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Abstract
Mutant KRAS in lung cancers induce molecular pathways that regulate cellular proliferation,
survival and inflammation, which enhance tumorigenesis. Inducible nitric oxide synthese (NOS2)
up-regulation and sustained nitric oxide (NO•) generation are induced during the inflammatory
response and correlate positively with lung tumorigenesis. To explore the mechanistic contribution
of NOS2 to KRAS-induced lung tumorigenesis and inflammation, we used a genetic strategy of
crossing NOS2 knockout (NOS2KO) C57BL6 inbred mice with a KRASG12D-driven mouse lung
cancer model. KRASG12D;NOS2KO mice exhibited delayed lung tumorigenesis and a longer
overall survival time compared with that of KRASG12D;NOS2WT (wild-type) controls.
Correspondingly, tumors in KRASG12D;NOS2KO mice had reduced tumor cell proliferation in
adenomas and carcinomas. NOS2-deficiency also led to dramatically suppressed inflammatory
response by attenuation of macrophage recruitment into alveoli and within tumor foci. In contrast,
FOXP3+ regulatory T cells were increased in tumors from KRASG12D;NOS2KO mice. We further
analyzed the expression of microRNA-21 (miR-21), an oncogenic non-coding RNA involved in
oncogenic Ras signaling, by quantitative reverse transcription PCR and in situ hybridization. Lung
carcinomas dissected from KRASG12D;NOS2KO mice showed a significantly reduced miR-21
expression along with decreased tumor cell proliferation, suggesting that NOS2-deficiency could
attenuate RAS signaling pathways that transactivate miR-21 expression. Therefore, deletion of
NOS2 decreases lung tumor growth as well as inflammatory responses initiated by oncogenic
KRAS, suggesting that both KRAS and NOS2 cooperate in driving lung tumorigenesis and
inflammation. Inhibition of NOS2 may have a therapeutic value in lung cancers with oncogenic
KRAS mutations.
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INTRODUCTION
Lung cancer, the second most common type of cancer in the United States, is also the most
common leading cause of cancer-related deaths in both the United States and around the
world.1 Non-small-cell lung cancer (NSCLC) accounts for approximately 85% of lung
cancers, with adenocarcinomas being the predominant subtype.2 Activating mutations in the
KRAS proto-oncogene, found in 10–40% of human lung adenocarcinomas, are considered
to be an initiating event for this type of cancer, especially for those with smoking history.2, 3

Activated KRAS regulates multiple downstream pathways, resulting in proliferation,
survival, invasion and migration, which can contribute to tumorigenesis.3 Another
consequence of this oncogenic Ras signaling is the up-regulation of various pro-
inflammatory genes, generating a pro-tumorigenic tumor microenvironment. Oncogenic
Ras-induced secretion of IL-8 (CXCL8) and/or IL-6 can promote tumor growth in vivo, and
these cytokines are also associated with development of human lung cancer.4–6

Correspondingly, several lung cancer mouse models harboring KRAS mutations showed a
robust inflammation in lung characterized by an abundant infiltration of inflammatory cells,
along with tumor progression.7–9 In addition, human lung adenocarcinomas harboring
KRAS mutations displayed increased tumor-associated inflammation as well as up-regulated
IL-8 mRNA levels in tumor specimens.7, 10

MicroRNAs (miRNAs) are small, non-coding RNAs that regulate target gene
expression.11, 12 Several miRNAs are aberrantly expressed in most human cancers,
possessing tumor suppressive or oncogenic properties.13 Alternatively, oncogenes and tumor
suppressor genes exert their activity in part by regulating the expression of specific
miRNAs.11, 14 MiR-21 expression is enhanced by EGFR signaling as well as Ras signaling
in NSCLC, in agreement with its tumor promoting and anti-apoptotic functions.15–17

Furthermore, inflammatory stimuli can lead to the expression of specific miRNAs, such as
miR-21.12 In fact, overexpression of miR-21 was observed in several inflammatory
diseases.12 Moreover, pro-inflammatory cytokines, including IL-6 and IFNs can induce
miR-21 expression.12, 18 It is noteworthy that inflammatory stimuli can increase oncogenic
miR-21 expression which may contribute to inflammation-related carcinogenesis.12, 19

Nitric oxide (NO•), a small and highly diffusible free-radical involved in several
physiological functions, is essentially controlled by the three major isoforms of NO•
synthase (NOS), including constitutive isoforms NOS1 (neuronal NOS), NOS3 (endothelial
NOS) and an inducible isoform, NOS2 (inducible NOS). NOS2 is activated not only in
tumor cells but also in tumor-infiltrating cells, leading to the major amounts of generated
NO• at nano-micromoler range as a response to inflammatory stimuli, while NOS1 and
NOS3 generate small amounts of NO• at pico-nanomoler range.20 Thus, NOS2 is
responsible for a high and sustained level of NO• in the tumor microenvironment. The role
of NO• is complex and NO• can influence tumor biology as well as inflammation sometimes
either positively or negatively depending on the cell types and cellular conditions.20–24

Previously, we also reported that NOS2 deletion in p53 knockout mice can either suppress
or enhance lymphoma development depending on the inflammatory microenvironment.25, 26

However, NOS2 up-regulation as well as increased NO• within tumor microenvironment
occurs in many solid cancers, which is generally thought to contribute to promoting
tumorigenesis.20, 22, 27–29 In fact, NOS2 deletion as well as NOS2 inhibitors can inhibit
tumorigenesis in murine tumor models.30–34 In lung cancer, aberrant expression of NOS2
has been observed in tumor, and lung cancer patients exhale elevated NO• levels, along with
increased NOS2 content in cancer cells and alveolar macrophages.35, 36 Consistent with
those findings, genetic ablation of NOS2 in a urethane-induced lung cancer model inhibited
tumor multiplicity and decreased VEGF content.30 By contrast, in their model, NOS2-
deficiency did not modulate infiltration of alveolar macrophage when lung inflammation
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was induced by tumor promoting agent, BHT.30 In addition, several lines of in vivo cancer
models, including colon, breast and stomach, indicated that NOS2-deficiency inhibited
tumorigenesis, but did not significantly influence tumor-related inflammation.27, 31, 32

Therefore, the role of NOS2 in tumor-related inflammation remains largely unknown.
Likewise, the effect of NOS2 deletion in KRAS-driven carcinogenesis also remains to be
determined. It is worth noting that NO• is able to mediate oncogenic pathways,
inflammatory response and angiogenesis, while oncogenic KRAS is a central regulator of all
these pathways.3, 20, 22, 23, 27, 29 Therefore, NOS2-derived NO• may cooperate with Ras
signaling in regulating tumor growth and inflammation. We have, for the first time, tested
this hypothesis using a mouse model of lung adenocarcinoma in which an oncogenic allele
of KRAS is conditionally activated by Cre-recombinase 37. By combining conditional
KRAS activation in lung with global NOS2 deletion, we show that loss of NOS2 decreases
changes in lung inflammation and tumor growth, resulting in an increased survival in this
model. We also demonstrated that miR-21, the transcriptional target of KRAS signaling, was
reduced in tumors obtained from KRASG12D;NOS2KO mice, suggesting a mechanistic
linkage between KRAS, miR-21 and NOS2 in lung carcinogenesis.

MATERIALS AND METHODS
Mice

LSL-KRASG12D mice37 were crossed with NOS2WT or NOS2KO in the C57BL6
background25 to generate LSL-KRASG12D;NOS2WT and LSL-KRASG12D;NOS2KO mice.
To genotype mice, genomic DNAs were extracted from tail clippings and analyzed by PCR
using REDExtract-N-Amp Tissue PCR kit (Sigma). Mutant KRAS activation was achieved
via intranasal administration of 5x106 pfu of adenoviral Cre-recombinase at 5 weeks after
birth 37. Conditional KRASG12D activation and NOS2KO was further confirmed by genomic
PCR analysis of tumor DNA macrodissected from paraffin sections using the RecoverAll
Total Nucleic Acid Isolation Kit (Ambion) (Supplementary Figure 1A). Multiplex PCR
primers for confirmation of KRASG12D were 5’-GTCGACAAGCTCATGCGGGTG-3’, 5’-
CCTTTACAAGCGCACGCAGACTGTAGA-3’ and 5’-
AGCTAGCCACCATGGCTTGAGTAAGTCTGCA-3’, for NOS2 were 5’-
ACATGCAGAATGAGTACCGG-3’, 5’-TCAACATCTCCTGGTGGAAC-3’ and 5’-
AATATGCGAAGTGGACCTCG-3’. Absence of NOS2 protein in NOS2KO mice was
confirmed in our previous study.25 Also, NOS2 expression was further determined by
immunohistochemistry with anti-NOS2 antibody (NeoMarkers) in the lung of
KRASG12D;NOS2WT and KRASG12D;NOS2KO mice (Supplementary Figure 1B). Mice
were maintained in a climate controlled facility under pathogen free condition at NCI,
Frederick. Moribund mice showing weight loss or difficulties in moving or breathing were
euthanized upon detection and then routine gross anatomical and histological examinations
were performed as described previously.38 At the time of necropsy, the number and size of
grossly visible nodules on the surface of the lungs were counted. For subsequent histological
evaluation of lung, whole lungs were manually inflated with 10% formalin, and then
embedded in paraffin blocks. Longitudinal sections (5μm thick) of lung, including all major
lobes, were stained with H&E and evaluated by a board-certified veterinary pathologist.
Tumors were categorized as hyperplasia, adenoma and carcinoma based on previously
established criteria.39 Severity of inflammation, “pneumonia, acidophilic macrophage”
(PAM), was graded into one of five levels, according to the amount and degree of lung
involvement.40, 41

Immunohistochemistry and apoptosis assay
Serial tissue sections (5μm) were sliced from paraffin-embedded formalin-fixed lungs.
Tumor cell proliferation was evaluated by immunohistochemical staining with anti-Ki-67
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(Abcam). Apoptosis was evaluated using TUNEL system (Promega) as described
previously.38 Ki-67-stained proliferating cells and TUNEL-stained apoptotic cells were
counted in 3 high power fields (HPF) per each carcinoma or 1–3 HPF per each adenoma.
We obtained 0–3 carcinomas and 3 adenomas per mouse. The number of stained cells was
compared between KRASG12D;NOS2WT mice (n=16) and KRASG12D;NOS2KO mice
(n=18) in adenoma and carcinoma, respectively. Antibodies were used according to the
manufacturer's instructions and followed with a biotinylated secondary antibody,
streptavidin-HRP and DAB visualization as described previously.38 Phospho-Histone H3
(Ser10) (Cell Signaling)-stained mitotic tumor cell nuclei were also counted as described
above in lung sections from ten randomly selected KRASG12D;NOS2WT and
KRASG12D;NOS2KO mice.

To evaluate leukocyte infiltrates within tumor, serial lung sections from five randomly
selected KRASG12D;NOS2WT and KRASG12D;NOS2KO mice were subjected to
immunohistochemical staining with anti-F4/80 (Caltag), anti-CD3 (Serotec), anti-Gr-1 (BD),
anti-FoxP3 (eBioscience) or anti-CD31 (Santa Cruz), followed by computer-assisted
quantification as described earlier.42 Three to four independent and randomly selected tumor
fields from each mouse were analyzed and the immunoreactivity of each antibody was
compared between KRASG12D;NOS2WT and KRASG12D;NOS2KO mice.

RNA isolation and quantitative reverse transcription (qRT)-PCR analysis
Five-μm FFPE sections obtained from 16 KRASG12D;NOS2WT and 16
KRASG12D;NOS2KO mice that had at least one carcinoma in a longitudinal lung section,
were subjected to RNA isolation using the RecoverAll Total Nucleic Acid Isolation Kit
(Ambion). By using a sequential section stained with H&E as reference, two to five
unstained sections were marked for carcinoma area (1–3 carcinomas per mouse). Each
marked area was macrodissected with scalpels for RNA isolation and 40 nanograms of total
RNA was used for expression analysis of mature miR-21 and miR-155. qRT-PCR and
quantification of δCt values of microRNAs was done as previously described43 using
expression levels of small nuclear RNA, snoRNA202, as endogenous normalization control.
All assays were performed in triplicate. No sample was omitted since an average Ct value of
snoRNA202 was less than 25 in each of all samples.

In situ hybridization (ISH)
In situ hybridization of miR-21 expression was performed on 5-μm FFPE lung sections
obtained from five KRASG12D;NOS2WT and six KRASG12D;NOS2KO mice, following the
previously described methods with some modifications.43 In brief, deparaffinized slides
were incubated in protease K solution (20 μg/ml) for 30 min, and were hybridized at 52°C
overnight with 5'-biotin-labeled miR-21 miRCURY LNA detection probe or scramble
control probe (Exiqon) in hybridization buffer (Enzo Life Sciences). After hybridization,
slides were washed in SSC (invitrogen) and were then exposed to 3%H2O2 and blocked in
Protein Block (Dako). The staining was carried out using the GenPoint Tyramide Signal
Amplification System (Dako) and DAB as a substrate (brown). Slides were counterstained
with hematoxylin (blue) before mounting.

Statistical analysis
Statistical difference between groups was performed using unpaired t test or Mann-Whitney
U test (Prism; GraphPad Software, Inc.). P values of <0.05 were considered significant. All
data are expressed as mean ± SD.
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RESULTS
The absence of NOS2 prolongs survival and decreases KrasG12D-induced lung
tumorigenesis

In order to investigate the role of NOS2 in lung cancer driven by the oncogenic KRASG12D

allele, we crossed NOS2KO mice with Lox-Stop-Lox (LSL) -KRASG12D mice, in which the
expression of oncogenic KRAS is controlled by a removable transcription termination STOP
element (Supplementary Figure 1A). LSL-KRASG12D mice rapidly develop a multifocal
hyperplasia, followed by adenoma and adenocarcinoma after induction of the KRASG12D

allele in the lung epithelium by intranasal instillation of Adenoviral Cre.

As shown in Fig. 1A, KRASG12D;NOS2KO mice displayed significantly increased survival
compared with KRASG12D;NOS2WT mice (p=0.0002). All mice except for 2
KRASG12D;NOS2KO mice showed tumor-related death caused either by lung adenoma/
carcinoma- or lung pneumonia-related respiratory failure, while these 2 mice died of skin
ulcer (Supplementary Table 1). At the time of necropsy, grossly visible tumors on the
surface of the lungs were counted (Figure 1B-C, Supplementary Table 1). Remarkably, the
number of tumors of 2–5mm as well as >5mm in size was significantly reduced in
KRASG12D;NOS2KO mice (p=0.017, p=0.024, respectively). Subsequent histological
analysis revealed that all mice had multifocal lung proliferative lesions, including
hyperplasia, adenoma and/or carcinoma. These lung lesions obtained from both groups were
pathologically indistinguishable by standard H&E staining (Figure 1D). All
KRASG12D;NOS2WT mice (100 %) developed at least one carcinoma in lung; while
carcinoma penetrance was 89.5 % in KRASG12D;NOS2KO mice (Supplementary Table 1).
These results suggested that NOS2KO might attenuate tumor growth and increase tumor
latency, thus, leading to decreased tumor burden and prolonged survival time in
KRASG12D;NOS2KO mice.

To further investigate the effects of NOS2 in KRAS-induced tumor growth, we examined
whether NOS2-deficiency alters the proliferative and apoptotic status of KRAS-induced
tumor (Figure 2A and 2B). Tumor cell proliferation in adenomas as well as carcinomas was
determined by immunohistochemistry with anti-Ki-67 antibody. As the tumor progressed
from adenoma to carcinoma, the number of Ki-67 stained cells markedly increased in both
KRASG12D;NOS2WT and KRASG12D;NOS2KO mice (5.7-fold and 4.6-fold increase,
respectively). Notably, NOS2-deficiency significantly reduced tumor cell proliferation in
both adenomas and carcinomas, as compared to KRASG12D;NOS2WT mice. To confirm the
finding of Ki-67 staining, mitotic activity was also assessed by mitotic marker phospho-
Histone H3 (Ser10), showing decreased tendency of mitosis in carcinomas from
KRASG12D;NOS2KO mice (Supplementary Figure 2). Apoptosis was examined by TUNEL
assay. In general, stained cells were rarely observed in adenoma, and occasionally observed
in carcinoma. Although a few carcinomas obtained from KRASG12D;NOS2KO mice showed
a relatively large number of apoptotic cells, statistical significance was not reached when
compared with those of KRASG12D;NOS2WT mice.

Decreased lung inflammation in NOS2 deficient KRASG12D mice
To determine if NOS2-deficiency modulates lung inflammation along with carcinogenesis,
we first investigated the lung inflammation in KRASG12D;NOS2WT mice by standard
histology on H&E sections. Similar to the previous reports of lung cancer models using
CC10-Cre;LSL-KRASG12D mice7, KRASLA2 mice8 and CCSPCre;LSL-KRASG12D mice9,
this model also showed striking lung inflammation characterized by an abundant
accumulation of alveolar macrophages with variable degrees of granulocyte infiltration
(Figure 1D and Supplementary Figure 3). Occasionally, elongated crystalline structures
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were present in alveolar and bronchiolar spaces. This type of pathological feature has been
defined as “pneumonia, acidophilic macrophage (PAM)” and is by far the most common
type of lung inflammation in laboratory mice.40, 41 To semi-quantify the extent of
inflammatory changes in whole lung area, we evaluated the severity of inflammation by
using PAM grade, which assessed the amount and the degree of such lung involvement.
Mice were separated into five levels of severity grade as shown in Table 1 and
Supplementary Table 1. KRASG12D;NOS2KO mice showed significantly decreased levels
of PAM grade compared to KRASG12D;NOS2WT mice (p<0.01) (Figure 1D and Table 1).
In addition, the tumor count on the surface of the lungs was positively correlated with PAM
grade (Supplementary Figure 4), indicating a cooperative interaction between KRAS-
induced tumorigenesis and inflammation. Notably, increased tumor number coinciding with
higher PAM grade was more prominently observed in 2–5mm tumors as compared to >5mm
tumors (p=0.005 and p=0.024, respectively). Thus, this finding implies that KRAS is
responsible for the PAM and that PAM was not caused by large tumor mass-related major
airway obstruction followed by infection. Collectively, these results demonstrate that
KRAS-induced accumulation of alveolar macrophage is reduced by NOS2-deficiency.

PAM occurred predominantly in the area adjacent to and within proliferative lesions
(Supplementary Figure 3), which indicates that KRASG12D activation could mediate
leukocyte recruitment into the tumor microenvironment. To better characterize the profile of
tumor-infiltrating leukocytes betweenm KRASG12D;NOS2WT and KRASG12D;NOS2KO
mice, we performed immunohistochemical analyses on tumors, including F4/80, FOXP3,
Gr-1 and CD3 (Figure 3). Since leukocyte infiltration is known to be associated with
angiogenesis44, we also performed CD31/PECAM staining to evaluate the tumor
vasculature. By computer-assisted quantification of immunoreactive areas, staining of
F4/80, a murine macrophage marker, was significantly decreased in tumors of
KRASG12D;NOS2KO mice (p=0.04). Although a similar trend of decreased staining of Gr1+

granulocytes was observed in KRASG12D;NOS2KO mice, this did not reach statistical
significance. In contrast, FOXP3+ regulatory T cells (Tregs) were moderately increased in
tumors of KRASG12D;NOS2KO mice (p=0.05). However, no significant difference was
observed between groups in the tumor vasculature assessed by CD31/PECAM staining and
the infiltration of CD3+ pan-T cells. Taken together, NOS2-deficiency could suppress both
the alveolar macrophage accumulation and the macrophage infiltration into the tumor
microenvironment that are induced by oncogenic KRAS in the mouse lung.

MicroRNA-21 expression is reduced in lung tumors of KrasG12DNOS2KO mice
The results demonstrated above indicate that NOS2-deficiency suppresses KRAS-induced
tumorigenesis and inflammation. Furthermore, given the recent reports that Ras signaling
increases miR-21 expression in vitro and in vivo15–17, we tested the hypothesis that miR-21
expression might be altered in the NOS2KO mice. In addition, miR-21 and miR-155 are
considered to be mediators of inflammation-associated carcinogenesis.12 To assess the direct
effect of NOS2 deletion in lung, we first examined the expression of miR-21 and miR-155
by qRT-PCR in the whole lung without adenoviral Cre-induced activation of KRASG12D.
No difference in miR-21 or miR-155 expression between unactivated-KRASG12D;NOS2WT
and unactivated-KRASG12D;NOS2KO mice was found, indicating that NOS2-deficiency
alone could not alter the expression of miR-21 or miR-155 in lung (Supplementary Figure
5). We then measured the expression of miR-21 and miR-155 in dissected lung carcinomas
obtained from both KRASG12D;NOS2WT and KRASG12D;NOS2KO mice. Figure 4A shows
that the expression of miR-21 was significantly lower in carcinomas from
KRASG12D;NOS2KO mice than in those from KRASG12D;NOS2WT mice. However, no
difference was observed in the expression of miR-155. Next, we performed in situ
hybridization (ISH) on lung sections to determine the distribution of miR-21 in lung tumor
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as well as non-tumor tissue and to confirm the expression of miR-21 as assessed by the
qRT-PCR analysis. ISH signals were carefully observed by microscopy in non-tumor,
adenoma and carcinoma areas, respectively. Overall, specific miR-21 signals were hardly
detectable in non-tumor as well as adenoma areas. In lung carcinoma, a significant amount
of miR-21 staining was heterogeneously detected and was exclusively localized in the
cytoplasm of cancer cells (Figure 4B and Supplementary Figure 6). These observations of in
situ miR-21 staining were consistent with the qRT-PCR results, indicating that NOS2-
deficiency decreases miR-21 expression in KRAS-induced lung cancer.

DISCUSSION
A substantial proportion of NSCLC, especially in smokers, develops through activating
mutations in the KRAS oncogene. Accordingly, KRAS mutations represent a biologically
and clinically relevant molecular subset in patients with NSCLC. However, despite years of
effort, KRAS-targeting therapies have been unsuccessful. Furthermore, KRAS mutations are
known to correlate with poor outcome as well as therapeutic resistance.2, 3 Therefore, a
better understanding of the biology associated with KRAS-induced lung cancer is needed.
Here, we present evidence that NOS2, which is responsible for a high and sustained level of
NO• , contributes not only to KRAS-dependent lung tumorigenesis but also to KRAS-
induced lung inflammation in a mouse model of lung cancer. Our findings are consistent
with the hypothesis that there exists a link between several key events of carcinogenesis,
including oncogenic KRAS, NOS2, miR-21 and cancer-related inflammation.

Our results show that genetic deletion of NOS2 delays tumor growth and the tumors arising
in KRASG12D;NOS2KO mice were significantly reduced in size and number coincident with
decreased lung inflammation as compared to those in KRASG12D;NOS2WT mice. Since the
major cause of death in this model is lung tumor- or pneumonia-induced respiratory failure,
it is clear that NOS2-deficiency contributed to favorable survival outcome in
KRASG12D;NOS2KO mice. Furthermore, KRASG12D;NOS2KO mice showed a decrease in
tumor cell proliferation in adenoma and carcinoma as compared with KRASG12D;NOS2WT
mice. Presumably, this is partly due to the fact that NO• posttranslationally regulates a wide
range of biological functions, including the activation of oncogenic pathways.27 Indeed,
both ERK and Akt, which are involved in the downstream pathways regulated by Ras
activation, are also well-studied downstream targets of NO• .21, 22, 27, 28 These reports
consistently demonstrated that NO•-mediated ERK and Akt phosphorylation events provide
a tumor promoting phenotype. Moreover, a recent study has shown that physiologic
concentrations of NO• activate PI3K/Akt and Raf/MEK/ERK signaling pathways mediated
by activation of Ras in breast cancer cells.29 Accordingly, our findings may be explained by
the fact that NO• can induce tumor cell proliferation through activation of Ras downstream
signaling cascades. Since there is evidence that nonselective NOS inhibitors or selective
NOS2 inhibitors decrease tumor growth in animal tumor models and human cancer
xenograft33, 34, our findings may shed light on the potential of NOS2 as a therapeutic target
in lung cancer.

It has also been shown that NO• induces VEGF overexpression and increases
angiogenesis.22 However, we found no significant effect of NOS2-deficiency on
angiogenesis evaluated by CD31 positive tumor microvasculature. In view of that, the role
of NOS2 in angiogenesis in KRAS-induced lung tumorigenesis remains unclear in this
animal model.

KRAS induces immune responses by up-regulating the production of chemokines and
cytokines, which are key transcriptional targets of Ras and are required for Ras-driven
tumorigenesis.4, 6, 45 Consistent with previously reported lung cancer mouse models of

Okayama et al. Page 7

Int J Cancer. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



KRAS7–9, we observed an abundant accumulation of neutrophils and macrophages
accompanied by KRAS-induced lung proliferative lesions in KRASG12D;NOS2WT mice.
Notably, in this model, NOS2-deficiency strongly suppressed lung inflammation as
characterized by accumulation of intra-alveolar macrophages. Furthermore, we also
observed a significant decrease in tumor-infiltrating macrophages stained with F4/80
antibody in KRASG12D;NOS2KO mice. The infiltration of macrophages, which represents
one of the hallmarks of tumor-associated inflammation, is predominantly mediated by
chemokines and interacts with tumor cells to enhance proliferation, invasion and
angiogenesis through a variety of mediators.44 Given that tumor-associated macrophages
mostly serve pro-tumorigenic functions and are known to be required for KRAS-induced
tumorigenesis, NOS2 may contribute to KRAS-induced inflammation and tumorigenesis at
least in part by increasing macrophage recruitment into the tumor microenvironment. This is
consistent with the compelling evidence that oncogenic Ras can transactivate certain
chemokines that mediate leukocyte recruitment, while NO• is also able to enhance the
production of such chemokines.4, 23, 45 Indeed, the high expression of these chemokines has
been observed in KRAS-induced lung cancer models.7–9 Taken together, Ras activation and
NOS2-derived NO• may cooperate in up-regulation of inflammatory mediators, resulting in
enhancement of macrophage recruitment which is required for promoting KRAS-induced
lung cancer. However, further mechanistic studies are required to understand the molecular
mechanism by which NOS2 and NO• affect immune response associated with oncogenic
KRAS signaling pathways.

Specialized subsets of T cells, known as regulatory T cells (Tregs), are essential for the
maintenance of self-tolerance by suppressing a wide variety of immune responses, thus
playing a critical role in autoimmune disorders as well as in tumor immunity.46 Among
several markers that recognize several kinds of Treg subsets, a transcription factor, forkhead
box p3 (FOXP3) is the most specific with regard to Treg activity. Recently, FOXP3 has
been shown to be negatively regulated by the direct effect of NO• signaling in antigen-
primed T cells.47 It is demonstrated that reduction of NO• as well as NOS2 inhibition led to
increased FOXP3 expression, while increased NO• reduced the expression of FOXP3, which
is consistent with our finding that FOXP3 positive Tregs were increased in NOS2KO mice.
However, the mechanistic role of Tregs in our model remains unknown.

miR-21 is known to have oncogenic activities, including high proliferation, low apoptosis,
and high invasion and metastasis potential, and has proven to be a useful prognostic
indicator in many cancer types, including NSCLC.12, 13, 48, 49 Furthermore, increasing
evidence has implicated miR-21 as a key player in Ras-dependent tumorigenesis. Talotta et
al. showed that miR-21 is induced by the transcription factor AP-1 in response to Ras in in
vitro.50 It has further revealed that miR-21 induction by Ras requires the activation of at
least two different Ras downstream pathways, MAPK and PI3K pathways.16 Significantly,
Hatley et al. demonstrated an in vivo autoregulatory loop between oncogenic Ras and
miR-21 by using gain-of-function transgenic mice and loss-of-function knockout mice of
miR-21 allele in combination with the KRASLA2 lung cancer mouse model.17 The authors
showed that Ras activation increases the expression of miR-21, and in turn, miR-21
enhances tumor proliferation and survival by targeting both antagonists of Ras signaling
pathways and proapoptotic genes. In the present study, NOS2-deficiency alone did not alter
miR-21 expression in lung without KRAS activation, but resulted in marked reduction in
both proliferative tumor cells and miR-21 expression in activated KRAS-induced tumor.
This implies that NOS2 may alter miR-21 expression dependent on the activation of KRAS.
Given that miR-21 as a downstream target of Ras, it is possible that NOS2-derived NO•
regulates miR-21 expression as well as increases tumor growth at least in part by the
activation of Ras signaling pathways. Further studies are required to elucidate the molecular
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mechanisms of NO•-mediated microRNAs regulation in relation to oncogenic pathways as
well as inflammatory responses.

In conclusion, this is the first examination of KRAS-induced lung carcinogenesis
specifically related to NOS2 in vivo by using a genetic strategy. Here we demonstrate that
NOS2 significantly contributes to KRAS-induced lung cancer. In this lung cancer model,
KRASG12D;NOS2KO mice showed delayed tumor growth, which is accompanied by
reduced tumor cell proliferation and decreased expression of oncogenic microRNA, miR-21.
Moreover, NOS2-deletion led to reduced inflammation as characterized by infiltration of
macrophage into both alveoli and within tumors. Given that both oncogenic KRAS and
NOS2 may cooperate in driving the lung tumorigenesis and inflammatory response and that
NOS2 is aberrantly expressed in lung cancer, NOS2 could be a potential target for KRAS-
induced lung cancer therapy.
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Brief Description

This is the first study demonstrating the contribution of NOS2 to KRAS-induced lung
cancer in vivo by using a genetic strategy. NOS2-deficiency inhibited KRAS-induced
tumorigenesis and decreased oncogenic miR-21 expression. Furthermore, KRAS-induced
lung inflammation was also suppressed by NOS2-deficiency. Because NOS2 is
frequently over-expressed in human lung cancer and NOS2-derived NO• plays a
significant role in this animal model of lung cancer, NOS2 could be a potential target for
KRAS-induced lung cancer.
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Figure 1.
Increased survival, delayed lung tumorigenesis and decreased inflammation in
KRASG12D;NOS2KO mice. A, KRASG12D;NOS2KO mice showed significantly increased
overall survival time compared with KRASG12D ;NOS2WT mice. P-value was evaluated by
log-rank test. The median overall survival time was 313 days in KRASG12D;NOS2WT mice,
while 388 days in KRASG12D;NOS2KO mice. B, The number of gross tumors on the
surface of lung at the time of necropsy. The number of tumor was reduced in
KRASG12D;NOS2KO mice (mean ± SD). P-values were evaluated by unpaired t-test. C,
Gross finding of lungs isolated from KRASG12D;NOS2WT and KRASG12D;NOS2KO mice.
D, Representative cross-sectional H&E histology of lungs from KRASG12D;NOS2WT and
KRASG12D;NOS2KO mice. Non-tumor (N) and carcinoma (T) areas are indicated. In
KRASG12D;NOS2WT lungs, there are tumor masses (arrows) and multiple scattered nodules
adjacent to and/or within large eosinophilic consolidated areas (arrowheads), showing
marked lung inflammation characterized by an abundant accumulation of alveolar
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macrophages. Lung inflammatory change was decreased in KRASG12D;NOS2KO mice (See
also Table 1). Bar=200μm.
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Figure 2.
Lung adenomas and carcinomas from KRASG12D;NOS2WT (n=16) and
KRASG12D;NOS2KO (n=18) mice were stained with anti-Ki-67 antibody, and subjected to
TUNEL assay for the evaluation of proliferation and apoptosis, respectively. Data represent
the average number of stained cells in 3 randomly selected high-power fields (HPF) per each
tumor. P-values were evaluated by unpaired t-test. Bar=100μm. A, Tumor cell proliferation
was significantly decreased in KRASG12D;NOS2KO mice, in both adenoma and carcinoma.
B, No significant difference was observed in apoptosis.
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Figure 3.
Immunohistochemistry of F4/80+ macrophage, FOXP3+ regulatory T cell (Treg), Gr1+

granulocyte and CD3+ pan T cell infiltration in lung tumors of KRASG12D;NOS2WT (n=5)
and KRASG12D;NOS2KO (n=5) mice. Tumor vasculature was also assessed by CD31/
PECAM staining. The ratio of immunostained area / total cell area was calculated by
computer-assisted quantification in 3–4 independent and randomly selected tumor fields
(mean ± SD). KRASG12D;NOS2KO tumors showed decreased infiltration of F4/80+

macrophages (arrowheads) and increased infiltration of FOXP3+ Tregs (arrowheads)
compared with KRASG12D;NOS2WT tumors. P-values were evaluated by unpaired t-test.
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Figure 4.
Reduced miR-21 expression in lung carcinomas from KRASG12D;NOS2KO mice. A,
MicroRNA expression in lung adenocarcinomas from KRASG12D;NOS2WT and
KRASG12D;NOS2KO mice by quantitative RT-PCR analysis (mean ± SD). Carcinoma areas
from KRASG12D;NOS2WT and KRASG12D;NOS2KO mice were macroscopically dissected
from parafin-embedded lung sections for RNA isolation. P-values were evaluated by
unpaired t-test. B, In situ hybridization of miR-21. Representative images of in situ miR-21
staining in carcinomas from KRASG12D;NOS2WT and KRASG12D;NOS2KO mice. miR-21
positive staining was present only in the cytoplasm of cancer cells. Relatively lower levels
of miR-21 signals were found in KRASG12D;NOS2KO carcinoma. Bar=50μm.
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