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The tobacco-specific carcinogen NNK induces pulmonary
tumorigenesis via nAChR/Src/STAT3-mediated activation of the
renin-angiotensin system and IGF-1R signaling
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The renin-angiotensin (RA) system has been implicated in lung tumorigenesis without detailed mechanistic elucidation. Here, we
demonstrate that exposure to the representative tobacco-specific carcinogen nitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone (NNK) promotes lung tumorigenesis through deregulation of the pulmonary RA system. Mechanistically, NNK binding to
the nicotinic acetylcholine receptor (nAChR) induces Src-mediated signal transducer and activator of transcription 3 (STAT3)
activation, resulting in transcriptional upregulation of angiotensinogen (AGT) and subsequent induction of the angiotensin Il (Angll)
receptor type 1 (AGTR1) signaling pathway. In parallel, NNK concurrently increases insulin-like growth factor 2 (IGF2) production
and activation of IGF-1R/insulin receptor (IR) signaling via a two-step pathway involving transcriptional upregulation of /GF2
through STAT3 activation and enhanced secretion from intracellular storage through Angll/AGTR1/PLC-intervened calcium release.
NNK-mediated crosstalk between IGF-1R/IR and AGTR1 signaling promoted tumorigenic activity in lung epithelial and stromal cells.
Lung tumorigenesis caused by NNK exposure or alveolar type 2 cell-specific Src activation was suppressed by heterozygous Agt
knockout or clinically available inhibitors of the nAChR/Src or Angll/AGTR1 pathways. These results demonstrate that NNK-induced

stimulation of the lung RA system leads to IGF2-mediated IGF-1R/IR signaling activation in lung epithelial and stromal cells,

resulting in lung tumorigenesis in smokers.

Experimental & Molecular Medicine (2023) 55:1131-1144; https://doi.org/10.1038/s12276-023-00994-2

INTRODUCTION

Despite advanced treatment strategies, non-small cell lung cancer
(NSCLC) is the main cause of cancer-related deaths worldwide'.
Tobacco smoking (TS) is the primary risk factor for lung cancer®.
Among the known tobacco-specific carcinogens (TCs), 4-(methyl-
nitrosamino)-1-(3-pyridyl)-1-butanone (NNK) is one of the most
potent TCs that induce epigenetic and genetic alterations®. In
addition to the genocentric mechanisms, NNK can stimulate
various cancer-prone signaling cascades by binding to
-adrenergic receptor (-AR) or nicotinic acetylcholine receptor
(nAChR)*™. Therefore, TS can induce lung tumorigenesis via
multiple pathways.

The renin-angiotensin (RA) system, which plays a key role in blood
pressure homeostasis and electrolyte balance, is a major target for the
development of antihypertensive drugs®. Angiotensinogen (AGT) is
primarily and constitutively produced in the liver, released into the
systemic circulation, and converted into angiotensin | (Angl) by renin’.
Angl is in turn converted to angiotensin Il (Angll) by the activity of
angiotensin converting enzyme (ACE), which is primarily distributed in
pulmonary tissues®. Angll, the primary hormone of the RA system,

binds to type 1 (AGTR1) and type 2 (AGTR2) Angll receptors®, of which
AGTR1 mediates the majority of the pathological effects of Angll®. The
RA system has been implicated in TS-induced pulmonary disorders
and lung cancer®®. Angll/AGTR1 signaling was found to increase
blood flow to tumors by inducing vascular endothelial growth factor
(VEGF) release’ and activating c-Src’ and insulin-like growth factor 1
receptor (IGF-1R)°, key molecules involved in signaling pathways for
cellular transformation and survival'®. Upregulated expression of
AGTR1 and AGTR2 was observed in the lung adenomatous lesions of
mice exposed to NNK''. Both ACE inhibitors and AGTR1 blockers
(ARBs) were shown to inhibit tumor growth in animal models of
breast, ovarian, lung, gastric and renal cancers’, and silencing AGTR2
expression suppressed the development of NNK-induced lung
cancer'. However, there is no mechanistic explanation of how the
RA system regulates TS-mediated lung tumorigenesis.

Herein, we investigated the mechanisms underlying TS-
mediated control of the RA system. We identified that Src-
mediated signal transducer and activator of transcription 3
(STAT3) activation resulting from NNK binding to nAChRs leads
to the transcriptional upregulation of AGT followed by increased
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production of Angll. The subsequent autocrine and paracrine
activation of AGTR1 leads to Ca®'-intervened secretion of IGF2,
ultimately promoting lung tumor development via transformation
of pulmonary epithelial cells and protumoral polarization of
fibroblasts and macrophages in the tumor microenvironment.
These results provide a novel concept that TS creates a tumor-
prone microenvironment in the lungs through disruption of the
local RA system and subsequent activation of IGF-1R/IR signaling,
ultimately promoting lung tumorigenesis.

MATERIALS AND METHODS

Cell culture

BEAS-2B cells were purchased from the American Type Culture Collection
(ATCC; Manassas, VA, USA). Human bronchial epithelial (HBEL)/p53i cells
were kindly provided by Dr. John Minna (University of Texas Southwestern
Medical Center, Dallas, TX, USA)', and 1799, 1198, and 1170-I cells were
kindly provided by Dr. Curtis C. Harris (National Cancer Institute, USA)'".
These cells were cultured in K-SFM (Thermo Fisher Scientific, Waltham, MA,
USA) with 5 ng/mL recombinant epidermal growth factor (EGF) and 50 pg/
mL bovine pituitary extracts. MLE-12 murine alveolar epithelial cells, THP-1
human monocytes/macrophages, and Wi38 human lung fibroblasts were
purchased from ATCC. MLE-12 cells were cultured in HITES medium
[DMEM-F12 media (Welgene, Inc, Gyeongssan-si, Republic of Korea)
containing 1x insulin-transferrin-selenium solution (Thermo Fisher Scien-
tific), 10 nM hydrocortisone, 10 nM B-estradiol, 10 MM HEPES, and 2 mM
L-glutamine (Welgene)] with 2% fetal bovine serum (FBS) (Welgene) and
1% antibiotic-antimycotic solution (100 units/mL penicillin, 10 mg/mL
streptomycin sulfate, and 25 pg/mL amphotericin B in 0.85% NaCl solution;
Welgene). THP-1 and Wi38 cells were cultured in RPMI 1640 medium and
DMEM, respectively, with 10% FBS and 1x antibiotic-antimycotic solution.
Cells were maintained at 37 °C in a humidified atmosphere with 5% CO,.

Reagents

Dimethyl sulfoxide (DMSO), methyllycaconitine (MLA), an anti-a-smooth
muscle actin (a-SMA) antibody, and the other chemicals used in the study
were purchased from Sigma—Aldrich (St. Louis, MO, USA), unless otherwise
indicated. Propranolol, atenolol, ICI-118,551, and mecamylamine (MCA)
were purchased from Tocris Bioscience (Bristol, UK), and NNK was
purchased from Toronto Research Chemicals (TRC; Toronto, ON, Canada).
Antibodies against phosphorylated IGF-1R (pIGF-1R) (Y1131 and Y1135/36),
PSTAT3 (Y705), pSrc (Y416), pAkt (S473), pp44/p42 MAPK (pERK1/2; T202/
Y204), ERK1/2, Akt, Src, STAT3, IGF-1R, B-tubulin (Tubulin), and arginase 1
(Arg1) were purchased from Cell Signaling Technology (Danvers, MA, USA).
The anti-actin, anti-IGF-1R, and anti-IGF1 antibodies were purchased from
Santa Cruz Biotechnology (Dallas, TX, USA). Antibodies against proliferating
cell nuclear antigen (PCNA), IGF2, Ki67, and AGT were purchased from
Abcam (Cambridge, UK). Anti-FAK and anti-pFAK (Y861) antibodies were
acquired from BD Biosciences (San Jose, CA, USA) and Thermo Fisher
Scientific, respectively.

Cell viability, anchorage-dependent and anchorage-
independent colony formation, and foci formation assays
The suppression of NNK-induced transformed phenotypes, including cell
viability, anchorage-dependent colony formation, and formation of foci,
following inhibition of the RA system was evaluated as previously
described'”.

Western blot analysis

The cells were starved with supplement-free K-SFM and subsequently
stimulated with NNK or Angll. When necessary, the cells were pretreated
with inhibitors 3 h before stimulation with NNK or Angll. Western blot
analysis was performed as described previously'.

Transfection experiments

For the transient knockdown of a7nAChR, SRC, AGT, and STATS3, the cells
were transfected with scrambled or gene-specific small interfering RNAs
(siRNAs, purchased from Bioneer (Daejeon, Republic of Korea)) using the
JetPRIME transfection reagent (Polyplus-transfection SA, llikirch, France)
according to the manufacturer's instructions. Gene knockdown was
confirmed with Western blotting or real-time polymerase chain reaction
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(PCR). For generation of stable knockdown cell lines with reduced AGTR1
or IGF2R expression, 1170-I, 1799, or BEAS-2B cells were transduced with
lentiviral particles with shRNA clones against AGTR1 or IGF2R (Sigma-
Aldrich), followed by selection with puromycin.

Cloning of AGT promoter construct and luciferase reporter
assay

The promoter sequence of AGT (—306/436) was retrieved as previously
described'®. The putative STAT3 binding sites in the promoter sequence of
AGT were determined using the PROMO bioinformatics web server'”. The
PCR products of the AGT promoter were generated using cDNA from BEAS-
2B cells. The AGT promoter construct was cloned by ligating the PCR
products to the pGL3-basic vector at the Nhel/Hindlll restriction sites.
Mutations were introduced at the STAT3 binding site of the AGT promoter
using a QuikChange I Site-Directed Mutagenesis Kit (Agilent, Santa Clara,
CA, USA).

Activity of the AGT promoter was measured with a reporter gene assay
performed using a luciferase assay system (Promega Corp., Madison, WI,
USA) according to the manufacturer’'s protocol. Briefly, the cells were
transfected with the luciferase vector containing the promoter sequence of
AGT (pGL3-AGT) or the empty vector (pGL3) along with pSV-
-galactosidase. The cells were subsequently harvested with passive lysis
buffer, and the luciferase activity was monitored using a microplate
luminometer (Berthold Technologies GmbH & Co. KG, Germany). 3-gal was
used as the control for normalizing the transfection efficiency, and its
activity was measured using a $-gal enzyme assay system (Promega).

In silico analysis

To analyze the expression of the components of the RA system in the
airway epithelium and pulmonary tumors, we used publicly available
datasets deposited in the Gene Expression Omnibus (GEO) database
(National Center for Biotechnology Information). Raw data pertaining to
the gene expression levels and clinical information on individual patient
samples were manually downloaded and analyzed using GraphPad Prism 9
(GraphPad Software, Inc., San Diego, CA, USA). Detailed procedures are
described in our previous report'®. For a heatmap, data were normalized
by calculating z scores, and then, the median value of the normalized data
was used. The probes used to obtain the gene expression values from each
dataset are listed in Supplementary Table 1.

Reverse transcription-PCR (RT-PCR)

RT-PCR and real-time PCR analyses were performed as previously
described''®, The relative mRNA expression was quantified using the
comparative cycle threshold (CT) method, as previously described'®. The
primer sequences used for RT-PCR are listed in Supplementary Table 2.

Time-lapse live cell imaging

Time-lapse imaging was performed with the Operetta high-content
screening system (PerkinElmer, Waltham, MA, USA) as described
previously'>.

Animal experiments

The protocols used for animal experiments were approved by the
Institutional Animal Care and Use Committee of Seoul National University.
Wild-type or heterozygous Agt knockout (KO) (Agt'’”) mice were
randomly grouped and treated with 3 umol of NNK twice a week for
20 weeks. As C57BL/6 mice are highly resistant to chemical carcinogens®,
heterozygous Agt KO mice with a C57BL/6 background were backcrossed
for more than 8 generations into an FVB/N background. We used both
male and female mice, and the number of mice of each sex was equal in
each group.

We generated mice expressing lung-specific SRC transgenes (Src mice)
under the control of the human surfactant protein C (SFTPC) promoter in an
FVB/N. The kbpA vector downstream of the SFTPC promoter was kindly
provided by Dr. Francesco DeMayo (Baylor College of Medicine, Houston, TX,
USA). The SFTPC-SRC plasmid was constructed by subcloning human SRC
cDNA into the SFTPC-kbpA vector. The plasmid was digested and subjected to
gel electrophoresis to isolate the SFTPC-SRC transgene, which was
microinjected into hybrid C3H/C57BL6 fertilized mouse eggs. Mice containing
this transgene were confirmed by PCR analysis and backcrossed into an FVB/N
background for over 8 generations. We used both male and female mice, and
the number of mice of each sex was equal in each group.

Tg/+
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Fig. 1 Increase in AGT expression in the airway epithelium of smokers and lung tumors. a, b, and d Analysis of publicly available datasets
for the expression of the RA system components in airway epithelium of smokers [GSE13933: n=19; GSE43939 (small airway): n = 69;
GSE43939 (large airway): n = 31] vs. nonsmokers [GSE13933: n = 23; GSE43939 (small airway): n = 28; GSE43939 (large airway): n = 20] (a, b)
and AGT expression in tumors (GSE27262: n = 25; GSE31210: n = 204) vs. normal (GSE27262: n = 25; GSE31210: n = 20) lung tissues (d). The
median value of the normalized data is depicted as a heatmap (a). ¢, e Real-time PCR analyses for the level of RA system components in
murine lung tissues of room air (RA)- and cigarette smoking (CS)-exposed mice (RA: n = 8; CS: n = 12) (c) and AGT mRNA expression in patient-
derived lung tumors (n = 12) and adjacent normal lung tissues (n = 7) (e). f Real-time PCR and Western blot (WB) analyses for AGT expression
in 1799, 1198, and 1170 cells. g-i Regulation of proliferation (g) and anchorage-dependent (AD) and anchorage-independent (AID) colony
formation (h) of BEAS-2B cells and formation of foci (i) of HBEL/p53i cells by treatment with 0.1 uM angiotensin Il (Angll). j WB analysis showing
the AGTR1 expression level in 1170 cells stably transfected with the control (1170/shCon) or AGTR1 (1170/shAGTR1) shRNAs. k AD and AID
colony formation of 1170/shCon and 1170/shAGTR1 cells. The bars represent the mean +SD; *p <0.05, **p <0.01, and ***p <0.001, as
determined by Mann-Whitney test (b, ¢, d, and e), Wilcoxon signed rank test (d, left), two-tailed Student’s t-test (g, h), two-tailed Welch's t-test
(h, i) by comparison with the indicated group, or one-way ANOVA with Dunnett’s post hoc test (f, k).

evaluation of the lung tumors. Microscopic evaluation of lung tumors was
performed as described previously'>.

For cigarette smoke (CS) exposure, 8-week-old male and female FVB/N
mice were whole-body-exposed to room air (RA) or CS for 28days
(n=8-12 mice per group) using a smoking machine (SciTech Korea, Inc.,
Seoul, Korea) as previously described?'. Cigarette smoke was generated
from 3R4F Research Cigarettes, containing 11.0 mg of total particulate
matter, 9.4 mg of tar, and 0.76 mg of nicotine per cigarette (Tobacco and
Health Research Institute, University of Kentucky, Lexington, KY, USA).

Additionally, 2-4 weeks prior to drug administration, 5-week-old female
A/) mice were randomly grouped and administered 3 pmol of NNK
(dissolved in sterile PBS) by oral gavage twice a week. The drugs (1 mg/kg
methyllycaconitine, 10 mg/kg dasatinib, 5 mg/kg captopril, and 25 mg/kg
losartan) were administered by oral gavage for an additional 20 weeks,
with or without NNK. All the drugs were dissolved in PBS before
administration, with the exception of dasatinib. Dasatinib powder was
dissolved in an 80 mM citric acid solution, or a 100 mg dasatinib tablet was
suspended in sterile PBS (100 pL). The mice were euthanized prior to gross
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Bronchoalveolar lavage fluid (BALF) preparation centrifuged at 800 x g for 10 min at 4°C, and then, BALF supernatants
Bronchoalveolar lavage fluid (BALF) samples were collected as described were stored at —80 °C until analysis.
previously®2. Briefly, lungs were collected from vehicle- and NNK-treated
(for 20 weeks) mice. The trachea was cannulated with a 20-gauge catheter. Angiotensin Il ELISA

The lungs were lavaged four times with 0.75mL of cold sterile PBS

containing protease inhibitors by syringe. The BALF samples were The level of angiotensin Il in murine BALFs and serum was determined by

an enzyme-linked immunosorbent assay (ELISA) using an angiotensin I
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Fig. 2 Role of AGT in NNK-induced lung tumorigenesis. a-d Western blot (WB) analysis of whole cell lysates (WCL) (a-d) or conditioned
medium (CM) (b, d) and real-time PCR (b, d) analysis for the regulation of AGT expression in BEAS-2B (a-d) and MLE-12 (a, c) lung epithelial
cells treated with 10 pM (a, b) or the indicated concentrations (c) of NNK, benzo[a]pyrene (B[a]P, 10 pM; a), or nicotine (Nico, 10 uM) (d) for 24 h.
e, f Immunofluorescence staining for the regulation of AGT expression (e) and reporter analysis of AGT promoter activity (f) in BEAS-2B cells
treated with nicotine (10 pM) or NNK (10 pM) for 24 h. g Anchorage-dependent (AD) colony formation of BEAS-2B cells (left) and formation of
foci of HBEL/p53i cells (right) after treatment with NNK (10 pM), either alone or together with captopril (Cap, 1 pM) and losartan (Losa, 10 uM)
for 2 weeks. h ELISAs of Angll levels in the bronchoalveolar lavage fluid (BALF) from the lungs of the mice exposed to vehicle (PBS) or NNK
(oral gavage, 3 pmol). i Schematic diagram of the experimental procedure. j, I Regulation of NNK-induced lung tumor formation in the Agt*/*
and Agt"’~ mice treated with vehicle (PBS) or NNK (oral gavage, 3 pmol), as determined by IVIS Spectrum CT imaging using an MMP680 sense
probe (j) and microscopic analysis using H&E-stained tissues (Group 1, 3, 4: n = 6; Group 2: n = 8) (I). k Immunohistochemical analysis of the
regulation of AGT in the lungs of the vehicle- or NNK-treated Agt™ " and Agt™ ™ mice (n = 6). The bars represent the mean + SD; *p < 0.05,
**p <0.01, and ***p <0.001, as determined by one-way ANOVA with Tukey’s post hoc test (b, g, I), a two-tailed Student’s t-test (d, f, h) by
comparison with the indicated group, or Kruskal-Wallis test with Dunn’s post hoc test (). Scale bars: 20 um (e); 10 pm (e, insets); 25 pm (k, H&E

images); 100 um (k, IHC images). Con: control.

ELISA kit (Cloud-Clone Corp., Katy, TX, USA) according to the manufac-
turer’s instructions.

Immunofluorescence (IF) and immunohistochemistry studies
IF and IHC analyses were performed to detect the expression of
phosphorylated IGF-1R (pIGF-1R, Y1131 or Y1135/36), pSrc (Y416), Src,
AGT, pSTAT3 (Y705), Argl, a-SMA, Ki67, and PCNA in the tumors, as
previously described'”.

Statistical analysis

Data are presented as the mean *standard deviation (SD). All in vitro
experiments were independently performed at least twice, and the
representative result is presented herein. Statistical significance was
analyzed using GraphPad Prism 9 (GraphPad Software, Inc,, La Jolla, CA,
USA). Detailed statistical analysis methods are described in each figure
legend. p-values of <0.05 were considered to be statistically significant.

RESULTS

AGT expression is upregulated in the airway epithelium and
lung tumors of smokers, and Angll increases the protumoral
activities of airway epithelial cells

To determine the role of the RA system in TS-induced lung
tumorigenesis, we first analyzed the GEO database for the
expression of RA system components, including AGTRT (encod-
ing AT;R), AGTR2 (encoding AT,R), ACE (encoding angiotensin-
converting enzyme), ENPEP (encoding aminopeptidase N), MME
(encoding neprilysin), and PRCP (encoding prolylcarboxypepti-
dase), in the airway epithelium (Fig. 1a). Two datasets consistently
showed significant upregulation of AGT expression in the airway
epithelium of smokers compared to that in nonsmokers (Fig. 1a, b).
However, the expression of other RA system components showed
minimal and inconsistent changes across these datasets (Supple-
mentary Fig. 1a). Agt mRNA expression was also significantly
increased in TS-exposed murine lungs (Fig. 1c). Analysis of two
different public datasets (Fig. 1d) and our validation experiments
using human lung tissues (Fig. 1e) further revealed significantly
increased mRNA levels of AGT in lung tumors compared with
normal lung tissues. These findings suggest that AGT expression
contributes to TS-induced lung tumorigenesis.

We next analyzed the in vitro lung carcinogenesis system, which
comprises BEAS-2B human bronchial epithelial (HBEL) cell deriva-
tives established in vivo by chronic exposure to vehicle (1799) or
cigarette smoke condensate (CSC) (1198 and 1170)'. Real-time PCR
and Western blot (WB) analyses revealed obvious increases in AGT
mRNA and protein expression in premalignant (1198) and
malignant (1170) cells'* compared with their control cells (1799)
(Fig. 1). Analysis of the direct effects of Angll on the transformation
of pulmonary epithelial cells revealed that Angll exposure
significantly increased proliferation (Fig. 1g), colony formation in
anchorage-dependent (AD) and anchorage-independent (AID)
culture conditions (Fig. 1h), and formation of foci (Fig. 1i). In
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addition, 1170 cells, in which AGTR1 expression was ablated
through stable transfection with shRNAs (Fig. 1j), showed significant
ablation in transformed phenotypes, including colony formation
under the AD and AID culture conditions (Fig. 1k). Treatment with
NNK significantly increased the anchorage-dependent (AD) and
anchorage-independent (AID) colony-forming capacities of 1170
cells. These NNK-induced transformed phenotypes were blunted in
1170 cells, in which AGTR1 expression was silenced. These results
indicate the role of AGTR1 in NNK-induced acquisition of
transformed phenotypes in lung epithelial cells (Supplementary
Fig. 1b). These findings collectively suggest that TS-mediated
transcriptional upregulation of AGT induces transformation of
airway epithelial cells.

AGT expression promotes NNK-mediated lung tumorigenesis
To identify the mechanisms underlying TS-mediated AGT expres-
sion, we determined the effect of two representative TCs, NNK and
benzolalpyrene (B[alP), on AGT expression in lung epithelial cell
lines. Exposure to NNK, but not B[a]P, markedly increased AGT
protein expression in bronchial (BEAS-2B) and alveolar (MLE-12)
epithelial cells (Fig. 2a). Real-time PCR and WB analyses further
revealed that NNK induced time-dependent increases in AGT
transcription in BEAS-2B cells as early as 2 h after exposure, which
were followed by AGT secretion into conditioned medium (CM)
(Fig. 2b). Notably, NNK increased AGT expression in BEAS-2B and
MLE-12 cells at doses as low as 0.1 uM (Fig. 2c), which is
physiologically relevant, as active smokers have shown
2% 10~* M NNK as an average steady-state serum concentration,
which can acutely increase to 10-100 uM in serum or to 1 mM at
the mucosal surface immediately after smoking®*. Nicotine, a
precursor of NNK, also increased AGT transcription and AGT
secretion  (Fig. 2d). Immunofluorescence  (IF)  analysis
further confirmed the nicotine- and NNK-induced AGT expression
(Fig. 2e). Luciferase reporter assays using a reporter vector carrying
the AGT promoter (from —306 to +36)'° revealed that treatment
with NNK or nicotine significantly stimulated AGT promoter
activity in BEAS-2B cells (Fig. 2f). Moreover, exposure to NNK
significantly increased AD colony formation (Fig. 2g, left) in BEAS-
2B cells and formation of foci (Fig. 2g, right) in HBEL cells with loss
of p53 (HBEL/p53i)'3, which were significantly abrogated by
treatment with an ACE inhibitor (captopril) or an AGTR1
antagonist (losartan). Because captopril and losartan inhibited
the NNK-mediated effects, we additionally determined the
expression of renin and AGT and their modulation by NNK
treatment in BEAS-2B and HBEL/p53i cells. A previous report
suggested determining gene expression levels based on Ct values
(high expression: Ct < 20; low expression: Ct>30; no expression:
Ct > 35)%°. We found that the Ct values of the renin and ACE genes
were ~30 and that the expression levels of these genes were
significantly increased by treatment with NNK (Supplementary Fig.
1c). These findings suggest that BEAS-2B and HBEL/p53i lung
epithelial cells express renin and ACE at low levels and that the
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expression of these genes was highly upregulated by NNK
exposure. These results also suggest that NNK causes local RA
system activation in pulmonary epithelial cells through transcrip-
tional upregulation of AGT.

We analyzed the involvement of AGT in NNK-induced
pulmonary tumorigenesis. We first confirmed increased Angll
levels in the bronchoalveolar lavage fluid (BALF) from NNK-treated
mice for 20 weeks (Fig. 2h). Wild-type (Agt™™) and heterozygous
Agt knockout (Agtt”) mice were administered NNK for
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20 weeks, and pulmonary tumor formation was subsequently
analyzed (Fig. 2i). IVIS imaging using an MMP680 sense probe
(Fig. 2j) and microscopic evaluation of the H&E-stained lung
tissues (Fig. 2k, 1) revealed that exposure to NNK significantly
increased the multiplicity, volume, and load of lung tumor
nodules, and these changes were significantly suppressed in the
Agt™’~ mice. IHC analysis of lung tissues confirmed an increase in
AGT in lung tissues from the NNK-exposed mice, which was
significantly attenuated in the Agt™~ mice (Fig. 2k, 1). To
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Fig. 3 AGT plays a key role in c-Src-mediated lung tumor development. a, b RT-PCR and Western blot (WB) analyses of BEAS-2B cells
treated with NNK (10 pM), either alone or together with atenolol (Ate, 10 pM), ICI-118,551 (ICl, 10 pM), and mecamylamine (MCA, 10 pM) for
24 h (), and those transfected with a7nAChR siRNAs (siCHRNA?7) (b). c Luciferase reporter assay showing AGT promoter activity in BEAS-2B
cells treated with NNK (10 uM), either alone or together with mecamylamine (MCA, 10 uM) for 24 h. d—f Real-time PCR and WB analyses of
BEAS-2B cells, in which SRC was inactivated by treatment with dasatinib (Das, 0.1 pM) for 24 h (d) or transfection with siRNA (e), and those
stably transfected with constitutively activated SRC (CA-SRC) (f). g Anchorage-dependent (AD) colony formation of BEAS-2B cells (left) and
formation of foci of HBEL/p53i cells (right) treated with NNK (10 uM), either alone or together with dasatinib (Das, 0.1 pM) for 2 weeks.
h Schematic diagram of the construction of Src'® " mice. i Inmunofluorescence (IF) analysis of the regulation of Src expression in the Iungrs of
Src"¥ " mice compared with those of wild-type (WT) mice. j Microscopic examination of H&E-stained lung tissues from wild-type (WT), Src' 9+,
Agt™’~, and Src"¥"; Agt”’ mice (n = 6/group) to determine tumor multiplicity and load. k IF staining and quantitative analyses for pSrc (pSrc
at Y416) AGT, and Ki67 in Muc1* alveolar type 2 epithelial cells in the lungs. I, m Mice were treated with NNK (oral gavage, 3 pmol) in the
absence or presence of methyllycaconitine (MLA, oral gavage, 1 mg/kg) or dasatinib (Das, oral gavage, 10 mg/kg). | Microscope analyses of
H&E-stained lung tissues for lung tumor formation (n = 5). m Immunohistochemistry analyses of the indicated proteins in the lungs from the
mice (n = 4). The bars represent the mean £ SD; *p < 0.05, **p < 0.01, and ***p < 0.001, as determined by one-way ANOVA with Dunnett’s post
hoc test (c-e, g, I, m), a two-tailed Student’s t-test by comparison with the indicated group (f), a Kruskal-Wallis test with Dunn’s post hoc test

(3, j. k), or a Brown-Forsythe and Welch ANOVA test with Dunnett’s T3 post-hoc test (k, I). Scale bars: 20 um (i, k), 50 pm (m).

determine the cell types that express AGT upon NNK exposure, we
examined AGT expression in mucini-positive (Muc1™) alveolar
type 2 epithelial cells (AT2s) and F4/80" macrophages, the most
abundant immune cell type in the lungs®®. We observed high
levels of AGT expression in both Mucl™ AT2s and F4/80"
macrophages in the Iun;;s of the NNK-treated Agt*’* mice but
not in those of the Agt™’~ mice (Supplementary Fig. 2).

Given the systemic impact of NNK administered by oral gavage,
we additionally assessed the levels of angiotensinogen (Agt) and
renin (Ren) expression in the lung, Agt expression in the liver, renin
expression in the kidney, and circulating levels of angiotensin I
(Angll) in the mice that received oral administration of NNK. We
observed significant transcriptional increases in Ren and Agt
expression in the lungs of the NNK-treated mice compared with
those in the vehicle-treated control group. The NNK-exposed mice
showed slightly decreased Agt expression in the liver along with
significantly increased Ren expression in the kidney compared
with the vehicle-treated mice (Supplementary Fig. 3a). Regardless
of these changes in the liver and kidney, the circulating Angll
levels were minimally changed by NNK treatment (Supplementary
Fig. 3b). These findings suggest that NNK exposure had major
impacts on the local renin-angiotensin system. These findings
collectively suggest that deregulation of the lung RA system
through transcriptional upregulation of AGT contributes to NNK-
mediated pulmonary tumorigenesis.

c-Src mediates a transcriptional increase in AGT expression in
lung epithelial cells and NNK-induced lung tumorigenesis
We investigated the signal transduction pathways that were
involved in NNK-induced AGT expression and the subsequent
transformation of pulmonary epithelial cells. Since NNK is known
to bind nAChR and B-AR*>, we first assessed whether NNK binding
to nAChR or B-AR leads to upregulation of AGT. We found that
treatment with 3-AR antagonists [atenolol (B1-AR selective) or ICI-
118,551 (B2-AR selective)] had modest effects on NNK-induced
AGT expression (Fig. 3a). However, treatment with a nonselective
nAChR antagonist (mecamylamine; MCA) or silencing of a7nAChR
expression by siRNA transfection markedly inhibited NNK-induced
AGT expression (Fig. 3a, b). We further confirmed the suppression
of AGT promoter (from —306 to +36) activity in BEAS-2B cells by
mecamylamine treatment (Fig. 3c), suggesting the involvement of
a7nAChR in NNK-induced AGT expression.

Since Src is a downstream component of the nAChR-mediated
signaling pathway?’?%, we hypothesized that Src has a role in
NNK-induced AGT expression in lung epithelial cells. We found
that inactivation of Src by treatment with dasatinib (Fig. 3d) or
siRNA-mediated silencing (Fig. 3e) abrogated NNK-induced AGT
upregulation. Moreover, ectopic overexpression of constitutively
active Src (CA-SRQ) significantly increased the mRNA and protein
expression of AGT in BEAS-2B cells (Fig. 3f), and NNK-induced
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increases in AD colony formation (Fig. 3g) and formation of foci
(Fig. 39) were significantly suppressed by treatment with
dasatinib. We confirmed the decrease in Src phosphorylation by
treatment with dasatinib (Fig. 3d), siRNA-mediated silencing of Src
expression (Fig. 3e), and an increase in Src-specific phosphoryla-
tion of focal adhesion kinase (FAK, Y861)?° by overexpression of
CA-SRC (Fig. 3f) in BEAS-2B cells. These results suggest that Src
mediates NNK-induced AGT upregulation and transformation of
lung epithelial cells.

We further investigated whether activation of the lung RA
system through NNK-induced AGT expression contributed to
pulmonary tumorigenesis through Src activation. A previous
report showed that AT2s are putative cell-of-origin for lung
adenocarcinoma in both humans and rodents®°. Hence, we
established a transgenic murine model with lung-specific ¢-SRC
expression (Src'¥* mouse) under the control of the surfactant
protein C (SFTPC) promoter, whlch specifically targets gene
expression in AT2s in the lung®' (Fig. 3h). IF analysis revealed
elevated Src expression in Muc1™AT2s of the Src'?" mice
compared with those of the WT mice (Fig. 3i). To assess whether
changes in AGT expression influence Iungr tumor development
mduced by Src activation, we crossed Src'¥* mice with Agt™”
mice®’. Quantitative anaIyS|s of the lungs from four different
groups of mice (WT, Src"¥*, Agt™~, and Src"¥*;Agt™ ") showed
that the Src'¥'*; Agt“’mlce had a significantly reduced multi-
plicity and load of spontaneous lung tumors compared with the
Src"¥™ mice (Fig. 3j). Furthermore, IF analysis revealed that the
expression of pSrc, AGT, and the proliferation marker Ki67 in
Muc1tAT2s of the Src"¥™;Agt™~ mice was significantly lower
than that in the Src'¥* mice (Fig. 3k). Moreover, pharmacological
inhibition of AChR or Src by treatment with methyllycaconitine
(MLA) or dasatinib, respectively, significantly suppressed the NNK-
induced tumor multiplicity and load in mice (Fig. 3l), along with
decreases in the expression of pSrc and AGT (Fig. 3m). These
findings collectively suggest that AGT expression contributes to
Src-mediated lung epithelial cell transformation and lung
tumorigenesis.

STAT3 activated by NNK-induced nAChR/Src signaling
stimulates AGT transcription, leading to transformation of
pulmonary epithelial cells

We examined the transcription factors responsible for NNK-
induced AGT expression and subsequent transformation of
pulmonary epithelial cells. Since several transcription factors, such
as STAT3, CEBPB, NR3C1, NR3C2, and NF-kB p65 (RelA), have been
suggested to regulate AGT expression®>°, we analyzed two
publicly available datasets (GSE18385 and GSE37768) to investi-
gate whether these factors are involved in NNK-mediated AGT
expression. We found that only STAT3 expression commonly
showed a significant correlation with AGT expression in the two
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datasets (Fig. 4a, Supplementary Fig. 4). Thus, we hypothesized
that STAT3, a downstream effector of the nAChR/Src-mediated
signaling pathway®’?%, is involved in NNK-induced AGT transcrip-
tion. Indeed, while exposure to NNK induced Src and
STAT3 phosphorylation in BEAS-2B cells, transfection with
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a7nAChR- (Fig. 4b) or Src- (Fig. 4c) specific siRNAs or treatment
with mecamylamine (MCA) (Fig. 4d) or dasatinib (Das) (Fig. 4e)
suppressed the NNK-induced Src and STAT3 activation. WB (Fig. 4f)
and IF (Fig. 49) analyses further confirmed that NNK induced time-
dependent increases in phosphorylated STAT3 in the nucleus,
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Fig. 4 NNK-mediated activation of the aZnAChR/Src/STAT3 pathway upregulates AGT transcription, leading to transformation of
pulmonary epithelial cells. a Analysis of the GSE37768 dataset (n = 20) for the Spearman rank correlation between AGT mRNA expression and
MRNA expression of several transcription factors, such as STAT3, CEBPB, NR3C1, NR3C2, and RELA. In the GSE37768 dataset, data from peripheral
lung tissues without COPD (n = 20) were used for correlation analysis. b—-f Western blot (WB) analysis of whole cell lysates (b—e) and nuclear
and cytosolic extracts (NE vs. CE) (f) for the indicated proteins in BEAS-2B cells that experienced NNK (10 pM) exposure, either alone or
together with siRNA-mediated silencing of a7nAChR (b) or Src (c) expression or pharmacological blockade of a7nAChR or Src by treatment
with mecamylamine (MCA, 10 uM) (d, f) or dasatinib (Das, 0.1 pM) (e, f) for 4 or 24 h. g Immunofluorescence staining of pSTAT3 in BEAS-2B cells
treated with NNK (10 pM), either alone or together with mecamylamine (MCA, 10 pM) or dasatinib (Das, 0.1 uM) for 4 h. Scale bars: 20 pm; 5 pm
(insets). h—j Real-time PCR and WB analyses of BEAS-2B cells transfected with constitutively activated STAT3 (CA-STAT3) (h) or those treated
with NNK (10 uM), either alone or together with siRNA-mediated STAT3 silencing (i) or with treatment with Stattic (1 pM) for 24 h (j).
k Luciferase reporter assay for the activity of the AGT promoter, either wild-type (WT) or carrying a mutation in the putative STAT3 binding site,
in BEAS-2B cells treated with NNK (10 pM) in the absence or presence of Stattic (1 uM) for 24 h. I, m Real-time PCR analysis of BEAS-2B cells
transfected with constitutively active SRC (CA-SRC) (I) or CA-STAT3 (m) followed by transfection with STAT3-targeting siRNA (I) or treatment
with dasatinib (Das, 0.1 pM) for 24 h (m). n, o Regulation of NNK-mediated anchorage-dependent (AD) colony formation of BEAS-2B cells (n)
and formation of foci of HBEL/p53i cells (o) by treatment with Stattic (1 pM) for 2 weeks. p Schematic diagram of the regulation of NNK-
mediated AGT expression through the «7nAChR/Src/STAT3 pathway. The bars represent the mean + SD; *p < 0.05, **p < 0.01, and ***p < 0.001,
as determined by a two-tailed Student’s t-test by comparison with the indicated group (h), one-way ANOVA with Dunnett’s post hoc test (i-m),

or Kruskal-Wallis test with Dunn’s post hoc test (k, n, o).

which were suppressed by treatment with mecamylamine or
dasatinib. Moreover, overexpression of constitutively active STAT3
(CA-STAT3) upregulated the mRNA and protein expression of AGT
in BEAS-2B cells (Fig. 4h). In contrast, siRNA-mediated
STAT3 silencing (Fig. 4i) or treatment with Stattic (Fig. 4j) abrogated
the NNK-induced AGT transcription. We then assessed potential
STAT3 binding sites in the AGT promoter using a publicly available
bioinformatics web server and found two potential STAT3 binding
sites (—173 to —165) in the AGT promoter (from -306 to +36)'°.
The luciferase reporter assay revealed that treatment with Stattic or
mutations in the potential STAT3 binding site significantly
attenuated NNK-induced AGT promoter activity (Fig. 4k).

Notably, constitutive Src activation failed to induce AGT
transcription in BEAS-2B cells, in which STAT3 had been silenced
by siRNA transfection (Fig. 4l). In contrast, inactivation of Src by
treatment with dasatinib minimally affected AGT transcription in
BEAS-2B cells, in which activation of STAT3 was achieved by
transfection with constitutively active STAT3 (Fig. 4m). The NNK-
induced acquisition of transformed phenotypes in pulmonary
epithelial cells, including AD colony formation (Fig. 4n) and
formation of foci (Fig. 40), was significantly abolished by treatment
with Stattic. These results suggest that the NNK-induced activation
of a7AChR/Src signaling results in the STAT3-mediated transcrip-
tional increase in AGT expression, causing transformation of
pulmonary epithelial cells (Fig. 4p).

The Angll/AGTR1-induced increase in intracellular calcium
stimulates IGF2 secretion and IGF-1R activation in pulmonary
epithelial cells and macrophages, promoting NNK-mediated
lung tumorigenesis

We next investigated how NNK-induced activation of the
a7nAChR/Src/STAT3/Angll pathway promotes transformation of
pulmonary epithelial cells. Previous studies have shown that
Angll/AGTR signaling can induce transcriptional upregulation®® or
transactivation of IGF-1R°, which plays a key role in cell
transformation®’. We then hypothesized that NNK-induced AGT
expression and subsequent Angll/AGTR signaling activation cause
transformation of pulmonary epithelial cells via the IGF-1R
signaling pathway. Indeed, genomic (Supplementary Fig. 5a) or
pharmacological (Supplementary Fig. 5b) blockade of NNK-
induced Angll/AGTR signaling activation [e.g., siRNA-mediated
silencing of Src, STAT3, or AGT or treatment with dasatinib, Stattic,
captopril, or losartan] inhibited NNK-induced IGF-1R phosphoryla-
tion in BEAS-2B cells. Moreover, administration of NNK increased
the level of IGF-1R phosphorylation in the lungs of WT mice,
but this effect was significantly abrogated in those of Agt™~ mice
(Fig. 5a, Supplementary Fig. 5c). These results suggest that the
NAchR/Src/STAT3-mediated activation of the Angll/AGTR1
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pathway plays an important role in NNK-mediated IGF-1R
activation. Because IGF2 also transduces signals via IGF-2R'°, we
investigated whether IGF-2R was involved in the NNK-induced
transformed phenotypes of lung epithelial cells. To this end, we
established BEAS-2B cells in which IGF2R expression was knocked
down by stable shRNA expression and then determined their
response to NNK exposure. We observed that ablation of IGF2R
expression moderately attenuated the effects of NNK exposure on
anchorage-dependent colony formation, although the difference
was not significant (Supplementary Fig. 5d). These findings
suggest the possible involvement of IGF-2R in NNK-induced lung
tumorigenesis.

We investigated the mechanism underlying NNK/Angll-induced
IGF-1R activation in lung epithelial cells. We previously demon-
strated NNK-mediated /GF2 transcription through activation of
STAT3%, Consistently, BEAS-2B cells exposed to NNK showed
transcriptional upregulation of IGF2, which was suppressed by
treatment with Stattic (Supplementary Fig. 5e). Thus, NNK-induced
IGF-1R signaling activation in lung epithelial cells seemed to be
attributable to STAT3-mediated I/GF2 transcription. We also
examined the direct effect of Angll on IGF-1R phosphorylation.
Exposure to Angll induced a dose-dependent activation of IGF-1R
signaling in BEAS-2B cells at doses as low as 1 nM (Fig. 5b), which
is achievable in human populations®’, and this effect was
suppressed by treatment with losartan (Fig. 5c). Notably, Angll
rapidly activated IGF-1R as early as 5 min after exposure without
affecting IGF-1R expression (Fig. 5d), indicating the presence of
transcription-independent IGF-1R activation by Angll stimulation.
Further analysis of the CM from Angll-treated cells revealed a
dose-dependent increase in IGF2 but not IGF1 (Fig. 5e). We have
previously shown that intracellular Ca** stimulates IGF2 secretion
through the regulated secretory pathway'>. Since the Angll/AGTR1
pathway is known to activate Gq, which mediates PLC-mediated
calcium release’, we hypothesized that the Angll/AGTR1 signaling
pathway activates the IGF-1R pathway through calcium-mediated
IGF2 secretion. Pretreatment with a Ca®>" chelator (BAPTA-AM) or
exocytosis inhibitors (nimodipine, diazoxide, or Exo1) decreased
Angll-induced IGF2 secretion and IGF-1R activation (Fig. 5f). Live-
cell time-lapse imaging analysis of BEAS-2B cells stably transfected
with a GFP-conjugated IGF2 expression vector (BEAS-2B/GFP-IGF2
cells) revealed that exposure to Angll induced the secretion of
GFP-IGF2 as early as 5 min, and treatment with BAPTA-AM or Exo1
markedly suppressed Angll-induced GFP-IGF2 secretion (Fig. 5g).
Confocal microscopy with FM-1-43 dye, a fluorescent dye that
labels exocytic vesicles*, clearly showed that Angll caused IGF2
exocytosis from BEAS-2B cells, which was completely blocked by
BAPTA-AM or Exol treatment (Fig. 5h). Moreover, CM from the
Angll-stimulated BEAS-2B cells (donor) induced IGF-1R
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Fig. 5 Angll/AGTR1-mediated calcium release stimulates IGF2 secretion and IGF-1R signaling activation in pulmonary epithelial cells,
promoting NNK-mediated lung tumorigenesis. a Inmunohistochemistry analysis of pIGF-1R expression in wild-type (WT) and Agt*’~ mice
treated with NNK. Representative images are shown in Supplementary Fig. 5c. b-f Western blot (WB) analyses of the indicated protein
expression in whole cell lysates or conditioned medium (CM) from BEAS-2B cells that were untransfected (b-e) or transfected with GFP-IGF2 (f)
or pretreated with losartan (Losa, 10 pM) (c), BAPTA-AM (BAP, 5 uM) (f), nimodipine (Nimo, 10 uM) (f), diazoxide (Dia, 20 pM) (f), or Exo1 (100 pM)
(f) for 3h and then stimulated with the indicated concentrations (b, e) or 0.1 uM (c, d, f) of angiotensin Il (Angll) for 12 h (b, ¢, e, f) at the
indicated times (d). g A time-lapse imaging analysis of BEAS-2B/GFP-IGF2 cells pretreated with BAPTA-AM (BAP, 5 uM) or Exo1 (Exo, 100 uM) for
3 h and then stimulated with Angll (0.1 uM) for 1 h. Arrows indicate secreted GFP-IGF2. Scale bar: 20 pm. h Confocal images of IGF2 (green),
FM1-43 (red), and DAPI (blue) in BEAS-2B cells pretreated with BAPTA-AM (BAP, 5 uM) or Exo1 (Exo, 100 pM) for 3 h and then stimulated with
Angll (0.1 uM) for 1 h. Arrows indicate perimembranous IGF2 within vesicles. Scale bar: 10 um. i BEAS-2B cells (donor) were pretreated with
BAPTA-AM (BAP, 5 pM) or Exo1 (Exo, 100 pM) for 3 h and stimulated with Angll (0.1 pM) for 12 h. The CM from the donor cells was added to
recipient BEAS-2B cells for 30 min. Whole-cell lysates (WCL) from recipient cells were subjected to WB analysis. j, k Proliferation (j) and
anchorage-dependent (AD) colony formation of BEAS-2B cells (k, left) and formation of foci of HBEL/p53i cells (k, right) treated with Angll
(0.1 pM), either alone or together with linsitinib (Linsi, 0.1 pM) or an IGF2 neutralizing antibody (3 pg/mL) for 2 weeks. The bars represent the
mean = SD; *p < 0.05, **p < 0.01, and ***p < 0.001, as determined by one-way ANOVA with Dunnett’s post hoc test (a, j, k) or Brown-Forsythe
and Welch ANOVA with Dunnett’s T3 post hoc test (j). Veh: vehicle.
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Fig. 6 Pharmacological blockade of the Angll/AGTR1 pathway inhibits NNK-induced lung tumorigenesis. a-c Mice were treated with NNK
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analyses of H&E-stained lung tissues for lung tumor formation (n = 5). b H&E staining of lung tissues and immunohistochemical analyses of the
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experiments [Con, Cap, Losa: n = 6; NNK, NNK + Cap, NNK + Losa: n = 10]. d Schematic model of lung tumorigenesis caused by NNK-induced
changes in the pulmonary renin-angiotensin system. In light of our findings, NNK-induced activation of nAChR/Src/STAT3 signaling leads to
transcriptional upregulation of AGT and IGF2. Increased Angll by the activity of ACE elevates protumorigenic activities in pulmonary epithelial
cells and stromal cells through AGTR1-intervened calcium release and enhanced IGF2 secretion followed by the activation of the IGF-1R
signaling pathway, thereby promoting lung tumor formation. The bars represent the mean +SD; *p < 0.05, **p <0.01, and ***p <0.001, as

determined by one-way ANOVA with Dunnett’s post hoc test (a, b) or Kruskal-Wallis test with Dunn’s post hoc test (a). Con: control.

phosphorylation in naive BEAS-2B (recipient) cells (Fig. 5i). In
contrast, CM from the Angll-stimulated donor cells that had been
pretreated with BAPTA-AM or Exol failed to induce IGF-1R
phosphorylation in recipient BEAS-2B cells (Fig. 5i). The capacity
of Angll to stimulate proliferation (Fig. 5j) and colony and foci
formation (Fig. 5k) was also significantly suppressed by treatment
with linsitinib, an IGF-1R tyrosine kinase inhibitor, or an IGF2
neutralizing antibody. These results suggest that Angll-mediated
IGF2 secretion and subsequent IGF-1R activation play an
important role in NNK-induced acquisition of transformed
phenotypes in lung epithelial cells.

Experimental & Molecular Medicine (2023) 55:1131- 1144

Based on the reciprocal interaction among tumor cells,
macrophages, and fibroblasts in tumorigenesis*', we further
investigated the association of the interaction with macrophages
and fibroblasts with NNK-induced lung tumorigenesis. IHC analysis
of lung tissues revealed increases in arginase 1 (Arg1), a marker of
immunosuppressive tumor-associated macrophages*’, and a-
SMA, a marker of cancer-associated fibroblasts*?, in lung tissues
from the NNK-exposed mice, while these NNK-induced increases
were significantly attenuated in the Agt™~ mice (Supplementary
Fig. 6a). These results indicate that the NNK-induced AGT
expression and subsequent Angll/AGTR1 signaling play a role in
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increases in macrophages and fibroblasts with protumor pheno-
types. Because IGF2 secreted from cancer cells may stimulate
surrounding macrophages and fibroblasts in a paracrine man-
ner****, we next assessed the effect of CM from NNK-stimulated
BEAS-2B cells on THP-1 and Wi38 cells. Exposure to CM from the
NNK-treated BEAS-2B cells induced transcriptional increases in
CD206 and CD163 in THP-1 cells (Supplementary Fig. 6b, left) and
ACTA2, COL1A1, and ST00A4 in Wi38 fibroblasts (Supplementary
Fig. 6b, right), but these effects were suppressed by linsitinib
treatment. Hence, IGF2 secreted by Ca’" release via Angll/
AGTR1 signaling activation appears to induce IGF-1R signaling-
mediated acquisition of M2- and CAF-associated phenotypes in
macrophages and fibroblasts, respectively. These overall results
suggest that activation of the Angll/AGTR1 pathway induces
activation of IGF-1R signaling in pulmonary epithelial cells and
stromal cells through increased production of IGF2, stimulating
protumorigenic activities of these cells.

Blockade of the lung RA system prevents NNK-induced lung

tumor development

We investigated the effect of the AChR/Src/STAT3/AGT/AGTR1/
IGF-1R signaling axis on NNK-induced lung tumorigenesis. Given
the potential toxicity of targeting nAChR or Src*®*’, the inhibition
of the RA system by ACE inhibitors or AGTR1 antagonists that are
prescribed to hypertensive patients without major complications
would be an effective strategy for the prevention of lung cancer in
smokers. Indeed, administration of captopril or losartan effectively
inhibited tumor multiplicity and load (Fig. 6a). In addition,
treatment with captopril or losartan, as well as treatment with
methyllycaconitine and dasatinib, inhibited the expression of
proliferating cell nuclear antigen (PCNA), a marker of cell
proliferation®®, and phosphorylated IGF-1R in the lungs of NNK-
treated mice (Fig. 6b, Supplementary Fig. 7). No signs of toxicity,
including significant changes in body weight, were observed
during treatment (Fig. 6¢). These findings support our hypothesis
that the inhibition of the RA system by ACE inhibitors or AGTR1
antagonists can suppress TS-induced IGF-1R activation and lung
tumorigenesis.

DISCUSSION

In this study, we show a novel mechanism whereby NNK-
mediated control of the pulmonary RA system stimulates
activation of the IGF-1R signaling pathway, contributing to TS-
mediated lung tumorigenesis. Our study utilizing various pharma-
cological and genomic approaches targeting the nAChR/Src/
STAT3 signaling cascade and mouse models carrying a lung-
specific Src transgene or heterozygous Agt knockout demon-
strated that the NNK-mediated control of the lung RA system is
strictly through nAChR/Src/STAT3-mediated AGT transcription.
Subsequent activation of the Angll/AGTR1 pathway appeared to
promote lung tumorigenesis through the transformation of lung
epithelial cells and protumoral polarization of fibroblasts and
macrophages. Mechanistically, the Angll/AGTR1 pathway leads to
increased production of IGF2 through STAT3-dependent transcrip-
tional upregulation and Ca®"-dependent increased secretion,
resulting in IGF-1R signaling activation (Fig. 6d). Finally, we show
that treatment with clinically available RA system antagonists,
including ACE inhibitors and ARBs, reduced NNK-induced lung
tumorigenesis in mice. These results suggest that the lung RA
system plays a pivotal role in TS-mediated lung tumor develop-
ment, providing clinically available strategies for the prevention of
TS-associated lung cancer.

Studies have shown that TS causes lung cancer development by
inducing genetic/epigenetic alterations in oncogenes and tumor
suppressor genes and by activating tumor-promoting signaling
pathways®™>. Our analyses of public data from populations of
smokers have identified overexpression of AGT in lung epithelial
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cells as an early biochemical event in human lung carcinogenesis.
A significant correlation between lung epithelial AGT expression
and poor prognosis of lung cancer patients was also observed.
Our subsequent in vitro and in vivo experimental results included
the following: (1) exposure to NNK induced transcriptional
upregulation of AGT and secretion of Angll in lung epithelial cells,
leading to the acquisition of transformed phenotypes in lung
epithelial cells and protumoral capacities in macrophages and
fibroblasts; (2) siRNA-mediated silencing of AGTR1 ablated NNK-
mediated transformed phenotypes in lung epithelial cells; and (3)
heterozygous Agt knockout suppressed the development of NNK-
induced lung tumor development in mice, suggesting that the
NNK-mediated activation of the Angll/AGTR1 pathway through
modulation of AGT expression leads to the transformation of lung
epithelial cells and the acquisition of a tumor-prone microenvir-
onment, causing lung tumor development. We also observed
NNK-induced upregulation of AGT in macrophages. Therefore, the
regulation of AGT in macrophages and its role in NNK-induced
lung tumorigenesis also need to be investigated in further studies.

The next question is how NNK stimulates the Angll/AGTR1
pathway. Our studies revealed a mechanism in which NNK binding
to nAChRs stimulates Src-mediated activation of STAT3, a
transcription factor for AGT expression®. Src, one of the nine
Src family members, transduces signals between cell surface
proteins, other intracellular proteins, and transcription factors*.
Src can be activated by a myriad of stimuli that activate various
transmembrane proteins, including adhesion receptors, receptor
tyrosine kinases, G-protein coupled receptors (GPCRs) and
cytokine receptors®®. Aberrant Src activation has been implicated
in the development of numerous human cancers, including lung
cancer®'. However, to date, the influence of Src on the lung RA
system has not yet been elucidated. A previous report demon-
strated that nicotine induces the activation of Src via a direct
association between nAChR and B-arrestin®’. Therefore, the NNK-
induced activation of Src could be mediated via the NNK-
mediated interaction of nAChR and B-arrestin. We found that
NNK binding to nAChR induces activation of Src/STAT3, resulting
in a transcription-dependent increase in AGT expression. Addi-
tionally, mice with lung-specific overexpression of Src exhibited
AGT expression and tumor development in the lung, while
heterozygous Agt knockout significantly suppressed Src-mediated
lung tumor development. Therefore, Src appears to couple NNK/
nAChR signaling to the Angll/AGTR1 pathway, thereby promoting
pulmonary tumorigenesis.

Another important question is how the NNK/nAChR/Angll/
AGTR1 signaling cascades promote pulmonary tumorigenesis.
Angll has been shown to activate numerous signaling molecules,
including the JAK/STAT pathway, the Src kinase family, the growth
factor receptor family, and cell adhesion proteins, including
paxillin and focal adhesion kinase (FAK)®2. Additionally, the
adapter protein SHC, tyrosine phosphatase SHP2, and insulin
receptor substance 1 (IRS1) are phosphorylated in response to
AnglI”3. Our study provided evidence that NNK-induced activation
of the Angll/AGTR1 pathway leads to stimulation of the IGF-1R
signaling pathway, which plays an essential role in cell transfor-
mation®’ and TS-mediated lung tumorigenesis in mice and
humans'>. Importantly, inactivation of IGF-1R by a tyrosine kinase
inhibitor significantly abrogated the Angll-mediated transformed
phenotypes in lung epithelial cells and protumoral activities in
macrophages and fibroblasts. Hence, the IGF-1R pathway appears
to be essential for Angll-mediated pulmonary tumorigenesis.

We further explored how IGF-1R could be activated. Consistent
with our previous report®®, our analysis clearly identified the role of
STAT3-dependent transcriptional upregulation of IGF2 after expo-
sure to NNK. However, our results, showing rapid IGF-1R signaling
activation within 5min after Angll exposure, indicated the
presence of transcription-independent mechanisms underlying
Angll-induced IGF-1R activation. Studies have shown that NNK-
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induced nAChR activation results in an increase in Ca®" influx
through voltage-dependent calcium channels (VDCCs), thereby
inducing secretagogue-induced IGF2 secretion'®, and that Angll/
AGTR1 signaling activates phospholipase C (PLC), leading to
inositol phosphate production and Ca®>" release within seconds>2.
Hence, we postulated that the Angll/AGTR1 pathway activates the
IGF-1R pathway by two independent but sequential mechanisms,
e.g., Src/STAT3-mediated transcriptional upregulation and
secretagogue-induced IGF2 secretion. Importantly, suppression of
the NNK-mediated Angll/AGTR1 pathway via blockade of ACE or
AGTR1 significantly inhibited NNK-induced autocrine and paracrine
IGF2-IGF-1R signaling and protumorigenic activities in pulmonary
epithelial cells, macrophages, and fibroblasts and lung tumorigen-
esis in mice, which was consistent with previous reports'>*=>*,
These findings provide clear evidence that NNK-mediated control
of the lung RA system through nAChR/Src/STAT3-mediated Angll
production results in epithelial cell transformation and lung tumor
development. Moreover, in addition to IGF-1R, IGF2 transduces
signals via IGF-2R'°, and a recent study demonstrated the
association of IGF2/IGF-2R signaling with acquiring anti-
inflammatory phenotypes in macrophages>>. We also observed
weak involvement of IGF-2R signaling in NNK-induced lung
epithelial cell transformation. Thus, additional studies are necessary
to investigate the precise role of IGF2/IGF-2R-mediated signaling in
NNK/Angll pathway-mediated lung tumorigenesis.

Deregulation of the RA system has been implicated in
pulmonary hypertension and inflammation, which mediates the
onset of disorders associated with TS, such as chronic obstructive
pulmonary disease (COPD)®. Epidemiological studies have shown
that COPD is an independent risk factor for lung cancer’®*’, and
the use of ACE inhibitors or ARBs reduces the risks of COPD*® and
lung cancer®®. Although some contradictory results have also been
reported®®, which require further investigation, the results of our
study demonstrate the potential of targeting the RA system as a
novel target for the prevention of lung cancer associated with TS.

In summary, we identified a novel mechanism by which TC NNK
induces sequential activation of the Angll/AGTR and IGF-1R
signaling pathways in pulmonary epithelial cells and stromal cells
to induce lung tumor development. We also show the potential
clinical utility of ACE inhibitors and ARBs in suppressing NNK-
mediated pathologic events. Our study has important clinical
implications, shedding new light on the concept of repositioning
ACE inhibitors and ARBs as a novel class of lung cancer
chemopreventive agents without the potential deleterious toxi-
cities found in metabolic disorders. Further preclinical and clinical
studies are necessary to address this important point.
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