects of alcohol feeding and alcoholic chronic pancreatitis on promotion of the disease.
The use of repetitive series of cerulein injections causing chronic pancreatitis in alcohol fed
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mice is an established model of alcoholic pancreatitis.23 24 This model shows characteristics
of the human disease.3! We have used the Pdx1-Cre;LSL-Kras genetically altered mice,
which spontaneously develop PanIN lesions,22 the precursors of PDAC. Differently from
previously published reports we have exposed these mice to repetitive series of cerulein
injections to induce chronic pancreatitis in addition to the environmental factor alcohol.32 33

A key finding of our study is that the alcohol diet alone increased PanIN size and overall
area in the pancreas and stimulated collagen deposition. The combination of the alcohol diet
and cerulein injections induced a synergistic increase in PanIN lesion formation. The
combined treatment increased the tissue area covered by PanINs by 8.5-folds compared to a
2-fold increase by alcohol diet and a 4-fold increase by cerulein alone. Although the alcohol
diet alone stimulated collagen deposition by more than 2 fold, it did not increase stellate cell
activation which is thought to be the major source of extracellular matrix production and
fibrosis in the pancreas,34 35 suggesting that alcohol stimulates collagen production by cells
other than the stellate cells.

We found that cerulein injections led to stimulation of multiple features found in human
PDAC. The effect of cerulein injections was very pronounced on PanIN formation, fibrosis,
and stellate cells activation. Although the effect of cerulein on fibrosis and stellate cells
activation is similar to what was observed in cerulein models using wild type mice;36 the
effect of alcohol in our Kras mice was different as it did not further increase the cerulein-
induced stimulation of fibrosis and stellate cells activation.

Associated with PanIN formation, cerulein injections induced multiple other features of
human PDAC including activation of macrophages along with stimulation of EMT and
cancer stemness. Cerulein pancreatitis induced a significant 2-fold increase in the number of
M2 macrophages in the KC mice compared to saline. This effect was further increased by
alcohol diet. In fact, although alcohol alone did not show a significant increase in M2
macrophages induction, combination of cerulein and alcohol diet showed an additive effect
on inducing activated M2 macrophages.

Recent data shows markers of EMT and metastasis at the early stages of pancreatic cancer.3’
In our model we found that cerulein stimulated EMT as measured by the level of E-
cadherin. This is very important knowing that EMT is associated with higher level of
metastasis and cancer stemness.38 39 This effect was not further increased by alcohol diet.

HDAC has been shown to mediate EMT in pancreatic cancer cells.1® Our data show strong
inhibition of histone acetylation level suggesting it mediates the early EMT observed in this
model. In fact, alcohol alone did not decrease histone acetylation level; whereas, cerulein
alone or in combination with alcohol induced a significant decrease in histone acetylation.
Alcohol further enhanced the effect of cerulein treatment on histone acetylation. This is very
important as recently published data from Hartman et al. showed that inhibition of HDAC
decreased markers of pancreatitis and protected from tissue injury of the pancreas in
C57BI/6 mice subjected to taurocholic acid model of pancreatitis.°

Several models of acute pancreatitis and mild chronic pancreatitis have been developed in
transgenic Kras mice.32 33 However, in our model we induced a more aggressive exposure
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to cerulein and combined it with alcohol diet, which is the major reason for chronic
pancreatitis.

Alcohol appears to promote PanIN lesions formation independently of pancreatitis through
an unknown mechanism; most likely independently of stellate cells activation or recruitment
of M2 macrophages. However, when combined with cerulein, alcohol further stimulates
fibrosis, and activation of macrophages.

In sum, we have developed an animal model of pancreatic cancer precursors induced by a
combination of a genetic mutation and exposure to cerulein chronic pancreatitis with and
without alcohol diet. An important finding of the study is the effect of alcohol alone on
stimulating PanIN lesion formation and a stellate cells-independent fibrosis, and the
stimulation of macrophage M2 activation in the context of chronic pancreatitis.
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Fig 1. Alcohol further stimulates PanIN lesion formation induced by cerulein in Kras mice
(A) KC mice were exposed to regular or alcohol Lieber-DeCarli diet for 6 weeks. During the

last 3 weeks of the diets mice were exposed to 7-hourely injections of cerulein (50ug/Kg)
two times a week and sacrificed 72h after the last injection. (B): H&E staining of the
pancreas of mice exposed to saline or cerulein injections with and without Lieber-DeCarli
alcohol diet. (C) Quantification of tissue area occupied by PanIN lesions. **, p < 0.01 and
**** n<0.001 versus control; ####, p<0.001 versus alcohol diet.
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Fig 2. Chronic pancreatitis stimulates fibrosis and stellate cells activation; alcohol further
stimulates collagen deposition

(A) Sirius Red/Collagen staining of the pancreas of KC mice exposed to cerulein with and
without alcohol diet; (B) Quantification of collagen staining; (C) a-SMA staining of mice
pancreas; (D) Quantification of a-SMA staining. **, p < 0.01 and ***, p<0.005 versus
control.
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Fig 3. Chronic pancreatitisinduces the M2 macr ophage phenotype; alcohol diet further
increases this effect
(A) Macrophage dual staining with F4/80 and arginasel of the pancreas of KC mice exposed

to cerulein with and without alcohol diet. (B) Quantification of the macrophage staining. *, p
< 0.05 and **, p<0.01 versus control; ####, p<0.001 versus alcohol diet; &, p<0.05 versus
cerulein.
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Fig 4. Alcohoalic chronic pancreatitis up-regulates EM T, cancer stemness, and decr eases histone

acetylation

Lysates are made from pancreas of KC mice exposed to cerulein with and without alcohol
diet. (A) Protein levels of E-cadherin and Sox2 were measured by Western. (B) Protein

levels of H3-histone acetylation were measured by Western. Blots were re-probed for Erk to

confirm equal loading.
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