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Abstract

Background—~Pancreatic ductal adenocarcinoma (PDAC), which continues to have a dismal
prognosis, is associated with a pronounced fibro-inflammatory response. Inflammation /n vivo can
be mediated by 5-lipoxygenase (5LO), an enzyme that converts omega-6 fatty acids to
eicosanoids, including leukotriene B4 (LTB4). We have previously shown that diets rich in
omega-6 fatty acids (FA) increase pancreatic lesions and mast cell infiltration in EL-Kras mice. In
this study, we evaluated the role of 5LO in generating higher levels of LTB4 from human cells and
in mediating lesion development and mast cell infiltration in EL-Kras mice.

Materials and Methods—Human pancreatic ductal epithelial (HPDE) and cancer cells were
treated with omega-6 FA in vitro. EL-Kras mice lacking 5LO (EL-Kras/5LO~/") mice were
generated and fed standard chow or omega-6 FA diets. Pancreatic lesion frequency and mast cell
infiltration were compared to EL-Kras/5LO** mice. Human PDAC tumors were evaluated for
5LO expression and mast cells.

Results—HPDE and cancer cells treated with omega-6 FA generated increased LTB4 levels /n
vitro. EL-Kras/5LO~~ developed fewer pancreatic lesions and had decreased mast cell infiltration
when compared to EL-Kras/5LO*"* mice. Human PDAC tumors with increased 5LO expression
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demonstrate increased mast cell infiltration. Additionally, diets rich in omega-6 FA failed to
increase pancreatic lesion development and mast cell infiltration in EL-Kras/5LO™~ mice.

Conclusions—The expansion of mutant Kras-induced lesions via omega-6 FA is dependent on
5L0, and 5LO functions downstream of mutant Kras to mediate inflammation, suggesting that
5LO may be a potential chemo-preventive and therapeutic target in pancreatic cancer.
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pancreatic cancer; inflammation; 5-lipoxygenase; omega-6 fatty acids

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC), the fourth leading cause of cancer-related deaths
in the US, is associated with a pronounced fibro-inflammatory response, which can
contribute to cancer progression at all stages of tumor development [1, 2]. This is further
supported by the fact that chronic pancreatitis is associated with an increased risk of
developing PDAC [3]. Obesity, which is also associated with an increased risk of developing
PDAC, has been identified as a chronic inflammatory state [4]. It is possible that chronic
inflammation associated with obesity may be driven by diets that are rich in fat [5].
Omega-6 fatty acids provide substrate for the production of inflammatory eicosanoids by the
enzymes lipoxygenase and cyclooxygenase [6]. Obese patients have been found to have
higher levels of serum fatty acids as well as serum and urinary leukotrienes [7]. While
cyclooxygenases have been extensively studied [8, 9], the role of lipoxygenases in PDAC
remains relatively undefined.

5-lipoxygenase (5L0) is upregulated in multiple cancer types, including human PDAC
tumors, and LTB4 receptors (primarily BLT4) are also upregulated in pancreatic cancer [10].
5LO can metabolize arachidonic acid, generated from omega-6 fatty acids, to produce the
leukotriene LTB4 which is a known chemotactic factor for inflammatory cells such as mast
cell and neutrophils [11-14]. Notably, we have previously shown that mast cells are
increased in human PDAC tumors compared to adjacent normal tissue, and can also
contribute to tumor development [15]. We have also shown that diets rich in omega-6 fatty
acids increase pancreatic lesions and mast cell infiltration in EL-Kras transgenic mice [16].

In this study we evaluated the role of 5LO in mediating lesion development and mast cell
infiltration in EL-Kras mice. Initially, we showed that human pancreatic ductal epithelial
(HPDE and HPDE-Kras) and cancer (AsPC1 and Pancl) cells treated with omega-6 fatty
acids generate increased LTB4 levels /n vitro. We next showed that EL-Kras mice lacking
5L0 (EL-Kras/5LO~"") developed fewer pancreatic lesions and had decreased mast cell
infiltration when compared to EL-Kras/5LO** mice. Additionally, we showed that human
PDAC tumors with increased 5LO expression demonstrated increased mast cell infiltration.
Importantly, diets rich in omega-6 fatty acids failed to increase pancreatic lesion
development and mast cell infiltration in EL-Kras/5LO~/~ mice. Thus, our findings indicate
that 5LO functions downstream of Kras to mediate inflammation and suggests that 5LO may
be a potential chemo-preventive and therapeutic target in pancreatic cancer.
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MATERIALS AND METHODS

Cell Culture

HPDE and HPDE-KTras cells were obtained from Dr. Ming Sound-Tsao [17], while AsPC1
and Pancl cells were obtained from the American Type Culture Collection (Manassas, VA).
HPDE and HPDE-KTras cells were grown in keratinocyte serum-free media (KSFM)
supplemented with bovine pituitary extract (BPE) and epidermal growth factor (EGF), while
AsPC1 and Pancl cells were cultured in Dulbecco's Modified Eagle's medium (DMEM)
supplemented with 10% fetal bovine serum. Cells were allowed to grow to approximately
50% confluency, serum-starved overnight and then treated with media containing 40 uM of
linoleic acid (LA) using BSA (8.3 uM) as a carrier or BSA alone. After 48 hours the
conditioned media was collected, filtered and analyzed for LTBA4.

Antibodies/Reagents

The LTB4 ELISA kit (KGE006B) was purchased from R&D Systems (Minneapolis, MN).
Reagents for chloroacetate (CAE) and toluidine blue (TB) were purchased from Sigma (St.
Louis, MO). 5L O antibody (C49G1) was purchased from Cell Signaling (Danvers, MA).

Establishment of transgenic mice and study groups

Previously, EL-Kras transgenic mice were generated by microinjection of FVB/N fertilized
mouse embryos and subsequent implantation into pseudopregnant females as described in a
prior publication [18]. EL-Kras FVVB/N mice were made congenic on a C57/BL6 (B6)
background following 12+ generations of crossing onto B6. Cohorts of EL-Kras B6 mice
were crossed into 5O KO B6 mice (B6.129S52-Alox5!™M1Fun/3 (JAX) [19] to generate EL-
Kras B6 mice with wild type and homozygous allelic loss of mouse 5LO (EL-Kras/5LO*/*
and EL-Kras/5LO™"). Mice were genotyped via PCR as previously described (EL-Kras
[18], 5LO~/~(Jackson Lab website)).

To evaluate the differences in the pancreatic neoplastic phenotype between EL-Kras mice in
these 5L.O genotypes (+/+ and —/-), a group of 10 EL-Kras B6 mice (10-12 months old)
were compared to 10 age-matched EL-Kras/5LO~~ mice for incidence (number of mice
with lesions per number of mice with respective genotype). Similar phenotypic comparisons
were performed on FVB6 F2 EL-Kras/5LO~/~ mice (13—-16 months of age) fed chow rich in
omega-6 fatty acids.

Dietary Studies

All FVB6 F2 mice were fed ad /ibitum a standard chow of omega-6-rich diet (prepared by
Reseach Diets, New Brunswick, NJ) as previously described (Table 1). All mice were
weighed at the time of cull. Following euthanasia, mouse pancreatic tissue was fixed in 10%
buffered formalin overnight. Tissue blocks were sectioned at 4—6 um and placed on
positively charged slides for subsequent staining.
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Histology, Pathology, and Immunohistochemistry

Tissues were deparaffinized by xylenes and rehydrated to water. They were then stained with
H&E and dehydrated to xylenes prior to mounting with a cover slip. The number of lesions
per random section was quantified and represented as number of lesions per cm2.

Staining
Mast cells were identified with CAE and TB stains and quantified to determine the number
of mast cells per mm? [20].

Patient Samples

Informed consent was obtained from all participants. The protocols were approved by the
Scientific Review Committee and the Institutional Review Board of Northwestern
University.

Statistical analysis

in vitro and in vivo experiments were analyzed using t-test analysis. The ELISAs in Figure 1
comparing the conditioned media were analyzed using a paired t-test analysis. The staining
and IHC comparisons included in Figure 2(A-C) and Figure 3 were analyzed using an
unpaired t-test. All error bars represent standard error of the mean. In Figure 2D a Fisher
exact test was used to determine the association between 5LO-positive cells and mast cells.
Analyses were performed using Graphpad Prism (San Diego, CA) for Windows PC.

RESULTS

Treatment of pancreatic cells in vitro with omega-6 fatty acids increases LTB4 levels

We have previously demonstrated that EL-Kras mice fed a diet rich in omega-6 fatty acids
have increased lesion numbers and increased mast cell infiltration [16]. Since LTB4 is a
potent chemotactic factor for mast cells [12], we extended these findings into human cells by
determining the effect of omega-6 fatty acids on LTB4 production /n vitro. As shown in Fig.
1, the LTB4 levels in the conditioned media from immortalized ductal HPDE and HPDE-
Kras cells and malignant AsPC1 and Pancl cells were increased following treatment with
the omega-6 fatty acid, linoleic acid (LA).

Deletion of 5LO in EL-Kras mice decreases pancreatic lesions and pancreatic mast cell
infiltration

Since LTB4 is generated by 5-lipoxygenase (5LO), we examined the role of 5LO in
pancreatic lesion formation by crossing EL-Kras mice with 5LO-null (5LO~/") mice to
generate EL-Kras/5LO** and EL-Kras/5LO~'~ mice. As shown in Fig. 2A, the EL-
Kras/5LO~~ mice have significantly fewer pancreatic lesions compared to the EL-Kras/
5LO** mice. The EL-Kras/5LO~/~ mice also have decreased numbers of pancreatic mast
cells compared to the control EL-Kras/5LO*"* mice (Fig. 2B,C). To further determine the
relationship between 5LO and mast cells, human PDAC tumors were immunostained with
5L0O antibody and stained for mast cells. As shown in Fig. 2D, human PDAC tumors with
increased 5LO expression also demonstrate increased mast cell infiltration.
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Deletion of 5LO abrogates the effect of omega-6 fatty acid-rich diet on pancreatic lesions
and pancreatic mast cell infiltration in EL-Kras mice

We next examined the effect of omega-6 fatty acid-rich diets on pancreatic lesions and mast
cell infiltration in EL-Kras/5LO™~ mice. As shown in Fig. 3, there was no significant
difference in lesion frequency in EL-Kras/5LO~/~ mice fed a omega-6 fatty acid-rich diet
compared to mice fed standard chow. Similarly, there was no significant difference in mast
cell infiltration in EL-Kras/5LO™~ mice fed omega-6 fatty acid-rich diets compared to
standard chow.

DISCUSSION

Epidemiological studies have shown that diets rich in omega-6 fatty acids are associated
with increased rates of breast, prostate, and pancreas cancers [21-23]. This may be likely
mediated by an increased inflammatory response induced by conversion of omega-6 fatty
acids to pro-inflammatory metabolites through 5LO and COX2. Significantly, 5LO
expression is increased in pancreatic cancer cells and inhibition of 5LO can abolish
proliferation of human pancreatic cancer cells [14, 24]. Importantly, LTB4, the downstream
metabolite catalyzed by 5L0, has been found to be upregulated in pancreatic tumors
compared with normal tissue [12]. In this report we show that diets rich in omega-6 fatty
acids increase LTB4 production in HPDE cells as well as pancreatic cancer cells.
Furthermore, we show that EL-Kras/5LO~~ mice develop fewer pancreatic lesions and are
resistant to the effects of diets rich in omega-6 fatty acid.

Previously, we reported that EL-Kras mice fed diets rich in omega-6 fatty acids
demonstrated increased pancreatic mast cell infiltration [16]. Significantly, increased
infiltration of mast cells into the tumor microenvironment correlates with a poor prognosis
[15]. Soucek demonstrated that mast cells mediate expansion of islet-cell tumors in mice and
are essential for tumor maintenance [25]. Ma et a/ showed that PDAC cells promote mast
cell migration and activation /n vitro, and when mast cell migration is blocked /7 vivoin an
orthotopic PDAC mouse model, PDAC growth is inhibited [26]. In this report, we
demonstrate a significant association between 5LO expression and mast cell infiltration in
human PDAC tumors. We also show that EL-Kras/5LO~~ mice not only have reduced
pancreatic mast cell infiltration, but were resistant to the effects of omega-6 fatty acid-rich
diets to induce pancreatic mast cell infiltration, indicating that 5LO is important in
regulating mast cell infiltration /n vivo. Our results suggest that the absence of 5LO
decreases lesion development and mast cell infiltration in EL-Kras mice, and it abrogates the
effect of omega-6 fatty acids on lesion formation.

Overall, our results indicate that 5LO is a potential target in preventing pancreatic cancer
progression. Preclinical animal studies have shown that the 5LO inhibitor Zileuton can
inhibit tumor growth and reduce tumor mass in an orthotopic mouse model of colon cancer
and in chemically-induced pancreatic tumors in hamsters [27, 28]. As a drug that is well
tolerated in asthma patients and is approved by the Food and Drug Administration, Zileuton
may be an ideal chemopreventive therapy for obese patients at risk for pancreatic cancer[10].
Our future work will explore Zileuton chemoprevention in developing neoplastic lesions in
EL-Kras mice.
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Highlights
Pancreatic cancer cells treated with -6 fatty acids generate increased LTB4
EL-Kras mice lacking 5LO, EL-Kras/5LO~/~, develop fewer pancreatic lesions
EL-Kras/5LO~'~ mice also have decreased mast cell infiltration to the pancreas

-6 fatty acid-rich diets do not increase pancreatic lesions in EL-Kras/5LO~/~
mice
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Figure 1. Treatment of pancreatic cells in vitro with omega-6 fatty acids increases LTB4 levels A-

D

Human pancreatic ductal epithelial (HPDE) cells (A), HPDE-Kras (B), AsPC1 (C) and

Pancl cells (D), were treated with BSA carrier or omega-6 fatty acids and conditioned media
was collected as detailed in the Material and Methods. LTB4 levels in the conditioned media
were determined using a Quantikine ELISA kit. The p-values were calculated using a paired

t-test (*, p<0.05; ***, p<0.001).
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Figure 2. Deletion of 5LO in EL-Kras mice decreases pancreatic lesions and mast cell infiltration
A. Pancreatic tissue from El-Kras/5LO** and 5LO~/~ mice (10 mice in each group) fed

standard chow were stained with hematoxylin and eosin to evaluate lesion frequency.
Lesions in one section were counted and quantified as lesions/cm?. The p values were
calculated using an unpaired t-test. B,C. Pancreatic tissue from El-Kras/5LO** and 5LO~/~
mice fed standard chow were stained with chloracetate esterase (CAE) (5 mice in each
group) (B) and toluidine blue (4 mice in each group)(C) for mast cells. The total number of
mast cells in one section were counted for each stain and quantified as mast cells/mm?2. The
p-values were calculated using an unpaired t-test. D. De-identified human PDAC samples
(17 samples) were procured through an IRB-approved protocol. Formalin-fixed, paraffin-
embedded tumors were stained with CAE to identify mast cells and immunostained with
5L0 antibody to identify 5LO positive cells. Sections immunostained with 5LO antibody
were divided into two groups based on grade of staining: low (0-1) or high (2-3). Likewise,
sections stained with CAE were divided into two groups: less than 50 mast cells and those
with greater than 50 mast cells (all sections were from a tumor microarray with each section
being approximately 3mm?2). A Fisher exact test was used to determine the association
between 5LO-positive cells and mast cells. (**, p<0.01). All counting above was performed
blinded.
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Figure 3. Deletion of 5L O abrogates the effect of omega-6 fatty acid diets on pancreatic lesions
and pancreatic mast cell infiltration in EL-Kras mice

A. Pancreatic tissue from EL-Kras/5LO™~ mice fed standard chow or high omega-6 chow (4
mice in each group) were stained with hematoxylin and eosin to evaluate lesion frequency.
Lesions in one section were counted and quantified as lesions/cm?. B,C. Pancreatic tissue
from 5LO~/~ mice fed a standard chow or high-omega-6 chow were stained with with
chloracetate esterase (CAE) (4 mice in each group) (B) and toluidine blue (TB) (4 mice in
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the standard group and 3 mice in the high-fat group) (C) for mast cells. The total number of
mast cells in one section were counted and quantified as mast cells/mm2.
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Diet Composition

Table 1

Ingredient

Safflower Oil

Total Omega-6 Fatty Acids
Omega-3:0megab FA Ratio
Calculated Values

Protein

Fat

Fiber

Carbohydrate

Protein Energy

Fat Energy

Carbohydrate Energy
Total Energy

Standard Diet (g/kg)
0
27.9
1:9.6

19%
5.6%
4.5%

40.3%
0.76 kcal/g
0.51 kcal/g
1.61 kcal/g
2.88 kcal/g

High Omega-6 Diet (g/kg)

205.9
154.4
1:125

23.7%
23.6%
5.8%
41.4%
0.49 kcal/g
1.11 kcal/g
0.86 kcal/g
2.46 kcallg
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