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ABSTRACT

Pancreatic cancer is one of the most lethal malignancies and is refractory to
the available treatments. Pancreatic ductal adenocarcinoma (PDAC) expresses high
level of inducible nitric oxide synthase (NOS2), which causes sustained production of
nitric oxide (NO). We tested the hypothesis that an aberrantly increased NO-release
enhances the development and progression of PDAC. Enhanced NOS2 expression
in tumors significantly associated with poor survival in PDAC patients (N = 107)
with validation in independent cohorts. We then genetically targeted NOS2 in an
autochthonous mouse model of PDAC to examine the effect of NOS2-deficiency on
disease progression and survival. Genetic ablation of NOS2 significantly prolonged
survival and reduced tumor severity in LSL-Kras®!2°/+; LSL-Trp53Ri72H/+; Pdx-1-Cre
(KPC) mice. Primary tumor cells isolated from NOS2-deficient KPC (NKPC) mice
showed decreased proliferation and invasiveness as compared to those from KPC
mice. Furthermore, NKPC tumors showed reduced expression of pERK, a diminished
inactivation of Forkhead box transcription factor O (FOX03), a tumor suppressor,
and a decrease in the expression of oncomir-21, when compared with tumors in KPC
mice. Taken together, these findings showed that NOS2 is a predictor of prognosis
in early stage, resected PDAC patients, and provide proof-of-principle that targeting
NOS2 may have potential therapeutic value in this lethal malignancy.

Published: june 29, 2016

INTRODUCTION more than 90% of all the pancreatic cancer cases. The
lack of early detection markers and ineffective treatment

Pancreatic cancer is a highly lethal malignancy with in advanced disease have led to a consistent rise in both

median survival of less than 6 months, and ranks as the 4th
leading cause of cancer-related death in the United States.
An estimated 53,070 new cases of pancreatic cancer will
be diagnosed and 41,780 deaths occur in 2016 alone due
to this malignancy [1]. Pancreatic ductal adenocarcinoma
(PDAC) is the most common form, which accounts for

incidence and mortality in pancreatic cancer, which is
estimated to become the second leading cause of cancer-
related death by 2030 [2]. Therefore, identification and
pre-clinical/clinical assessment of novel therapeutic targets
are urgently needed to improve disease outcome in patients
with PDAC. The recent advances in our understanding
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of the complex pancreatic cancer biology and tumor
architecture have started to emerge as opportunities to
design improved treatments.

PDAC has a highly inflammatory tumor
microenvironment, and inflammatory mediators produced
by both tumor and stromal cells are implicated in the
development and progression of this malignancy [3]. NO
is a free-radical and an important mediator of immune
and inflammatory responses, in addition to its role in
critical biological processes including vasodilation
and neurotransmission. However, there are evidences
implicating a role of NO in the development and
progression of cancer [4-9]. NO is produced by a family
of nitric oxide synthase (NOS) enzymes, which includes
NOSI (neuronal NOS), NOS2 (inducible NOS) and NOS3
(endothelial NOS). Whereas, NOS1 and NOS3 are the
constitutive isoforms and produce a small amount of NO,
NOS?2 is an inducible isoform and produces a higher and
sustained level of NO in micromolar range in response
to inflammatory stimuli. Therefore, NOS2 is primarily
responsible for an enhanced level of NO production [4].
The exact role of NO in pancreatic cancer is not clearly
defined, and is somewhat contradictory. For example,
highly aggressive property of pancreatic cancer cell
line Panc02-H7, generated through successive in vivo
selection procedure, was associated with a lower NOS2
expression [10] and NO treatment using NO-donor drug
inhibited proliferation and invasion in pancreatic cancer
cell line [11]. In an earlier study the negative or positive
NOS2 immunohistochemical expression did not show
any association with prognosis in PDAC [12]. However,
genetic ablation of NOS3 or endothelial NOS inhibited
the development of precursor lesions or pancreatic
intraepithelial neoplasia (PanINs) in a genetically
engineered mouse model of pancreatic cancer [9]. A
higher expression of NOS?2 is reported in PDAC [13]. In
this study, we first determined the clinical relevance of
NOS2 by assessing its association with the survival of a
large cohort of early stage, resected patients with PDAC,
and then delineated the role of NOS2/NO signaling in
the development and progression of PDAC, using a
genetic strategy in the KPC mouse model of PDAC.
We hypothesized that NOS2/NO signaling enhances
the development and progression of PDAC and is a
potential therapeutic target. To test this hypothesis, we
first examined the tumors from a large cohort (N =107) of
resected PDAC patients and found that an increased NOS2
gene expression level was associated with poorer survival
in these patients, which we validated in two additional
independent cohorts. Secondly, using a genetic strategy we
showed that NOS2-deficiency significantly enhanced the
survival in KPC mouse model of pancreatic cancer, which
closely recapitulates the development and progression
of human PDAC. Taken together, these findings provide
proof-of-principle that targeting NOS2/NO signaling may
be a useful strategy for improving survival in patients with
PDAC and should be pursued in future clinical trials.

RESULTS

A higher NOS2 expression is associated with
poor survival in patients with PDAC

To assess the clinical relevance of NOS2/NO
signaling in the patients with PDAC, we first examined
the NOS2 expression by qRT-PCR in tumors from 107
resected cases. Patients were then divided into NOS2-high
and NOS2-low groups based on the median value of NOS2
expression. Patients with the tumor NOS2 expression
above the median were defined as NOS2-high group, and
the patients with the NOS2 expression lower than the
median value constituted NOS2-low group. Kaplan-Meier
analysis showed that patients with a higher NOS2 had
significantly poorer survival as compared to the patients
with lower NOS2 expression in resected tumors (Log-rank
test p = 0.012) (Figure 1A). Additionally, a higher NOS2
in tumors predicted poor prognosis by both univariable
(hazard ratio = 1.73, 95% CI = 1.09-2.75, p = 0.020) and
multivariable (hazard ratio = 1.75, 95% CI = 1.10-2.79,
p = 0.018) Cox-regression analyses (Supplementary
Table S1). Furthermore, consistent with the earlier
report [13], the tumors in our patient cohort showed a
significantly higher NOS2 expression as compared to the
adjacent nontumor pancreas (P <0.01, N=26) (Figure 1B).
We then validated our findings in publically available
datasets. Analysis of the pancreatic cancer cohorts in
The Cancer Genome Atlas (TCGA) and Oncomine
database (https://www.oncomine.org/resource/login.
html) [Collision cohort [14]] also showed that a higher
tumor NOS2 expression associates with poorer survival
in patients with PDAC (Kaplan-Meier analysis, Log-rank
test p = 0.041 and p = 0.022) (Supplementary Figure S1),
which is consistent with the findings in our test cohort of
107 resected patients. These findings showed that NOS2
is a candidate prognostic marker in early stage PDAC
patients undergoing surgical resection, and NOS2/NO
signaling may play a role in enhanced disease progression.

NOS2-deficiency enhanced survival and reduced
tumor severity in genetically engineered mouse
model of pancreatic cancer (KPC mouse)

To elucidate the role of NOS2/NO signaling in
PDAC, we took the genetic strategy by deleting the
NOS2 gene from the KPC mouse model of PDAC, as
described in materials and methods, and generated NOS2-
deficient KPC mice, which we termed as NKPC. KPC
mice with the pancreas-specific activation of mutant-
KRAS and -TP53 mirrors the key histopathological and
clinical characteristics associated with the development
and progression of human PDAC. Pancreatic tumors
in KPC mice expressed a high level of NOS2 protein,
which, as expected, is undetectable in tumors from NKPC
mice (Figure 2A). Kaplan-Meier analysis showed that
NKPC mice survived significantly longer than KPC mice
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(Log-Rank test, p < 0.001) (Figure 2B). To gain further
insights into the effect of NOS2/NO signaling on
pancreatic tumorigenesis, some of the KPC and NKPC
mice were sacrificed at an early age of 6 week. Although
only 6 mice were sacrificed at 6 weeks of age, examination
of 100 randomly selected pancreatic ducts in the pancreas
of each mouse showed a significantly lower percentage
of precursor-lesion, pancreatic intraepithelial neoplasia-1
(PanIN1), in NKPC mice as compared with KPC mice
(Figure 2C). Additionally, 2 out of 6 KPC mice showed the
presence of carcinoma in their pancreas at 6 week of age,
in contrast to the absence of any carcinoma in the pancreas
of NKPC mice at this age (Figure 2D). Furthermore,
the PDAC in KPC mice were of higher differentiation
grade as compared to that of NKPC mice (Figure 2E)
(Supplementary Figure S2). These findings showed that
NOS2-deficiency resulted in increased survival in mice
with lethal PDAC, and reduced tumor severity.

NOS2-deficiency inhibited proliferation, migration
and invasion of primary tumor cells and enhanced
apoptosis in tumors from NKPC mice

To examine the effect of NOS2/NO signaling on
the tumorigenic potential of pancreatic cancer cells,
we isolated primary tumor cells from KPC and NKPC
mice. Primary tumor cells from NKPC mice showed
a lower proliferation index as compared to KPC mice
as determined by real-time and dynamic monitoring of
cell proliferation using Xcelligence system (Figure 3A,
Supplementary Figure S3). The reduced proliferation of
primary tumor cells in NKPC mice was also confirmed
by wusing BrdU incorporation assay (Figure 3A).
Suppression of apoptosis is one of the critical events
in tumor initiation, progression and metastasis. NO has

been implicated in modulating the apoptotic pathways
and may have pro- or anti-apoptotic function depending
on a number of biological factors including the amount
of NO and the cellular context, presence of metals and
interaction with other reactive oxygen species [reviewed
in [15]]. Immunohistochemical staining of cleaved
Caspase-3 indicated a significantly increased apoptosis
in pancreatic tumors from NKPC mice as compared
with KPC tumors (Figure 3B). Next we determined if
the NOS2-deficiency affected the migratory and invasive
properties of primary tumor cells. Primary tumor cells
from NKPC mice showed a significant reduction in both
migration and invasion properties as compared with KPC
primary tumor cells (Figure 3C-3D). Consistent with
these findings, the primary tumor cells from KPC mice
presented a distinct morphological feature with abundant
filopodia-like protrusions, which is described to aid in cell
migration (Figure 3E), in contrast to the NKPC primary
tumor cells, as shown by the staining of F-actin using
florescence labeled phalloidin. Additionally, a higher
expression of E-cadherin, a marker of EMT phenotype,
was found in primary tumor cells by qRT-PCR and could
also be visualized by immunohistochemical staining
in tumor tissue from NKPC as compared to KPC mice
(Figure 3F). Recently, an actin bundling protein, Fascin,
has been described to aid in the formation of filopodia,
resulting in an enhanced invasiveness of PDAC cells
[16]. We found a significantly reduced expression of
Fascin in primary tumor cells from NKPC as compared
with KPC mice, which is consistent with the reduced
migration and invasion phenotypes in NKPC tumor cells
(Supplementary Figure S4). These findings showed that
NOS2/NO signaling enhances the tumorigenic properties
of pancreatic cancer cells in the KPC mouse model of
PDAC.
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Figure 1: Higher expression of NOS2 is associated with poor survival in patients with PDAC. (A) Kaplan-Meier survival
curve was plotted based on the median value of NOS2 expression, as determined by qRT-PCR in tumors from PDAC patients. Patients with
the NOS2 expression above the median value were treated as high NOS2 group, and patients with the NOS2 expression below the median
value, as low NOS2 group. Log-rank test was used to determine the significance of difference in survival between the high and low NOS2
groups. (B) Immunohistochemical (IHC) staining showing NOS2 expression in tumors and adjacent nontumor tissue in PDAC cases.
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NOS2-deficiency reduced tumor macrophage
infiltration, chemokine ligand-2/MCP1 and mir-21
expression in KPC mice

Inflammation contributes to the development
and progression of PDAC. Similar to the characteristic
desmoplastic stroma in human PDAC, a highly reactive,
inflammatory stroma is present in the pancreatic tumors
of KPC mice. Because NO is a known mediator of
inflammation, we examined, if NOS2-deficiency affected
the inflammatory microenvironment of PDAC in KPC
mice. Compared to tumors in KPC mice, NKPC tumors
showed significantly reduced macrophages infiltration, as
determined by immunohistochemical analysis of F4/80, a
murine macrophage marker (Figure 4A, Supplementary
Figures S5, S6). Macrophage infiltration has been

reported previously as a negative prognostic marker for
PDAC [17-19]. Furthermore, cytokines and chemokines
play important role in inflammatory responses and have
been implicated in pancreatic tumor development and
progression. Several feedback regulatory circuits have
been described between nitric oxide and cytokines that
are produced by tumor as well as inflammatory cells.
Therefore, next, we determined the level of cytokines/
chemokines in tumors from KPC and NKPC mice, using
a mouse cytokine array panel containing 40 different
cytokines. A marked decrease in the expression of
chemokine ligand 2 (CCL2), also known as monocyte
chemoattractant protein-1 (MCP1) was found in NKPC
tumors as compared with tumors in KPC mice (Figure 4B).
Consistent with these findings, qRT-PCR analysis of
primary tumor cells also showed a lower expression of
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Figure 2: NOS2-deficiency in KPC mice resulted in better survival and less tumor severity. (A) NOS2 expression by IHC
in pancreas from KPC, NKPC and the wild-type (WT) littermates mice. NOS2 expression was elevated in KPC compared to WT mice,
whereas the expression of NOS2 protein was not detectable in NKPC pancreas. (B) Survival of the KPC and NKPC mice was determined
by Kaplan-Meier survival analysis (Log-rank). NOS2-deficiency significantly increased survival in NKPC mice (N = 48) as compared with
KPC mice (N = 60). (C) One hundred ducts were examined using H/E sections of each 6-week old mouse pancreas from the two groups. On
average, around 17% of the ducts in KPC mouse pancreas showed panIN-1 lesions, compared to less than 10% of PanIN-1 lesions among
NKPC pancreatic ducts. (D) Pathological examination revealed that 2 out 6 KPC mice developed carcinomas compared to its complete
absence in NKPC mice by 6 week of age. (E) The differentiation grade of tumors from the two groups was evaluated. Tumors in NKPC
mice showed overall better differentiation as compared with KPC mice.
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CCL2 in NKPC as compared with KPC mice (Figure 4C). of KRAS-induced lung cancer reduced the expression of

Inflammatory mediators including cytokines, regulate oncomir-21 [20, 21]. Additionally, an increased expression
miRNAs. Several microRNAs are implicated in of mir-21 is associated with poor prognosis in pancreatic
inflammation-associated carcinogenesis, and genetic cancer [22]. Therefore, we tested the hypothesis that
ablation of NOS2 in a genetically engineered mouse model NOS2/NO signaling alters mir-21 expression in PDAC.
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Figure 3: NOS2-deficiency reduced proliferation and invasiveness in primary tumor cells and increased apoptosis in
tumors from NKPC mice. (A) Proliferation of the primary tumor cells from KPC and NKPC mice was determined using Xcelligence
method and by BrdU assay, showing that NOS2-deficiency significantly reduced proliferation. (B) An enhanced apoptotic cell death in
NKPC tumors, determined by cleaved Caspase 3 staining, as compared with tumors in KPC mice. IHC scoring was done by multiplying
the intensity and distribution of the staining and the results were analyzed by Student’s ¢-test. (C) Wound healing assay showing a reduced
migration of primary tumor cells from NKPC mice as compared with KPC mice. (D) Metastatic potential of primary tumor cells were also
evaluated using transwell assay. NKPC tumor cells showed a significantly reduced migration and invasion as compared with KPC tumor
cells. (E) F-actin in KPC and NKPC primary tumor cells were visualized by Rhodamine-conjugated Phalloidin staining. Tumor cells with
or without NOS2 showed distinct morphology, with filopodia-like protrusion, a typical feature facilitating cell migration, only observed
in KPC primary tumor cells but not in NKPC tumor cells. (F) An increased expression of E-cadherin in tumors from NKPC (N = 21),
compared to KPC mice (N = 25), as determined by qRT-PCR. All the experiments were repeated 3 times. Also shown is a representative
picture of E-cadherin expression by immunohistochemistry.
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gRT-PCR analysis revealed a significant decrease in the NOS2-deficiency inhibited ERK-signaling and

expression of mir-21 in NKPC as compared to tumors phosphorylation of FOXO3

from KPC mice (Figure 4D). Taken together, these findings

show that NOS2-deficiency decreases inflammation and FOXO (Forkhead box-O) is a member of the
mir-21 expression in PDAC of KPC mice. forkhead family of transcription factors, which regulates
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Figure 4: NOS2-deficiency reduced inflammatory response in KPC tumors. (A) NOS2 depletion resulted in reduced
macrophage infiltration in tumors. IHC staining of macrophage marker F4/80, showing an increased macrophage infiltration in KPC
tumors, as compared with tumors from NKPC mice. Quantification of IHC staining was performed by computerized screening of total
stained area on each slide as described earlier [44]. The average stained area is shown in histogram and analyzed by Student’s #-test. Data
were collected from 6 mice in each group. (B) Cytokine levels within pancreatic tumor tissues were examined by mouse cytokine array,
and the quantitation of visible dots was performed by Quantity One software (Biorad, Hercules, CA). As shown, a significant reduction in
CCL2 was observed in NKPC tumors compared to KPC tumors. Analysis was conducted in the pooled serum samples from 10 mice in each
group. (C) A significantly lower CCL2 expression in NKPC as compared to KPC primary tumor cells, as determined by qRT-PCR. (D) A
decreased expression of miR-21, as determined by qRT-PCR, in NKPC (N = 21) tumors as compared with tumors in KPC (N = 21) mice.
Statistical significance was evaluated by using Student’s #-test. Unless, indicated otherwise, experiments were repeated at least 3 times.
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several critical functions responsible for maintaining
cellular homeostasis, including apoptosis, DNA repair,
cell cycle arrest and oxidative stress, and is reported to
have tumor suppressive function [23-25]. FOXO is
negatively regulated through phosphorylation by PI3K/
AKT and ERK-signaling pathway, which leads to its
nuclear exclusion [26, 27]. Inactivation of FOXO is
reported in cancer [25]. NO can activate both PI3K/AKT
and ERK-signaling [28, 29]. Therefore, we hypothesized
that NOS2/NO signaling may result in the increased
phosphorylation and, therefore, inactivation of FOXO.
Immunohistochemical analysis showed an increase in
phosphorylated FOXO3 (pFOXO3) in tumors from KPC as
compared with the NKPC mice (Figure SA). As expected,
the phosphorylated FOXO3 was exclusively located
in cytoplasm of tumor cells. Additionally, KPC tumors
also showed an increase in phosphorylated ERK (pERK)
as compared with tumors in NKPC mice (Figure 5B).
These findings indicate a potential contribution of NO-
ERK-FOXO3 signaling in pancreatic tumorigenesis in
KPC mice, and the reduced phosphorylation of FOXO,
in the context of NOS2-deficiency, may contribute to the
reduced tumor severity and increased survival in NKPC
as compared with KPC mice. To further determine the
relevance of NO mediated inactivation of FOXO3 in
human PDAC, we examined the expression of pFOXO3
and NOS2 in tumors and adjacent nontumor tissue from
resected patients. An increased expression of both NOS2
as well as pFOXO3 was found in tumors, when compared
with adjacent nontumor pancreatic ducts (Figure 6A).
Importantly, a positive correlation was found between
pFOXO3 and NOS2 in PDAC (Figure 6A). To further
delineate, if NO actually induces the phosphorylation
of FOXO3, we treated the human pancreatic cancer
cell lines, Capan2 and SU.86.86 with a nitric oxide
donor, Spermine/NONOate (Sper/NO), which resulted
in an increased expression of both pERK and pFOXO3
(Figure 6B). However, inhibition of ERK activation by
simultaneous treatment with U0216, a MEK inhibitor,
abolished the effect of NO on the phosphorylation of
FOXO3 in these cell lines. These findings showed that
NO enhances the phosphorylation of FOXO3 through the
activation of ERK-signaling pathway and that NO-ERK-
FOXO signaling may play a role in the development and
progression of human PDAC.

DISCUSSION

Pancreatic cancer is mostly diagnosed at an
advanced stage and is highly resistant to the available
treatments. A small number of patients, detected at an
early stage, undergoes surgical resection with curable
intent, however, a large percentage of resected patients
show recurrence within 2 years. Therefore, identification,
validation, and preclinical and clinical assessment of
effective therapeutic targets are urgently needed to

improve patient outcome in this lethal malignancy. An
increased and sustained production of NO is implicated
in the development and progression of cancer. In this
study, we tested the hypothesis that NOS2/NO signaling
enhances pancreatic cancer progression and is a potential
therapeutic target. We report that an increased NOS2
expression is associated with poor survival in early
stage patients with resected PDAC, with validation
in independent cohorts. Additionally, genetic ablation
of NOS2 in a genetically engineered mouse model of
pancreatic cancer significantly increases survival, thus,
providing proof-of-concept that therapies targeting NOS2
may improve survival in patients with PDAC.

The role of NO in tumorigenesis is highly complex
and both pro- and anti-neoplastic functions have been
reported, which largely depends on the amount of NO,
cell types, cellular microenvironment, its interaction
with other reactive species and presence of metals in the
neoplastic cells. For example, genetic deletion of NOS2
in P53-deficient mice can either suppress or enhance
lymphomagenesis depending on the inflammatory
microenvironment [30, 31]. Furthermore, NOS2-
deficiency decreased lung tumor growth and oncogenic
Kras-mediated inflammatory response, and increased
survival in a mouse model of lung cancer with conditional
activation of mutant KRAS [21]. An increase in NOS2 and
NOS3 expression is found in PDAC [9, 13], and genetic
deficiency of endothelial NOS (NOS3) decreased the
number of precursor lesions in mouse model of pancreatic
cancer but failed to significantly enhance the survival of
mice with PDAC [9]. As we found in our study, NOS2-
deficiency enhanced survival in KPC mice with PDAC,
and an increased NOS2 expression predicted poorer
survival in patients with resected PDAC, which in our
knowledge is the largest study so far to examine the role
of NO in pancreatic cancer. Furthermore, these findings
could be validated in the publically available datasets from
independent cohorts of PDAC. Thus, NOS2 has a distinct
role in the progression of PDAC and patient outcome.
Nitric oxide is a signaling molecule, which induces a
number of signaling pathways affecting multiple critical
events such as apoptosis, proliferation, DNA repair, cell
cycle arrest, and senescence. The resulting alterations in
these events can generate conditions that are conducive to
neoplastic changes. Additionally, NOS2/NO signaling is
reported to mediate mutant KRAS-induced inflammation
in lung cancer model [21], which is consistent with its role
as an inflammatory mediator. Consistent with these known
functions of NO, primary tumor cells from NKPC mice in
our study were significantly less proliferative and showed
reduced migratory and invasive properties, as compared
to KPC mice. Additionally, an increased E-cadherin
expression in NKPC tumor cells may be responsible
for their reduced ability of migration and invasion as
compared with KPC tumor cells. NO-dependent activation
of c-Src results in the disruption of E-cadherin junction
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Figure 5: NOS2-deficiency inhibited ERK signaling and phosphorylation of FOXO3. Immunohistochemical staining,
showing a reduced expression of pFOXO03 (A), and pERK (B) in pancreatic tumors from NKPC, as compared with KPC mice. The staining
was evaluated by multiplying intensity by distribution score as described earlier [45]. Histograms show the quantitation of IHC staining and
the results were analyzed by Student’s ¢-test.
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Figure 6: Nitric oxide induces ERK signaling and the subsequent phosphorylation of FOXO3 in human pancreatic
cancer. (A) Immunohistochemical staining showing an increased expression of NOS2 and pFOXO3 in tumors as compared with adjacent
nontumor pancreatic ducts from patients with PDAC. NOS2 and pFOXO3 showed a positive correlation in human PDAC as analyzed
using Pearson correlation. (B) An increase in pERK and pFOXO3 was found following NO treatment in pancreatic cancer cell lines.
Human PDAC cell lines Capan2 and SU.86.86 were treated with nitric oxide donor, Sper/NO at 0.5 mM concentration for up to 24 hours,
with or without MEK inhibitor, U0126 (20 nM), the phosphorylated and total FOXO3 and ERK proteins were blotted with corresponding
antibodies. Levels of pFOXO03 were quantitated relative to total FOXO.
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and enhanced breast cancer cell invasion [32]. In contrast,
however, NO treatment enhanced E-cadherin expression in
metastatic prostate cancer cells [33]. Pancreatic tumors in
NKPC mice showed an overall better differentiation grade
as compared with the tumors in KPC mice, indicating a
reduced tumor severity in NKPC mice. Additionally,
a significantly lower number of PanIN-1 lesions and
absence of any carcinoma in NKPC mice as compared to
the KPC mice, of which 30 percent (2 out of 6) showed
the presence of carcinoma at an early age of 6 week,
indicated an increased tumor-latency in NOS2-deficient
NKPC mice. A highly inflammatory stroma with increased
macrophage infiltration is reported in pancreatic tumors
in KPC mice, which plays a role in the development and
progression of PDAC [34]. In contrast, NKPC mice in
our study showed a significantly decreased infiltration
of macrophages, as determined by F4/80 expression,
accompanied with a lower expression of CCL2/MCP-1
chemokine as compared with KPC tumors. CCL2 has been
implicated in macrophage recruitment on the tumor site
and enhanced cancer progression [35, 36]. Furthermore,
an enhanced expression of CCL2 is associated with poorer
survival in pancreatic cancer [19]. The presence of a
lower expression of mir-21 in NKPC tumors as compared
with tumors in KPC mice is consistent with the reports
suggesting an association between increased NOS2 and
mir-21 in lung cancer [21]. Although, an increased mir-21
expression is reported to be associated with inflammation-
associated cancer, including that of pancreas, the exact
mechanism of its regulation by inflammatory mediators,
including NO, is not known.

Inactivation of FOXO tumor suppressor is
implicated in the development and progression of human
cancer. FOXO is involved in apoptosis, DNA repair, cell
cycle arrest and immune regulation [25, 37-39]. FOXO
is primarily regulated through P13-kinase/AKT and ERK-
mediated phosphorylation, leading to its ubiquitination and
proteasomal degradation. Inhibition of PI3-kinase/AKT
and ERK pathways led to the activation of FOXO, which
resulted in the cell cycle arrest and apoptosis in pancreatic
cancer [40]. Reduced phosphorylation of FOXO and
increased apoptosis following the inhibition of PI3K/AKT
and MAPK/ERK pathways resulted in the suppression of
pancreatic tumor growth in orthotopic mouse model [41].
NO activates both ERK and PI3-kinase/AKT signaling.
Consistently, NKPC tumors showed a lower pERK
and pFOXO3 expression as compared to tumors in
KPC mice. Moreover, treatment of pancreatic cancer
cells with NO donor moderately enhanced pERK and
pFOXO3 expression. These findings showed that NO
phosphorylates/inactivates FOXO3 through the activation
of ERK signaling. Recently, mir-21 is shown to inhibit
nuclear retention of FOXO, which resulted in an increased
cellular growth in PDAC [42]. However, the mechanism
of mir-21 mediated regulation of FOXO is not known.
Furthermore, in our study, a positive correlation between
NOS2 and pFOXO3 in human PDAC provide clinical

evidence of an association between NOS2/NO signaling
and phosphorylation/inactivation of FOXO3.

Taken together, our findings in this study describes
NOS?2 as a candidate predictor of prognosis in early stage,
resected PDAC patients, and provide proof-of-principle
that targeting NOS2 may be a useful strategy to improve
survival in this lethal malignancy.

MATERIALS AND METHODS

Human pancreatic ductal adenocarcinoma
(PDAC) specimens

Fresh-frozen and paraffin embedded primary
pancreatic tumor tissue from resected PDAC cases (N=107)
came from University of Maryland Medical System
(UMMS), Baltimore, MD, through NCI-UMD resource
contract and the University Medicine Gottingen,
Gottingen, Germany. Demographic and clinical
information, including age, sex, clinical staging,
differentiation grade, resection margin status and survival
from the time of diagnosis were available for each donor.
Patients’ characteristics are described in Supplementary
Table S2. Use of the clinical specimens was reviewed and
permitted by the NCI-Office of Human Subject Research
(OHSR, Exempt# 4678) at the National Institutes of
Health, Bethesda, MD.

Mice

LSL-Kras®?P; LSL-Trp53%7H+ Pdx-1-Cre (KPC)
pancreatic cancer mouse model is generated through
interbreeding of the LSL-Kras®?P and LSL-Trp53RI72H*
mice with Pdx-I-Cre transgenic mice as described
previously [43]. This leads to the activation of both
Kras®?P and Trp53%/72#~ alleles in the tissue progenitor
cells of the pancreas and development of PDAC. To
generate NOS2-deficient KPC mice, we first generated
LSL-Kras®?P; LSL-Trp53R172H: NOS2*~and Pdx-1-Cre;
NOS2*" strains of mice through interbreeding with Nos2™~
mice. Then, by crossing of LSL-Kras®'?P; LSL-TP53%!72H"
NOS2"~ and Pdx-1-Cre; NOS2*" strains, we generated
NOS2 wild type LSL-Kras©??P; LSL-Trp53%17#*; Pdx-1-Cre
(KPC) and NOS2-deficient LSL-Kras®'?P; LSL-Trp53R172H7
NOS27; Pdx-1-Cre (NKPC) mice littermates.
Mice were followed till they showed signs related
to moribundity, previously described as indications
preceding death in this mouse model of PDAC [43].
Mice were euthanized and a complete necropsy was
performed on each mouse. Tissue samples were paraffin
fixed and snap frozen for further analysis.

Pathological characterization of tumor severity

Overall tumor differentiation was determined by
the grade of highest percentage of tumors on each slide.
Respectively, grade 1 represents mostly PanINs or scattered
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early well-differentiated tumors, grade 2 tumors are well
differentiated (minimal to no EMT), grade 3 tumors are
moderately differentiated (more glandular than EMT),
grade 4 tumors are poorly differentiated (mostly EMT,
but may still have a few glands), grade 5 tumors are
sarcomatoid (all EMT).

Mouse primary tumor cell lines

Mouse primary tumor cells were isolated as
previously described [43] Isolated mouse primary tumor cell
lines were maintained in DMEM-F12 (Life Technologies,
Grand Island, NY) medium containing 10% FBS. Assays
were conducted within 8 passages of the cell lines.

Xecelligence cell proliferation

Cell proliferation was measured using E-plates
(ACEA, San Diego, CA). Cell index was recorded by
Xecelligence system (ACEA, San Diego, CA) as indicator
of cell numbers. Mouse primary tumor cells from KPC
or NKPC mice were digested into single cell suspension
by trypsin, and seeded into E-plate at a concentration of
500 cells/well. E-plates were loaded onto Xcelligence
system and cell index were recorded every 30 min for
80 hours for proliferation assay. Each curve represents the
average of quadruplicated wells.

Mouse cytokine array

Mouse cytokine array was purchased from R&D
systems (Minneapolis, MN). Briefly, KPC and NKPC
pancreas tissue homogenate were prepared as described
above. Thirty micrograms of tissue homogenate from
each of the 10 KPC and 10 NKPC mice were used to
make a total 300 ug protein mixture for each group. The
volumes of protein mixtures were adjusted as described
by manufacturer’s instruction. The following steps were
similar to western blot. Visible spots representing different
cytokines were quantified by using Quantity One software
(Bio-rad, Hercules, CA).

Statistical analysis

Kaplan-Meier analysis was performed, using
Graphpad Prism 6.0, to evaluate the differences in survival
probability in patients with pancreatic cancer, and also in
mouse model. For survival analysis NOS2 gene expression
was dichotomized as high and low groups based on the
median value. Comparisons of gene and microRNA
expression were done by unpaired 7-test. Comparisons
of IHC staining were conducted using Mann-Whitney
Test. The correlation between NOS2 and pFOXO was
determined by Pearson correlation. A p-value less than
0.05 was considered significant. Other materials and
methods are explained in the supplementary information.

ACKNOWLEDGMENTS

Authors thank Ms. Elise Bowman for handling of
clinical samples and maintenance of tissue database, and
the personnel at University of Maryland Medical System
for collection of clinical samples under NCI-UMD
resource contract. Availability of data generated by the
TCGA Research Network (http://cancergenome.nih)
for validation of individual gene is highly appreciated.
Technical assistance of Terry Sweeney and Eleazar Vega-
Valle in the animal study is appreciated. This work was
supported by the Intramural Research Program of the
Center for Cancer Research, NCI, NIH.

CONFLICTS OF INTEREST

None.

GRANT SUPPORT

Intramural Research Program of the Center for
Cancer Research, National Cancer Institute, NIH.

REFERENCES

1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2016. CA
Cancer J Clin. 2016; 66:7-30.

Rahib L, Smith BD, Aizenberg R, Rosenzweig AB,
Fleshman JM, Matrisian LM. Projecting cancer incidence
and deaths to 2030: the unexpected burden of thyroid, liver,
and pancreas cancers in the United States. Cancer Res.
2014; 74:2913-2921.

3. Gukovsky I, Li N, Todoric J, Gukovskaya A, Karin M.
Inflammation, autophagy, and obesity: common features
in the pathogenesis of pancreatitis and pancreatic cancer.
Gastroenterology. 2013; 144:1199-1209 e1194.

Tamir S, deRojas-Walker T, Gal A, Weller AH, Li X,
Fox JG, Wogan GN, Tannenbaum SR. Nitric oxide
production in relation to spontaneous B-cell lymphoma and
myositis in SJL mice. Cancer Res. 1995; 55:4391-4397.

5. Tamir S, Tannenbaum SR. The role of nitric oxide (NO.)
in the carcinogenic process. Biochim Biophys Acta. 1996;
1288:F31-36.

Jenkins DC, Charles IG, Thomsen LL, Moss DW,
Holmes LS, Baylis SA, Rhodes P, Westmore K, Emson PC,
Moncada S. Roles of nitric oxide in tumor growth. Proc
Natl Acad Sci U S A. 1995; 92:4392-4396.

Hussain SP, Hofseth LJ, Harris CC. Radical causes of
cancer. Nat Rev Cancer. 2003; 3:276-285.

8. Lim KH, Ancrile BB, Kashatus DF, Counter CM. Tumour
maintenance is mediated by eNOS. Nature. 2008;
452:646-649.

Lampson BL, Kendall SD, Ancrile BB, Morrison MM,
Shealy MJ, Barrientos KS, Crowe MS, Kashatus DF,

www.impactjournals.com/oncotarget

53002

Oncotarget



10.

11.

12.

13.

14.

16.

17.

18.

19.

20.

White RR, Gurley SB, Cardona DM, Counter CM.
Targeting eNOS in Pancreatic Cancer. Cancer Res. 2012.

Wang B, Shi Q, Abbruzzese JL, Xiong Q, Le X, Xie K.
A novel, clinically relevant animal model of metastatic
pancreatic biology therapy.
International journal of pancreatology. 2001; 29:37-46.

Sugita H, Kaneki M, Furuhashi S, Hirota M, Takamori H,
Baba H. Nitric oxide inhibits the proliferation and invasion
of pancreatic cancer cells through degradation of insulin
receptor substrate-1 protein. Mol Cancer Res. 2010;
8:1152—-1163.

Kong G, Kim EK, Kim WS, Lee KT, Lee YW, Lee JK,
Paik SW, Rhee JC. Role of cyclooxygenase-2 and inducible
nitric oxide synthase in pancreatic cancer. Journal of

adenocarcinoma and

gastroenterology and hepatology. 2002; 17:914-921.
Vickers SM, MacMillan-Crow LA, Green M, Ellis C,
Thompson JA. Association of increased immunostaining
for inducible nitric oxide synthase and nitrotyrosine with
fibroblast growth factor transformation in pancreatic cancer.
Arch Surg. 1999; 134:245-251.

Collisson EA, Sadanandam A, Olson P, Gibb WJ, Truitt M,
Gu S, Cooc J, Weinkle J, Kim GE, Jakkula L, Feiler HS,
Ko AH, Olshen AB, et al. Subtypes of pancreatic ductal
adenocarcinoma and their differing responses to therapy.
Nat Med. 2011; 17:500-503.

Chung HT, Pae HO, Choi BM, Billiar TR, Kim YM. Nitric
oxide as a bioregulator of apoptosis. Biochem Biophys Res
Commun. 2001; 282:1075-1079.

Li A, Morton JP, Ma Y, Karim SA, Zhou Y, Faller W1,
Woodham EF, Morris HT, Stevenson RP, Juin A,
Jamieson NB, MacKay CJ, Carter CR, et al. Fascin is
regulated by slug, promotes progression of pancreatic
cancer in mice, and is associated with patient outcomes.
Gastroenterology. 2014; 146:1386-1396 e1381-1317.

Hou YC, Chao YJ, Tung HL, Wang HC, Shan YS.
Coexpression of CD44-positive/CD133-positive cancer
and CD204-positive
macrophages is a predictor of survival in pancreatic ductal
adenocarcinoma. Cancer. 2014; 120:2766-2777.

Weizman N, Krelin Y, Shabtay-Orbach A, Amit M,
Binenbaum Y, Wong RJ, Gil Z. Macrophages mediate

stem cells tumor-associated

gemcitabine resistance of pancreatic adenocarcinoma
by upregulating cytidine deaminase. Oncogene. 2014;
33:3812-3819.

Sanford DE, Belt BA, Panni RZ, Mayer A, Deshpande AD,
Carpenter D, Mitchem JB, Plambeck-Suess SM,
Worley LA, Goetz BD, Wang-Gillam A, Eberlein TJ,
Denardo DG, et al. Inflammatory monocyte mobilization
decreases patient survival in pancreatic cancer: a role for
targeting the CCL2/CCR2 axis. Clin Cancer Res. 2013;
19:3404-3415.

Schetter AJ, Heegaard NH, Harris CC. Inflammation and
cancer: interweaving microRNA, free radical, cytokine and
p53 pathways. Carcinogenesis. 2010; 31:37—49.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Okayama H, Saito M, Oue N, Weiss JM, Stauffer J,
Takenoshita S, Wiltrout RH, Hussain SP, Harris CC. NOS2
enhances KRAS-induced lung carcinogenesis, inflammation
and microRNA-21 expression. Int J Cancer. 2013; 132:9-18.

Dillhoff M, Liu J, Frankel W, Croce C, Bloomston M.
MicroRNA-21 is overexpressed in pancreatic cancer and
a potential predictor of survival. J Gastrointest Surg. 2008;
12:2171-2176.

Paik JH, Kollipara R, Chu G, Ji H, Xiao Y, Ding Z, Miao L,
Tothova Z, Horner JW, Carrasco DR, Jiang S, Gilliland DG,
Chin L, et al. FoxOs are lineage-restricted redundant tumor
suppressors and regulate endothelial cell homeostasis. Cell.
2007; 128:309-323.

Tothova Z, Kollipara R, Huntly BJ, Lee BH, Castrillon DH,
Cullen DE, McDowell EP, Lazo-Kallanian S, Williams IR,
Sears C, Armstrong SA, Passegue E, DePinho RA, et al.
FoxOs are critical mediators of hematopoietic stem cell
resistance to physiologic oxidative stress. Cell. 2007;
128:325-339.

Arden KC. Multiple roles of FOXO transcription factors
in mammalian cells point to multiple roles in cancer.
Experimental gerontology. 2006; 41:709-717.

Yang JY, Zong CS, Xia W, Yamaguchi H, Ding Q, Xie X,
Lang JY, Lai CC, Chang CJ, Huang WC, Huang H, Kuo HP,
Lee DF, et al. ERK promotes tumorigenesis by inhibiting
FOXO3a via MDM2-mediated degradation. Nat Cell Biol.
2008; 10:138-148.

Brunet A, Bonni A, Zigmond MJ, Lin MZ, Juo P, Hu LS,
Anderson MJ, Arden KC, Blenis J, Greenberg ME. Akt
promotes cell survival by phosphorylating and inhibiting a
Forkhead transcription factor. Cell. 1999; 96:857-868.
Thomas DD, Espey MG, Ridnour LA, Hofseth LJ,
Mancardi D, Harris CC, Wink DA. Hypoxic inducible
factor lalpha, extracellular signal-regulated kinase, and p53
are regulated by distinct threshold concentrations of nitric
oxide. Proc Natl Acad Sci U S A. 2004; 101:8894-8899.

Prueitt RL, Boersma BJ, Howe TM, Goodman JE,
Thomas DD, Ying L, Pfiester CM, Y fantis HG, Cottrell JR,
Lee DH, Remaley AT, Hofseth LJ, Wink DA, et al.
Inflammation and IGF-I activate the Akt pathway in breast
cancer. Int J Cancer. 2007; 120:796-805.

Hussain SP, Trivers GE, Hofseth LJ, He P, Shaikh I,
Mechanic LE, Doja S, Jiang W, Subleski J, Shorts L,
Haines D, Laubach VE, Wiltrout RH, et al. Nitric oxide,
a mediator of inflammation, suppresses tumorigenesis.
Cancer Res. 2004; 64:6849—-6853.

Hussain SP, He P, Subleski J, Hofseth LJ, Trivers GE,
Mechanic L, Hofseth AB, Bernard M, Schwank J,
Nguyen G, Mathe E, Djurickovic D, Haines D, et al. Nitric
oxide is a key component in inflammation-accelerated
tumorigenesis. Cancer Res. 2008; 68:7130-7136.

Rahman MA, Senga T, Ito S, Hyodo T, Hasegawa H,
Hamaguchi M. S-nitrosylation at cysteine 498 of c-Src
tyrosine kinase regulates nitric oxide-mediated cell
invasion. J Biol Chem. 2010; 285:3806-3814.

WWW

.impactjournals.com/oncotarget

53003

Oncotarget



33.

34.

35.

36.

37.

38.

39.

40.

Baritaki S, Huerta-Yepez S, Sahakyan A, Karagiannides I,
Bakirtzi K, Jazirehi A, Bonavida B. Mechanisms of nitric
oxide-mediated inhibition of EMT in cancer: inhibition of
the metastasis-inducer Snail and induction of the metastasis-
suppressor RKIP. Cell Cycle. 2010; 9:4931-4940.

Clark CE, Hingorani SR, Mick R, Combs C, Tuveson DA,
Vonderheide RH. Dynamics of the immune reaction to
pancreatic cancer from inception to invasion. Cancer Res.
2007; 67:9518-9527.

Pena CG, Nakada Y, Saatcioglu HD, Aloisio GM, Cuevas I,
Zhang S, Miller DS, Lea JS, Wong KK, DeBerardinis RJ,
Amelio AL, Brekken RA, Castrillon DH. LKB1 loss
promotes endometrial cancer progression via CCL2-
dependent macrophage recruitment. J Clin Invest. 2015.
Kitamura T, Qian BZ, Soong D, Cassetta L, Noy R,
Sugano G, Kato Y, Li J, Pollard JW. CCL2-induced
chemokine cascade promotes breast cancer metastasis by
enhancing retention of metastasis-associated macrophages.
J Exp Med. 2015; 212:1043-1059.

Accili D, Arden KC. FoxOs at the crossroads of cellular
metabolism, differentiation, and transformation. Cell. 2004;
117:421-426.

Coffer PJ, Burgering BM. Forkhead-box transcription
factors and their role in the immune system. Nat Rev
Immunol. 2004; 4:889-899.

Stahl M, Dijkers PF, Kops GJ, Lens SM, Coffer PJ,
Burgering BM, Medema RH. The forkhead transcription
factor FoxO regulates transcription of p27Kip1 and Bim in
response to IL-2. J Immunol. 2002; 168:5024-5031.

Roy SK, Srivastava RK, Shankar S. Inhibition of PI3K/
AKT and MAPK/ERK pathways causes activation of

41.

42.

43.

44,

45.

FOXO transcription factor, leading to cell cycle arrest
and apoptosis in pancreatic cancer. Journal of molecular
signaling. 2010; 5:10.

Boreddy SR, Pramanik KC, Srivastava SK. Pancreatic
tumor suppression by benzyl isothiocyanate is associated
with inhibition of PI3K/AKT/FOXO pathway. Clin Cancer
Res. 2011; 17:1784-1795.

Song W, Wang L, Wang L, Li Q. Interplay of miR-21
and FoxOl modulates growth of pancreatic ductal
adenocarcinoma. Tumour Biol. 2015; 36:4741-4745.
Hingorani SR, Wang L, Multani AS, Combs C,
Deramaudt TB, Hruban RH, Rustgi AK, Chang S,
Tuveson DA. Trp53R172H, KrasG12D cooperate to
promote chromosomal instability and widely metastatic
pancreatic ductal adenocarcinoma in mice. Cancer Cell.
2005; 7:469-483.

Weiss JM, Back TC, Scarzello AJ, Subleski JJ, Hall VL,
Stauffer JK, Chen X, Micic D, Alderson K, Murphy W,
Wiltrout RH. Successful immunotherapy with IL-2/anti-
CD40 induces the chemokine-mediated mitigation of an
immunosuppressive tumor microenvironment. Proceedings
of the National Academy of Sciences of the United States
of America. 2009; 106:19455-19460.

Funamizu N, Hu C, Lacy C, Schetter A, Zhang G, He P,
Gaedcke J, Ghadimi MB, Ried T, Yfantis HG, Lee DH,
Subleski J, Chan T, et al. Macrophage migration inhibitory
factor induces epithelial to mesenchymal transition,
enhances tumor aggressiveness and predicts clinical
outcome in resected pancreatic ductal adenocarcinoma. Int
J Cancer. 2012.

www.impactjournals.com/oncotarget

53004

Oncotarget



