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Abstract 

Lung cancer is the leading cause of cancer related deaths worldwide. The present study investigated the effects of naproxen (NSAID) 
on lung adenocarcinoma in spontaneous lung cancer mouse model. Six-week-old transgenic Kras G12V mice ( n = 20; male + female) 
were fed modified AIN-76A diets containing naproxen (0/400 ppm) for 30 wk and euthanized at 36 wk of age. Lungs were evaluated 

for tumor incidence, multiplicity, and histopathological stage (adenoma and adenocarcinoma). Lung tumors were noticeable as early 
as 12 wk of age exclusively in the Kras G12V mice. By 36 wk age, 100% of Kras G12V mice on control diet developed lung tumors, mostly 
adenocarcinomas. Kras G12V mice fed control diet developed 19.8 ± 0.96 (Mean ± SEM ) lung tumors (2.5 ± 0.3 adenoma, 17.3 ±
0.7 adenocarcinoma). Administration of naproxen (400 ppm) inhibited lung tumor multiplicity by ∼52% (9.4 ± 0.85; P < 0001) 
and adenocarcinoma by ∼64% (6.1 ± 0.6; P < 0001), compared with control-diet-fed mice. However, no significant difference was 
observed in the number of adenomas in either diet, suggesting that naproxen was more effective in inhibiting tumor progression to 

adenocarcinoma. Biomarker analysis showed significantly reduced inflammation (COX-2, IL-10), reduced tumor cell proliferation 

(PCNA, cyclin D1), and increased apoptosis (p21, caspase-3) in the lung tumors exposed to naproxen. Decreased serum levels of PGE 2 
and CXCR4 were observed in naproxen diet fed Kras G12V mice. Gene expression analysis of tumors revealed a significant increase in 

cytokine modulated genes ( H2-Aa, H2-Ab1, Clu ), which known to further modulate the cytokine signaling pathways. Overall, the 
results suggest a chemopreventive role of naproxen in inhibiting spontaneous lung adenocarcinoma formation in Kras G12V mice. 
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Introduction 

Lung cancer tops the chart in terms of cancer incidence and mortality
worldwide in both sexes, with approximately 235,760 new cases and 131,880
deaths in the US during 2021 [1] . Smoking increases the risk for lung cancer
by 25 times compared with non-smoking, resulting in ninety percent of lung
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ancer cases. The 5-y survival rate of lung cancer is only 19.7% due to the high
requency of late diagnosis, resulting in non-resectable tumors, compared 
ith the 67.1% average of all site cancers [2] . Smoking cessation has been

hown to have a positive effect, decreasing the risk of death by half in patients
ith early lung cancer. However, the risk of developing this malignancy is 

till high for millions of active and former smokers. As a result of continued
fforts towards smoking cessation and novel interventions, there has been an 
mprovement in lung cancer prevention and survival over the years. Although 
ecent data indicate a decline in death rates for lung cancer between 2008-
017 in both men and in women, as of 2021 lung cancer continues to be the

eading cause of cancer-related deaths [ 1 , 3 ]. 
KRAS mutations are common in lung cancer and represent about 30% of 

on-small cell lung cancer (NSCLC) patients. Many studies have shown that 
utant KRAS G12V NSCLC patients had poor survival rates [4] . KRAS G12V 

SCLC patients in particular exhibited lower overall survival and time to 
ecurrence compared than did the entire cohort (Overall survival: KRAS G12V , 
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26 mo vs Cohort, 60 mo; Disease free Survival: KRAS G12V , 15 mo vs Cohort,
24 mo) [5] . Higher metastatic and poor survival rates with KRAS G12V were
also observed in colorectal and other cancers [6] . The exact mechanisms by
which KRAS G12V mutation drives aggressive lung tumor growth are not fully
understood. Some studies suggested that KRAS G12V upregulates expression of
CXCR4 and other proinflammatory genes, leading to immune suppression
[ 7 , 8 ]. It has been established that prostaglandin E 2 induces the overexpression
of CXCR4 in the tumor microenvironment and promotes tumor growth and
metastasis [9] . 

At present, there are no FDA-approved CXCR4 inhibitors for lung
cancer patients with KRAS G12V mutation. A few studies have shown that
nonsteroidal anti-inflammatory drugs (NSAIDs) may block the expression of
CXCR4 and suppress tumor growth [10] . So far, no preclinical studies with
Kras G12V mutant lung tumor model interventions have been established using
NSAIDs. It is therefore necessary to develop intervention strategies aiming at
Kras G12V -driven lung tumorigenesis by NSAIDs. 

Over the last few decades, numerous studies have shown that NSAIDs,
alone or in combination with other agents inhibit lung cancer in experimental
models, epidemiological observations, and randomized clinical trials [ 11 , 12 ].
The inverse association of NSAIDs use with lung cancer risk is well-studied
[13] ; however, NSAIDs have not been evaluated in Kras G12V mutant lung
cancers. Among all NSAIDs, the commonly used medication naproxen, has
been shown to be highly effective in preventing tumor development [14] .
Importantly, naproxen has demonstrated overall better cardiovascular safety
than other NSAIDs [15] . Therefore, in the present study, we examined the
effectiveness of naproxen on lung adenoma progression to adenocarcinoma
in the Kras G12V mouse model and assessed key biomarkers of tumor growth.

Materials and methods 

Chemicals, antibodies, and reagents 

Naproxen ( > 99% purity; TCI America, Oregon, USA), EDTA, EGTA,
Sodium orthovanadate, Igepal CA-630, Triton X-100,) Complete Protease
inhibitor tablet and PhosSTOP phosphate inhibit tablet (Sigma) were
purchased. Primary antibodies against PCNA (ab-29), cyclin D1 (ab-
134175), caspase-9 (ab-52298), and IL-10 (ab-133575) were purchased
from Abcam (MA, USA). Antibodies against caspase-3 (cs-9662), p21
(cs-2947), PARP (cs-9542), actin (cs-4970), cre (cs-15036s), RalA (cs-
4799s), PI3K (cs-4292s), and horseradish-peroxidase-conjugated secondary
antibodies (anti-rabbit, -goat, and –mouse) were purchased from Cell
Signaling Technology (Beverly, MA, USA). Primary antibody against p21
(sc-397), caspase-3 (sc-397; for immunohistochemistry [IHC]), and COX-
2 (sc-7951) was purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Prostaglandin E 2 ELISA kit (Cat. No. 514010) and mouse
CXC-Chemokine receptor 4 (CXCR4) ELISA kit (Cat. No. MBS701736)
were purchased from Cayman Chemical Company (Ann Arbor, MI) and
MyBiosource.com (San Diego, USA). The Histostain-Plus 3 rd Gen IHC
Detection Kit (Life Technologies, NY, USA) and DeadEnd Colorimetric
TUNEL system (Promega, Wisconsin, USA) were purchased. 

Animals, diet, and care 

All animal experiments were performed in the pathogen-free OU Rodent
Barrier Facility as per the National Institutes of Health and University
of Oklahoma HSC’s Institutional Animal Care and Use Committee
guidelines. Six-week-old male and female LSL-Kras G12V mouse strain
(B6.129-Kras tm1Bbd / J; Jax Stock No 026924) carrying the Kras G12V point
mutation were provided by Dr. Logsdon from the MD Anderson Cancer
Center. Diets (control and experimental) were prepared based on the
modified AIN-76A diet, as described earlier [16] and stored in a cold room.
Naproxen was premixed with a small amount of casein and then mixed
ith the appropriate amount of control diet using a Hobart Mixer. Mice
ad unrestricted access to the diets and automated tap water purified by
everse osmosis. Food cups were refilled with diet weekly twice throughout the
xperiment. Mice were regularly checked for indications of weight reduction,
oxicity, or any variation from the norm. 

ransgenic Kras G12V mice and lung tumor development 

KRas G12V mice were euthanized at various ages and lungs were evaluated
or tumor incidence. These mice developed spontaneous lung tumors that
ere visually distinguishable by 12 wk of age. The number of tumors in each
ouse increased as they aged and progressed to adenocarcinoma by 24 wk. By

6 wk of age, lung tumor incidence was observed in 100% of Kras G12V mice,
hile wild-type mouse lungs were free from any abnormalities or tumors
 Fig. 1 A). 

xperimental bioassay 

The experiment was intended to assess the long-term effects of naproxen
n spontaneous lung adenoma and adenocarcinoma development in Kras G12V 

ice. Male and female Kras G12V -positive mice were identified by genotyping
nd randomly assigned to control and experimental groups ( n = 20). Mice
ere fed with powdered AIN-76A experimental diets containing naproxen (0
pm or 400 ppm) starting at 6 wk of age, and were weighed weekly until study
ermination. The rationale to use 400 ppm naproxen was based on previous
ublished studies [17] . Mice were euthanized by CO 2 asphyxiation after 30
k of exposure to the test agent ( Fig. 1 B). Lungs were lavaged, perfused,

nd assessed for the tumor occurrence, number, and tumor size by 2 readers
linded to treatments. Lungs with tumors were dissected and either snap-
rozen in liquid nitrogen followed by storage at -80 °C for biomarker analysis
r fixed in buffered formalin for histopathological identification of adenoma
nd adenocarcinoma. 

umor histology 

Lung tissues fixed in 10% buffered formalin were embedded in paraffin,
ectioned, and stained with hematoxylin and eosin. Multiple sections of
ach lung tissue were evaluated by a board-certified pathologist blinded to
reatment info. Tumors were categorized to adenomas and adenocarcinomas 
ccording to the criteria of the Mouse Models of Human Cancers Consortium
18] . 

rotein immunoblotting 

For analysis of different markers, frozen lung tumors were used to
repare tissue lysates based on established protocol [19] . Equal concentration
50 −100μg) of lysates were separated on SDS-PAGE (8% −12%), transferred
o a polyvinylidene difluoride membrane, and probed with specific antibodies
PCNA [1:1000], cyclin D1 [1:2000], p21 [1:1000], caspase-9 [1:1000], 
aspase-3 [1:1000], PARP [1:1000], and Actin [1:1000]) overnight at 4 °C.
he next day, membranes were washed and incubated with horseradish
eroxidase-conjugated secondary antibody (1:5000). Membranes were 
eveloped using chemiluminescence reagent and visualized with Biorad 
hemiDoc Imaging system. Densities of various analyte proteins were 

alculated relative to β-actin (loading control) using ImageJ 1.52 (National 
nstitutes of Health) software. 

mmunohistochemical staining 

Formalin-fixed paraffin-embedded (FFPE) normal lung tissues and 
denocarcinomas were evaluated for expression of various proteins by IHC.
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Fig. 1. Effect of naproxen on spontaneous lung tumor development in a Kras G12V mouse model. 
(A) Gross morphology of the lungs from wild-type mice and lungs with tumors in Kras G12V mice. Representative photomicrograph of hematoxylin and eosin- 
stained lung sections from mice belonging to control and naproxen treatment groups (magnification 10X; inset shows 60X magnification). Note the reduction 
in tumor size upon treatment. (B) Experimental design for evaluating the chemopreventive effect of dietary naproxen 400 ppm in a Kras G12V lung cancer mouse 
model. Three to 4 wk-old Kras G12V mice were weaned, genotyped, and randomized. At 6 wk of age, mice were shifted onto experimental diets containing 
naproxen (0 ppm or 400 ppm) for 30 wk until the end of the study. At 36 wk of age, mice were euthanized and lungs were harvested for evaluation of tumors. 
(C) Effect of naproxen (400 ppm) on number of (i) Lung tumors, (ii) Lung adenomas, and (iii) Lung adenocarcinomas (bottom). Data represent Mean ±
SEM . Differences between groups were analyzed by unpaired student’s t test with Welch’s Correction. 
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Briefly, 5- μm-thick tissue sections were prepared. Antigen retrieval was
carried out in boiling citrate buffer (10 mM, pH 6.0). Endogenous peroxidase
activity quenching and nonspecific binding sites blocking were performed
using a Histostain-Plus 3rd Gen IHC Detection Kit. Sections were then
incubated with specific antibodies (PCNA [1:1000], cyclin D1 [1:50],
p21 [1:50], IL-10 [1:50], COX-2 [1:100], caspase-9 [1:100], caspase-3
[1:250] and Cre [1:1000]) or PBS as negative controls overnight at 4 °C
in a humidified chamber. Later, slides were washed in PBS, incubated
with biotinylated secondary antibody for 1 h, and then incubated with
streptavidin-peroxidase conjugate for 30 min. After washing with PBS,
slides were developed using diaminobenzidine substrate and counterstained
with Mayor’s hematoxylin. These slides were viewed under an Olympus
microscope IX71 to capture digital images that were used to determine
relative expression using IHC profiler following a semi-automated analysis
protocol [ 20 ]. 

Terminal Deoxynucleotidyl Transferase Biotin-dUTP Nick End 
Labelling (TUNEL) assay 

Apoptosis was assayed in FFPE sections using an in situ TUNEL assay
kit (Promega, Madison, WI, USA) according to the manufacturer’s protocol.
Nuclei stained brown in color indicated the apoptized cells. Digital images
of tumor sections (at multiple random fields per slide) from a minimum of 3
mice per group were used to calculate the apoptotic index using IHC profiler
as described earlier [20] . 

Prostaglandin E 2 measurement 

Prostaglandin E 2 (PGE 2 ) levels were determined in mouse serum of wild-
type, control, and naproxen treated Kras G12V mice with a PGE 2 ELISA
Kit from Cayman Chemical Company (Ann Arbor, MI) according to
the manufacturer’s protocol. The calculation was performed as per the
manufacturer’s protocol to determine the PGE 2 levels in different treatment
groups. 

CXC-Chemokine receptor 4 (CXCR4) measurement 

CXCR4 levels were determined in mouse serum of wild-type, control,
and naproxen treated Kras G12V mice with a CXCR4 ELISA Kit from
MyBiosource.com (San Diego, USA) according to the manufacturer’s
protocol. The calculation was performed as per the manufacture’s protocol
to determine the CXCR4 levels in different treatment groups. 

Gene expression analysis 

Mouse lung FFPE tissue samples with and without tumors were sent
to HTG Molecular Diagnostics, Inc. for molecular analysis using the
standard protocol described earlier [ 21 , 22 ]. RNA expression analysis was
performed using the HTG EdgeSeq Mouse mRNA Tumor Response Panel
of 1659 mRNA targets related to core signaling pathways and drug response
and immune response mechanisms in oncology and other disease states.
Sequencing was performed using an Illumina NextSeq sequencer and the
assay was validated using negative and positive process controls. Gene
expression data from the NGS instrument were processed and reported
through the HTG host system software. Expression data plot were generated
using HTG EdgeSeq Reveal application (3.0). 

To determine the status of altered genes in lung tumor of Kras G12V mice
in human, the significantly altered genes of Kras G12V mice were checked in
human lung adenocarcinoma by TCGA analysis using UALCAN [23] . To
understand the cellular pathways that were involved in the development of
lung tumors in Kras G12V mice vs. human lung cancer, expression data were
ompared and included in a pathway analysis of the Kyoto Encyclopedia of
enes and Genomes (KEGG) and Reactome pathway using DAVID [ 24 , 25 ].

tatistical analysis 

All data are presented as Mean ± SEM . Male and female data were
ooled for tumors. Tumor multiplicity (average number of tumors per
ice) and differences between body and organ weights were analyzed using

npaired student’s t test with Welch’s Correction. Differences were considered
ignificant when the “P ” value was less than 0.05. Statistical analysis was
erformed using GraphPad Prism Software 8.0 (GraphPad Software, Inc., 
an Diego, CA). 

esults 

eneral observations 

No significant changes were observed in body weight gain of mice fed with
ontrol or experimental diets (naproxen 400 ppm) throughout the study (data
ot shown). At termination, there were no observable abnormalities in the
ross findings, such as size, shape, color, and texture of major organs. Except
or lungs, there were no significant differences in major organ weights (liver,
idneys, spleen, pancreas, heart, and colon) between control and naproxen-
ed mice was observed (Supplementary Fig. 1). 

aproxen significantly inhibits Kras G12V -driven lung adenocarcinoma 
ormation 

To study the effect of naproxen on Kras G12V mutant tumors, lungs of
he control and naproxen-treated transgenic mice were evaluated for tumors
nd the data were compared. Control-diet-fed Kras G12V mice developed 
9.8 ± 0.96 (Mean ± SEM ) lung tumors per mouse at termination.
dministration of naproxen significantly suppressed total lung tumor 

ormation by ∼52% (9.4 ± 0.85; P < 0001) compared with the control
iet ( Fig. 1 Ci). Histopathologic analysis showed that control-mice had
n average 2.5 ± 0.3 adenomas and 17.3 ± 0.7 lung adenocarcinomas,
eflecting 12.6% of adenomas and 87.4% of adenocarcinomas ( Figs. 1 Cii
nd 1Ciii). Administration of 400 ppm of naproxen significantly suppressed
denocarcinoma by ∼64% (6.1 ± 0.6; P < 0001) ( Fig. 1 Ciii). However, no
ignificant difference was found in the number of adenomas ( Fig. 1 Cii). The
ecrease in tumor multiplicity was also reflected in lung weight in naproxen-
ed mice. Lungs of the naproxen-fed mice weighed significantly less (230.6

12.2 mg, P < 0.02) than lungs of the control group (384.0 ± 68.1 mg)
Supplementary Fig. 1). 

ene expression analysis to identify pathways dysregulated in lung 
umors of Kras G12V mice 

Comparison of tumor related genes expression in normal lung (wild
ype mice) and lung tumors (Kras G12V mice) was carried out to identify
ignificantly altered genes and cellular pathways in the lung tumors. A total of
26 genes were upregulated and 90 genes were downregulated in lung tumors
f Kras G12V mice (Supplementary Table 1 and 2). Analysis of significantly
ltered genes (as input gene identifiers) with KEGG and Reactome pathway
sing DAVID identified the cytokine-cytokine receptor interaction, PI3K- 
kt signaling pathway, pathways in cancer, MAPK signaling pathway, and Ras

ignaling pathway as the top 5 altered pathways in lung tumors of Kras G12V 

ice (Supplementary Figure 2A). Further, TCGA analysis of Kras G12V mouse
ung tumor genes (226 genes-upregulated; 90 genes-downregulated) using 
he lung adenocarcinoma dataset by UALCAN software showed that 90
ommon genes were upregulated and 51 common genes were downregulated
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Fig. 2. Effect of naproxen on cell-inflammation markers in Kras G12V mouse lung tumors. (A) Representative western blot and optical density of COX-2 
measured in total cell protein of tumor. Differences between control and treatment groups were analyzed by one-tailed t test with Welch’s correction and 
95% confidence interval. Data represent Mean ± SEM. P ≤ 0.05 was considered statistically significant. (B-C) Representative photomicrographs showing 
immunohistochemical detection of COX-2 and IL-10 (magnification 10X and 40X). 
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in patients (Supplementary Figure 2B). Furthermore, the pathways in cancer,
PI3K-Akt signaling pathway, cytokine-cytokine receptor interaction pathway,
focal adhesion, and Ras signaling pathway were the top 5 pathways altered
in lung adenocarcinoma patients as per the analysis of the common set
of Kras G12V mouse and lung adenocarcinoma patient genes with KEGG
and Reactome pathway using DAVID (Supplementary Figure 2C). In the
lung tumors of Kras G12V mice, we found a significant upregulation of pro-
inflammatory interleukins (e.g., IL-6, IL-18RAP, IL-1B, IL-18, IL-10, IL-
11), immune-oncology genes (e.g., Pdcd1lg2, Sele, Crp), MAP signaling
pathway (e.g., Ccne1, Ccna1, Hras), and Fgfr pathway (e.g., Fgf5-9,
Fgf13-14, Fgf16-17) which are linked to cancer-promoting inflammation
(Supplementary Table 3). Further, histocompatibility 2, class II antigen A,
alpha (H2-Aa, > 78 fold) and beta 1 (H2-Ab1, > 40 fold) genes critical
for antigen presentation to CD4 + T lymphocytes are upregulated in lung
tumors of Kras G12V mice. These genes play a critical role in lung cancer
diagnosis, prognosis, and treatment (Supplementary Table 4). Intelectin 1
(Itln1, < 24 fold), mannan-binding lectin serine peptidase 2 (Masp2, < 9
fold), and prolactin receptor (Prlr, < 7 fold) were downregulated in lung
tumors of Kras G12V mice and lung adenocarcinoma patients (Supplementary
Table 5). 

Increased expression of cell proliferation, and pro-inflammation markers 
with PGE 2 and CXCR4 levels and decreased expression of apoptotic 
markers in Kras G12V lung tumors 

Kras G12V lung tumors were analyzed for the expression of different
biomarkers of inflammation, proliferation, and apoptosis. IHC showed
strong positivity for PCNA and cyclin D1 proteins, suggesting an increase
in cell proliferation in lung tumors when compared with normal lung
tissue (Supplementary Fig. 2D). There was also decreased expression of the
apoptotic markers p21, caspase-3, and apoptotic index (Supplementary Fig.
2E) and increased expression of pro-inflammation markers COX-2 and IL-
10 in the lung tumors (Supplementary Fig. 2F). Compared with normal or
wild-type mice, serum samples of control-diet-fed Kras G12V mice showed
significantly high expression of PGE 2 (pg/ml) and CXCR4 (pg/ml) levels
(Supplementary Fig. 2G). 
nflammation in Kras G12V lung tumors is reduced upon naproxen 

reatment 

The effects of naproxen on inflammation-modulating proteins, i.e., 
OX-2 and IL-10, were determined using western immunoblotting and 

HC. Western blot analysis suggested that naproxen significantly decreased 
he COX-2 protein expression in lung tumor tissues of Kras G12V mice 
 Fig. 2 A) when compared with untreated tumors. These results were further
omplemented by determining the expression of COX-2 and IL-10 measured 
y immunohistochemical staining. IHC analysis suggested that naproxen 
reatment also decreased the expression of IL-10 in lung tumor tissues of 
ras G12V mice ( Figs. 2 B and 2 C). Together, these results suggest that naproxen

nhibits the inflammation in lung tumors of Kras G12V mice, leading to 
educed tumor formation. 

aproxen inhibits proliferation and increases apoptosis in lung tumors 
f Kras G12V mice 

Cell proliferation markers were analyzed to study their role in decreased 
ung tumor multiplicity in Kras G12V mice fed with naproxen diet. For 
his, total cell lysates prepared from lung tumor tissues of control and 
aproxen-fed Kras G12V mice were used. The western blot and IHC analysis 
howed that the lung tumors in the control group had strong expression 
f proliferation markers PCNA, and cyclin D1. Naproxen significantly 
ecreased the expression of PCNA and cyclin D1 in Kras G12V mice ( Figs. 3 A,
 B, and 3 C). Further, naproxen treatment led to a significant increase in the
xpression of apoptotic markers, such as p21, caspase-3, and caspase-9, in 
he mouse lung tumor tissue ( Figs. 4 A, 4 B, and 4 C). These cellular effects of
aproxen treatment leading to increased apoptosis were further reflected by 
n increase in TUNEL-positive cells in lung tumor tissues ( Fig. 4 D). 

aproxen inhibits the PGE 2 and CXCR4 levels and protein expression 

f RalA and PI3K in lung tumors of Kras G12V mice 

Levels of PGE 2 and CXCR4 were determined in serum samples of 
ontrol and naproxen-fed Kras G12V mice. Naproxen treatment significantly 
educed PGE 2 and CXCR4 levels in the Kras G12V mice ( Figs. 5 A and 5 B).
alA and PI3K-Akt pathways, downstream of RAS has been shown to play 
n important part in RAS-mediated cell survival and proliferation [26] . 
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Fig. 3. Effect of naproxen on cell proliferation markers (PCNA and cyclin D1) in Kras G12V mouse lung tumors. (A) Representative western blot and optical 
density of PCNA and cyclin D1 measured in total cell protein of tumors. (B-C) Representative photomicrographs showing immunohistochemical detection 
of PCNA labeling index and cyclin D1 (magnification 10X and 60X). Differences between control and treatment groups were analyzed by 1-tailed t test with 
Welch’s correction and 95% confidence interval. Data represent Mean ± SEM. P ≤ 0.05 was considered statistically significant. 
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Therefore, the effects of naproxen on RalA and PI3K were determined.
Naproxen treatment led to a significant decrease in the expression of RalA
and PI3K in the mouse lung tumor tissue ( Fig 5 C). 

Discussion 

KRAS mutations represent one of the most common oncogenic driver
mutations in lung cancer. These alterations occur in approximately 30%
of lung adenocarcinomas [27] . KRAS mutations are common in pancreatic
ductal adenocarcinoma (80.0%), and colorectal adenocarcinoma (47%) [28] .
Of all mutations, G12C (40%), G12V (22%), and G12D (16%) are the
ommon alterations found predominantly in codon 12 and shown to affect
atient survival, and response to treatments [29] . Lung cancer patients with
RAS mutant tumors are associated with decreased progression-free survival 

ompared with those with wild-type KRAS tumors [30] . 
In the present study, Kras G12V mice develop spontaneous lung tumors

nd progress to adenocarcinomas. One possible explanation for spontaneous 
ung tumor development is the gain of hyperproliferative properties of
ung bronchiolo-alveolar cells that progress into adenocarcinoma [31] . This
ctivation of Kras G12V in lungs produces less control of tumor initiation and
s shown to have undesirable effects in many transgenic models. Further,
ransgene expression of the inducible system in the turn off stage; also
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Fig. 4. Effect of naproxen on apoptosis in Kras G12V mouse lung tumors. (A) Representative western blot of p21, caspase-3, and caspase-9 measured in total 
cell protein of tumors. (B-C) Representative photomicrographs showing immunohistochemical detection of p21 and caspase-3 (magnification 10X and 60X). 
(D) Representative photomicrographs showing calorimetric detection of apoptotic index through TUNEL assay. Differences between control and treatment 
groups were analyzed by 1-tailed t test with Welch’s correction and 95% confidence interval. Data represent Mean ± SEM. P ≤ 0.05 was considered statistically 
significant. 
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Fig. 5. Effect of naproxen on levels of (A) PGE 2 , and (B) CXCR4, in Kras G12V mice serum samples. Data represent Mean ± SEM of at least 3 serum samples 
for PGE 2 and CXCR4 ELISA, respectively. (C) Effect of naproxen on RalA and PI3K in Kras G12V mouse lung tumors. Representative western blot and optical 
density of RalA and PI3K measured in total cell protein of tumors. Differences between control and treatment groups were analyzed by 2-tailed unpaired t test 
with Welch’s correction and 95% confidence interval. Data represent Mean ± SEM. P ≤ 0.05 was considered statistically significant. 
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known as leakiness, may also account for the development of spontaneous
lung tumors [32] . To check for the presence of Cre, we performed
PCR with Cre-specific primers and tested the mouse tissues for protein
expression using IHC. Cre expression was absent from adult Kras G12V 

and wild-type mouse lung tissue. Furthermore, Cre expression was absent
in lung tissues of Kras G12V mice when compared with the pancreas of
p48Cre / + /LSL-Kras G12D/ + mice and salivary gland of Ela-Cre ERT .CAG-lox-
Kras G12V (ECK 

G12V ) mice (Supplementary Fig. 3). This data suggests the
possibility of the leaky gene expression in the embryonic/early stages of
Kras G12V mice lung tissues. 

Mutant Kras activation plays an important role in multiple downstream
signaling pathways. Mutant Kras ( G12C and G12V ) preferentially bind to Ral
guanine nucleotide dissociation stimulator (RalGDS), a Ral GTPase-specific
GEF. However, Kras (G12D) has a higher affinity for phosphatidylinositol 3-
kinase (PI3K) [33] . NSCLC cell lines with Kras G12D mutation have activated
PI3K and MEK signaling, whereas cell lines with Kras G12C/G12V mutations
have activated Ral signaling and decreased growth factor-dependent Akt
activation [34] . In present study, we also observed an almost 3-fold decreased
Akt expression in Kras G12V mouse lung tissues compared with normal lung,
where naproxen has shown to decrease the induced RalA expression. 

Despite being the most prevalent oncogenic event, efforts towards mutant
RAS targeted therapies are yet to yield clinically approved drugs. Hence, it is
imperative to develop alternate strategies to prevent Kras-driven cancers to
minimize the cancer mortality. Although G12V mutation makes up almost
one-fifth of the total Kras mutation and is associated with poor survival, very
limited data is available on treating lung cancers carrying Kras G12V mutation.
While NSAID use has been shown to decrease the 28% lung cancer risk
[35] , this is the first study to our knowledge that specifically aims to show
the efficacy of naproxen in transgenic Kras G12V mice with spontaneous lung
tumors. 
Gene expression analysis of the lung tumors revealed upregulated 
enes involved in cytokine signaling, suggesting the existence of a pro-
nflammatory environment in Kras G12V mice lung tumors. Gene expression 
esults and protein expression analysis also suggested increased expression 
f cell inflammation markers COX-2 and IL-10 in Kras G12V lung tumors
s shown in tumor-associated macrophages, which further correlate with 
ung cancer stages [ 36 , 37 ]. Protein expression of COX-2 and IL-10
as decreased upon naproxen treatment as shown by western blot and

mmunohistochemical analysis. Clusterin, a stress-associated protein with an 
ntiapoptotic role and contributes to resistance against chemotherapy, was 
bserved to be significantly upregulated in Kras G12V lung tumor. A phase
/II trial of Clusterin protein production inhibitor in combination with
emcitabine/platinum showed higher median survival in advanced NSCLC 

atients [38] . Interleukins and fibroblast growth factor (FGF) are also
odulated in lung tumor tissue suggesting their role in tumor cell growth,

urvival, differentiation, and angiogenesis. Studies have shown that FGF 

orks synergistically with vascular endothelial growth factor to amplify tumor
ngiogenesis [39] . Together, interleukins, FGF, and the immune system can
e used for new drug target and can play an important role in inhibition of
umor development. 

Aspirin and naproxen have been shown to inhibit cigarette smoke induced
ung tumors in female A/J mice [12] . The mode of action of naproxen to
nhibit prostaglandin synthesis is well-established. Although reports of the 
ffects of naproxen on lung cancer are limited, it is well studied in other
ancers. Naproxen (320 mg/kg diet) significantly inhibited the formation 
f lung tumors in mainstream cigarette smoke-exposed neonatal mice [11] .
oth naproxen and nitric oxide-naproxen have been shown to be effective in
olon, urinary bladder, and mammary rodent model cancers [ 14 , 40 ]. Results
rom our laboratory have shown that continuous and intermittent dosing (1
k-on/off) regimens of naproxen (200 or 400 ppm) inhibit azoxymethane-



582 Naproxen inhibits spontaneous lung adenocarcinoma formation in Kras G12V mice G. Kumar et al. Neoplasia Vol. 23, No. xxx 2021 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

[  

 

[  

 

[  

[  

[

[  

 

[  

 

[  

 

[  

[  
induced colon adenoma progression to invasive adenocarcinoma [17] . In the
present study, we found that administration of naproxen (400 ppm) inhibits
total lung tumor formation by ∼52% and adenocarcinoma by ∼64% in
Kras G12V mice. This observation along with increased adenomas multiplicity
in the Kras G12V mice fed with naproxen diet, suggests that naproxen delays
the progression of lung adenoma to adenocarcinoma. 

Consistent with many studies, increased cell proliferation (PCNA and
cyclin D1) with decreased expression of apoptosis markers (p21 and caspase-
3) were observed in mouse lung tumors compared with normal lung [ 41 −43 ].
The present study demonstrated that the dietary administration of naproxen
decreased tumor size, cell proliferation markers as compared with controls.
Our results showed that naproxen treatment leads to increased apoptosis in
lung tumor tissue. These results agree with previously published in vivo and in
vitro studies in lung or other cancers [ 17 , 44 ] that showed that NSAIDs inhibit
proliferation and/or induce apoptosis in a variety of cell lines, irrespective of
COX-1/2 expression [ 45 , 46 ]. Naproxen was also found to induce cell-cycle
arrest and apoptosis by targeting PI3K in bladder cancer cells [44] . The role
of PGE 2 in tumor formation and impact of NSAIDS on tumor development
has been demonstrated in different cancer animal models and in vitro in
cell lines [47] . Together, our results and published literature suggest that
naproxen inhibits COX-2-derived PGE 2 -mediated processes that altogether
inhibit CXCR4 expression, resulting in the inhibition of lung tumor growth.

In conclusion, this is the first report of the chemopreventive effects
of naproxen blocking spontaneous lung adenocarcinoma formation in the
Kras G12V mouse model. We found that naproxen use was associated with
a diminished occurrence of lung cancer, with a strong protective effect
against the progression of adenoma to adenocarcinoma in vivo . Significantly,
the outcomes are reliable and consistent with the underlying biological
mechanisms of the COX-2 pathway and lung adenocarcinoma. Although
our outcomes are promising, the known risks and advantages for current
and former smokers while using different NSAIDs must be assessed before
these medications can be prescribed as chemoprevention operators for lung
malignancy. 
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