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Abstract

Increased expression of osteopontin (secreted phosphoprotein 1, SPP1) is associated with aggressive human lung
adenocarcinoma (LADC), but its function remains unknown. Our aim was to determine the role of SPP1 in smoking-induced
LADC. We combined mouse models of tobacco carcinogen-induced LADC, of deficiency of endogenous Spp1 alleles, and of
adoptive pulmonary macrophage reconstitution to map the expression of SPP1 and its receptors and determine its impact
during carcinogenesis. Co-expression of Sppl and mutant Kras®'?® in benign cells was employed to investigate SPP1/KRAS
interactions in oncogenesis. Finally, intratracheal adenovirus encoding Cre recombinase was delivered to LSL.KRAS¢'?P

mice lacking endogenous or overexpressing transgenic Spp1 alleles. SPP1 was overexpressed in experimental and human
LADC and portended poor survival. In response to two different smoke carcinogens, Spp1l-deficient mice developed fewer
and smaller LADC with decreased cellular survival and angiogenesis. Both lung epithelial- and macrophage-secreted SPP1
drove tumor-associated inflammation, while epithelial SPP1 promoted early tumorigenesis by fostering the survival of
KRAS-mutated cells. Finally, loss and overexpression of Sppl was, respectively, protective and deleterious for mice harboring
KRASS*?P-driven LADC. Our data support that SPP1 is functionally involved in early stages of airway epithelial carcinogenesis
driven by smoking and mutant KRAS and may present an important therapeutic target.

Introduction
Lung cancer is the leading cancer killer, claiming 1.73 million and lung adenocarcinoma (LADC) constitutes the deadliest
lives and 36 million years of life lost worldwide in 2015 alone human neoplasm per se (1,2). Although 15% of LADC cases occur
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Abbreviations

BAL bronchoalveolar lavage

BHT butylatedhydroxytoluene

CANTOS Canakinumab Anti-inflammatory
Thrombosis Outcomes Study

LADC lung adenocarcinoma

MCA 3-methylcholanthrene

PCNA proliferating cell nuclear antigen

PFU plaque-forming units

SPP1 secreted phosphoprotein 1

STR short tandem repeats

in never smokers, tobacco smoking is the leading risk factor
for LADC (3,4). LADC of smokers most frequently harbor mu-
tations in the KRAS protooncogene GTPase (KRAS), which are
notoriously undruggable. Patients with KRAS-mutant LADC
are in need for new targeted therapies that prerequisite a
deeper understanding of the pathobiology of the disease (5,6).
Osteopontin (secreted phosphoprotein 1, SPP1; encoded by the
human/murine SPP1/Spp1 genes), is a secreted, chemokine-like,
matricellular phosphoglycoprotein that is widely expressed in
the human body (7). Although SPP1 facilitates physiologic pro-
cesses, it has also been shown to drive tumor progression in
mouse models of different metastatic cancers (8-12). Elevated
SPP1 expression has been associated with worse lung cancer pa-
tients prognosis (13) and its knock-down inhibited the growth of
lung cancer cell lines (11,14). Importantly, deficiency in the SPP1
receptor CD44 and exogenous delivery of non-functional decoy
SPP1 were protective in genetic mouse models of LADC (15,16).
However, the functional role of SPP1 in physiologically relevant
mouse models of de novo development of LADC in response to
tobacco chemicals (17,18) has not been studied.

The aim of this study was to map and investigate the func-
tional role of SPP1, and to identify its action during de novo LADC
development in response to tobacco carcinogens. For this, mul-
tiple mouse models of SPP1 deficiency and overexpression were
deployed in combination with cellular models of survival com-
petition. The results demonstrate the importance of SPP1 in
early stages of cell-autonomous lung tumor formation and pro-
gression and provide a direct link between KRAS mutations and
the tumorigenic activity of SPP1, positioning SPP1 as a thera-
peutic target against KRAS-mutant LADC.

Materials and methods

Additional details can be found in the supplementary information ma-
terial at http://carcin.oxfordjournals.org/.

Ethics approval

Experiments were carefully designed and preapproved by the Veterinary
Administration of the Prefecture of Western Greece (approvals
#3741/16.11.2010, 60291/3035/19.03.2012, and 118018/578/30.04.2014) and
conducted according to Directive 2010/63/EU (http://eur-lex.europa.eu/
LexUriServ/LexUriServ.do?uri= 0J:L:2010:276:0033:0079:EN:PDF).

Human data

BATTLE study microarrays were from GEO series GSE43458 (19). SPP1/ACTB
transcript abundance was determined for each patient using Affymetrix
(Santa Clara, CA) software. Survival was analyzed on Kaplan-Meier Plotter
(http://kmplot.com/analysis/ (20)) using: probe ID = 209875_s_at; auto-
select best cut-off; compute median survival; histologic subtype = All or
LADC; Cox regression = multivariate including AJCC stages T and N.

Cell line authedication

Human HEK293T embryonic kidney cells were a generous gift from
Professor’s loannis Kalomenidis laboratory in January 2016. Primary
LADC cells were isolated from urethane-induced LADC of FVB mice in
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our laboratory as described previously (21). All cell lines were tested bi-
annually using short tandem repeats (STR) and Mycoplasma Spp. PCR
and were cultured at 37°C in 5% CO,-95% air using DMEM/10% FBS/2 mM
L-glutamine/1 mM pyruvate/100 U/ml penicillin/100 mg/ml streptomycin.
Cells were used for experiments after five passages.

Vectors and cell treatments

Plasmids used ((21-24); http://www.addgene.org/Georgios_Stathopoulos/;
ID’s in parentheses) include pC (6691 Bicistronic_ires_puro; 64335), pSpp1l
(pSpp1-is2; 58248), pRFP (Plenti-CMV-MCS-RFP-SV-puro; 109377; gift from
Jonathan Garlick and Behzad Gerami-Naini), pGFP (7432 Bicistronic_GFP_
ires_puro; 64336), pGFP.Kras®'*® (8027_GFP-KrasG12C_2B_puro; 64372), and
pCag.Luc (Cag.Luc.puro; 74409). Cells were transfected with 5 pg DNA
using calcium phosphate. Stable clones were selected using puromycin
(1-7 pg/ml). Cells were treated with daily recombinant murine SPP1
(rmSPP1; 40 ng/ml; #441-0OP-050; R&D Systems, Minneapolis, MN) or neu-
tralizing SPP1 antibodies (a-SPP1; 10 pg/ml; anti-mouse #ab11503, Abcam,
Cambridge, MA; anti-human AF1433, R&D Systems, Minneapolis, MN).

Mouse models of LADC

C57BL/6] (C57BL/6; #000664), B6.129S6-Sppl™®i/ (Sppl”-; #004936;
(25)), FVB/NJ (FVB; #001800), B6.129S4-Kras™i/J (LSL.KRASS?>; #008179;
(26)),FVB-Tg(cAC-ue-GrAL2G85Cheo/J (CAG-luc-eGFP; #008450; (27)), and NOD.CB17-
Prkdc<?/] (NOD/SCID; #001303; (28)) mice from Jackson Laboratories
and Spp1-stop”//CreER™(LSL.Spp1™s; (29)) mice were bred in the University
of Patras Center for Animal Models of Disease (for mouse numbers, see
Supplementary Table 1, available at Carcinogenesis Online). LADC was in-
duced in FVB mice using a single (CAG-luc-eGFP mice) or four (wild-type
FVB mice) consecutive weekly intraperitoneal injections of 1 g/kg ur-
ethane (CAS#51-79-6; Sigma-Aldrich; St. Louis, MO) and in C57BL/6
mice using 10 weekly injections (17,22). Alternatively, LADC was trig-
gered in C57BL/6 mice by four consecutive weekly intraperitoneal in-
jections of 15 mg/kg 3-methylcholanthrene (MCA; CAS#56-49-5; Sigma)
followed by six consecutive weekly intraperitoneal injections of 200 mg/kg
butylatedhydroxytoluene (BHT; CAS#128-37-0; Sigma (30)). Experimental
mice were sex-, weight (20-25 g)-, and age (6-12 week)-matched, were ini-
tiated on treatments at 6 weeks of age, and were sacrificed 4 months (FVB
mice), 1 or 6 months (C57BL/6 mice), or 2 weeks (CAG-luc-eGFP mice) fol-
lowing treatment. KRAS®?P-driven LADC was induced via intratracheal de-
livery of 5 x 10® plaque-forming units (PFU) of adenovirus type 5 encoding
CRE recombinase (Ad-Cre; Vector Development Lab, Baylor College of
Medicine; Houston, TX) to LSL.KRASS*?" mice (26). For flank oncogenesis,
NOD/SCID mice received 2 x 10° subcutaneous HEK293T cells and vertical
tumor diameters (8) were measured. Mice were imaged for biolumines-
cent detection of cell mass weekly thereafter. Cell spot volume (V) was
calculated as V = 7 x (81 x 82 x 83)/6. For LADC development following
adoptive alveolar macrophage reconstitution, FVB mice received total-
body irradiation (900 rad) followed 12 h later by 10’ intravenous bone
marrow cells obtained from the four long bones of Spp1++ or Spp1~- mice,
1 month thereafter by intratracheal clodronate (0.5 mg in 100 pl), and yet
another month thereafter by four consecutive weekly intraperitoneal ur-
ethane (1 g/kg) injections (23,31).

Imaging

For bioluminescence imaging, cells and mice were serially imaged
on an Xenogen Lumina II after delivery of 300 pg/ml p-luciferin (Gold
Biotechnology; St. Louis, MO) to culture media or 1 mg intravenous
D-luciferin into the retroorbital veins. Data were analyzed using Living
Image v.4.2 (Perkin-Elmer, Waltham, MA; (17,22,23)).

Statistics

Sample size (n; always biological) was determined using G*power (32), as-
suming o = 0.05, § = 0.05, and d = 1.5. Data were acquired by two blinded
readers, reevaluated if >20% deviant (no data were excluded), examined
for normality by Kolmogorov-Smirnov test, and presented and analyzed
as appropriate. Differences in frequencies were examined by y? test, in
means by t-test or one-way ANOVA/Tukey’s post-tests, in medians by
Mann-Whitney test or Kruskal-Wallis/Dunn’s post-tests, in measure-
ments over time by 2-way ANOVA/Bonferroni post-tests, and in survival by
Kaplan-Meier estimates/log-rank tests and Cox regression. Probability (P)
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is two-tailed and P < 0.05 was considered significant. Statistics and plots
were done on Prism v5.0 (GraphPad, La Jolla, CA).

Results

SPP1 is overexpressed in LADC and portends poor
survival

To assess SPP1 as a candidate driver of human LADC, we deter-
mined its expression in a well-defined microarray study of 30
normal lung samples and 80 LADC tissues from the BATTLE study
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE43458,;
(19)). Raw data of each patient were analyzed separately and
normalized to ACTB housekeeping transcripts, revealing marked
overexpression of SPP1 in LADC compared with normal lung tissue
(Figure 1A). This fact was corroborated using The Human Protein
Atlas (https://www.proteinatlas.org/ENSG00000118785-SPP1/path-
ology; (33)). In line with published studies (13,34,35), high SPP1
expression was also an unfavorable prognostic marker for 1150
patients with lung cancer and 231 patients with LADC from the
Kaplan-Meier Plotter database (Figure 1B and C). We next sought
to map SPP1 expression in chemical-induced LADC of mice, which
features a mutation profile that is highly similar to human LADC
(18). For this, C57BL/6 mice competent (Spp1++), haploinsufficient
(Spp1+-), or deficient (Spp1--) in Spp1 alleles received 10 consecutive
intraperitoneal injections of urethane (1 g/kg) and were examined
for immunohistochemical detection of SPP1 immunoreactivity
of lung tissues together with untreated Sppl-competent mice.
In naive mice, SPP1 expression was restricted to non-ciliated
airway epithelial (club or Clara) cells (Figure 1D). In tumor-bearing
lungs of Sppl-competent mice, SPP1 was highly and ubiquitously
overexpressed in lung tumors, airway and alveolar epithelial
cells, and alveolar macrophages; no SPP1 immunoreactivity was
evident in the lungs from Sppl-deficient mice or when primary
antibody was omitted (Figure 1E). A time-course experiment
examining SPP1 protein levels in bronchoalveolar lavage (BAL)
from urethane-treated Spp1*+, Spp1*-, and Spp1”- mice by ELISA
corroborated the progressively increasing release of SPP1 into the
airspaces of urethane-treated Spp1** mice and validated SPP1 de-
ficiency of both Spp1*- and Spp1~- mice (Figure 1F). Similar results
were obtained when RNA extracted from LADC cells isolated from
urethane-induced lung tumors (21,24), from lungs of naive mice,
and from lungs of urethane-treated mice (1 week latency) was
analyzed by microarray and qPCR. These analyses corroborated
the overexpression of Sppl, and also identified Itgav, Itgb1, Itgb3,
Itgb5, and Cd44 as the main SPP1 receptors overexpressed by LADC
cells relative to Gusb housekeeping transcript (Figure 1G and H).
The ITGB3 protein overexpression by LADC cells was also evident
by immunofluorescence (Figure 1I). Collectively, these findings
supported that SPP1 signaling may be important in LADC biology
and warranted further investigation.

SPP1 promotes chemical-induced LADC in mice

To define the impact of SPP1in LADC, we exposed Spp1*+, Spp1+-,
and Spp1~- mice (C57BL/6) to 10 repetitive urethane treatments
and waited 6 months in order to generate chemical-induced
LADC with Kras mutations (22). As shown in Figure 2A-F, Spp1-/-
mice were markedly resistant to lung tumor induction compared
with Spp1** mice, and Spp1*- mice showed a phenotype closely
resembling Spp1-/- mice, in line with their almost complete SPP1
protein deficiency in BAL (Figure 1F). Spp1** and Sppl~- mice
were also exposed to a second two-hit chemical carcinogen
model of repetitive MCA-BHT injections, with similar results
indicating marked resistance of Sppl-gene-deficient mice to
chemical lung tumor induction (Figure 2G-L). To identify how

SPP1 functions as tumor promoter, we further studied param-
eters of inflammation, cellular proliferation, apoptosis, and
angiogenesis in the lungs of mice. To this end, Spp1~~ mice had
fewer inflammatory cells in BAL, more PCNA+ and TUNEL+ cells
in lung tumors, and fewer F8A+ angiogenic hotspots in lung tu-
mors compared with Sppl** mice (Figure 3). The decreased
proliferation/apoptosis ratio of lung tumors from Sppl~- mice
(determined as the ratio of PCNA+ dividing to TUNEL+ apoptotic
cells) indicated that the enhanced cell proliferation observed
was a rebound effect caused by the massive apoptotic rates they
displayed (Figure 3G). Taken together, these results show that
SPP1 promotes carcinogen-induced inflammation, cell prolifer-
ation, and angiogenesis, culminating in net tumor promotion at
late stages post-carcinogen exposure.

Epithelial-derived SPP1 fosters cellular proliferation
in the preneoplastic lung

The multifaceted phenotype of tumor-bearing Spp1~- mice could
be attributed to decreased epithelial proliferation at early stages
of carcinogenesis leading to less progressed tumors causing
less inflammation and angiogenesis (cell-autonomous effects
of epithelial SPP1), or to tumor-promoting effects of tumor-
infiltrating immune cells during late stages of carcinogenesis
(paracrine effects of myeloid SPP1). To determine the mech-
anism, we performed two experiments. First, Spp1**, Sppl*-,
and Sppl”- mice (C57BL/6) received four repetitive urethane
treatments and were sacrificed prematurely thereafter (Figure
4A). In this model of early lung carcinogenesis (37), Spp1~/- mice
displayed decreased inflammatory cells in BAL, fewer alveolar
hyperplastic lesions, and statistically significantly fewer pro-
liferating cells in hyperplastic lesions and airway epithelium
(Figure 4B-F). In a second experiment aimed at dissecting epi-
thelial- versus myeloid-SPP1 effects, wild-type FVB mice were
subjected to total-body irradiation (900 rad) followed by adoptive
bone marrow transfer of 10 million whole bone marrow cells
obtained from Sppl1** and Sppl”- donors (23,24). One month
later, when the native bone marrow was fully reconstituted
by the transplants, all chimeric mice received intratracheal
clodronate dosed to kill their alveolar macrophages, a technique
previously shown to efficiently repopulate the lungs with bone
marrow-derived macrophages (31). Yet another month there-
after, all animals with Sppl-competent lung epithelium and
either Sppl-competent or -deficient lung myeloid cells were ex-
posed to four consecutive urethane injections according to an
accelerated tumorigenesis protocol (Figure 4G; (17)). Lung exam-
ination revealed no differences in tumor incidence, multiplicity
or size between chimeric mice with Spp1*+ and Spp1-/- alveolar
macrophages (achieved power 91%) but showed that the latter
mice exhibited statistically significantly decreased numbers of
BAL inflammatory cells (Figure 4H-L). This experiment showed
that epithelial-derived SPP1 drives chemical-induced LADC,
while both epithelial- and myeloid-derived SPP1 drive tumor-
associated inflammation, consistent with results from trans-
plantable cancer models (10,11). Collectively, the results indicate
that epithelial-expressed SPP1 has a significant role in the es-
tablishment of clusters of proliferating cells with tumorigenic
characteristics at early stages of lung carcinogenesis.

SPP1 drives the survival of KRAS-mutant cells

Since chemical-induced lung tumors of mice are Kras-mutant
(18,22), and based on the above results that supported cell-
autonomous effects of epithelial SPP1, we sought to test the
impact of SPP1 on cell proliferation in the cellular contexts of
wild-type versus mutant Kras. For this reason we decided to
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Figure 1. Secreted phosphoprotein 1 (SPP1) is overexpressed in human and murine lung tumors and is associated with poor survival. (A) SPP1 corrected for house-
keeping ACTB transcript abundance using the "ACT method on microarray data from 30 normal lung and 80 lung adenocarcinoma (LADC) samples from the BATTLE
study (GSE43458; (19)). Circles, data points; lines, median; boxes, interquartile range; bars, 50% outer quartiles; n, sample size; P, Mann-Whitney U-test probability. (B
and C) Kaplan-Meier and Cox proportional hazards overall survival (OS) analyses of 1150 patients with lung cancer (B) and 231 patients with LADC (C) stratified into low
(black) and high (red) SPP1 transcript expression by optimal cut-offs shows that SPP1 overexpression is a stage-independent negative predictor of OS. Lines and num-
bers, Kaplan-Meier survival plots and risk estimates; P and HR, univariate Kaplan-Meier and multivariate Cox-regression probabilities (P) and hazard ratios (HR) with
95% confidence intervals (CI); T and N, TNM7 primary tumor and lymph node stage. (D and E) Immunodetection of SPP1 protein (brown) in lungs from naive C57BL/6
mice (n=5; D) and from urethane-treated (10 weekly intraperitoneal injections of 1 g/kg; latency 6 months) C57BL/6 mice competent (Spp1++; n = 23) or deficient (Spp1~;
n=19) in both Spp1 alleles (E) shows high expression by nonciliated airway epithelial cells (red arrows), alveolar epithelial cells (magenta arrows), alveolar macrophages
(blue arrows), and lung tumor cells (yellow arrows) selectively from Spp1** mice. Inlays, isotype controls. (F) Bronchoalveolar lavage (BAL) SPP1 protein levels from
urethane-treated C57BL/6 mice competent (Spp1**), haploinsufficient (Spp1*-), or deficient (Spp1~-) in Spp1 alleles at 0 (n = 5/group), 1 (n = 7-9/group), and 6 (n = 5-8/
group) months post-treatment start shows increased SPP1 elaboration into the airspaces during chemical carcinogenesis. Dots, mean; bars, SD; n, sample size; P, 2-way
ANOVA probability; ***, P < 0.001 for Spp1** mice at indicated time-points compared with time-point 0 months. (G and H) Microarray (G) and qPCR (H) results of relative
abundance of SPP1 and its receptors’ transcripts in RNA extracted from naive FVB mouse lungs, urethane-exposed FVB mouse lungs at 1 week post 1 g/kg urethane,
and primary LADC cells derived from urethane-induced lung tumors ((22); GSE94981; G, n = 2/group; H, n = 3/group) identify and validate overexpression of Spp1, Itgav,
Itgb1, Itgb3, Itgb5, and Cd44 (grey area) by LADC cells relative to Gusb housekeeping transcript. Dots, mean; bars, SD; n, sample size; P, 2-way ANOVA probability. (I)
Representative integrin-$3 (ITGB3) immunoreactivity (green) of naive murine lungs and primary LADC cells derived from urethane-induced lung tumors (n = 5/group)
counterstained with Hoechst 33258 (blue).
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Figure 2. SPP1 promotes chemical-induced lung carcinogenesis. (A-F) Spp1*+, Spp1*-, and Spp1~~ mice on the C57BL/6 background were treated with urethane and were
sacrificed 6 months post-urethane start for assessment of pulmonary oncogenesis. Shown are experimental schematic with each box representing 1 month (A), photo-
graphs of representative lungs with tumors (B, arrows), as well as data summary of mouse numbers (n) and tumor incidence (C), number of lung tumors (D), diameter
of lung tumors (E), and histologic distribution of neoplastic lesions (F). n, sample size; circles, data points; lines, median; boxes, interquartile range; bars, 50% outer quar-
tiles; P, overall probability by y? test (C), Kruskal-Wallis test (D and E), and 2-way ANOVA (F); * and ***, P < 0.05 and P < 0.001, respectively, for comparison of the indicated
group with Spp1*+ mice by Fischer’s exact test (C), Dunn’s multiple comparison test (D and E), and Bonferroni post-test (F). (G-L) Spp1** and Spp1~- mice on the C57BL/6
background were treated with 3-methylcholanthrene (MCA) followed by butylated hydroxytoluene (BHT) and were sacrificed 6 months post-MCA start for assessment
of pulmonary oncogenesis. Shown are experimental schematic with each box representing 1 month (G), photographs of representative lungs with tumors (H, arrows),
as well as data summary of mouse numbers (n) and tumor incidence (I), number of lung tumors (J), diameter of lung tumors (K), and histologic distribution of neoplastic
lesions (L) according to Ref. (36). n, sample size; circles, data points; lines, median; boxes, interquartile range; bars, 50% outer quartiles; P, overall probability by y? test (I),
Mann-Witney U-test (J and K), and 2-way ANOVA (L); **P < 0.01 for comparison of the indicated group with Spp1++ mice by Bonferroni post-test (L).

use HEK293T embryonic kidney cells, a cell line that is easily
transfected and does not bear mutant Kras or any syngeneic
mutations in the Egfr-Kras pathway in order to have an in-
sight into a more close to human approach. We first optimized
transient transfection protocols of HEK293T cells with a pGFP
eukaryotic expression vector, obtaining >90% transfection effi-
ciency using >10 ng DNA/2 x 10* cells at 96 h (Figure 5A and
B). HEK293T cells were subsequently stably transfected with
pGFP or pRFP, followed by transient transfection with vectors
encoding mutant murine Kras®?¢ and/or murine SPP1, mixing
of equal numbers of pGFP (test) and pRFP (control)-expressing
cells, and co-culture for 1 week in in vitro competition as-
says. Alternatively, co-incubation for 1 week with rmSPP1 or

anti-human a-SPP1 was performed. Quantification of pGFP+ and
PRFP+ cells by fluorescent microscopy and flow cytometry re-
vealed that forced overexpression of pAKras alone impaired the
survival of HEK293T cells, similar to our previous results with
other cell lines (21). This pAKras-induced anti-survival effect
was completely preventable by pSppl overexpression and by
co-incubation with exogenous rmSPP1 and was further aggra-
vated by co-incubation with a-SPP1 (Figure 5C-E). In a second
experimental approach, CAG-luc-eGFP mice constitutively ex-
pressing Photinus pyralis luciferase in all somatic cells ((27); FVB
strain) received a single intraperitoneal injection of urethane
(1 g/kg), were sacrificed after 2 weeks (when Kras mutations
occur in the lungs (38); and single cell suspensions of pulmonary
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Figure 3. SPP1 fosters inflammation, neovascularization, and cancer cell survival in de novo lung tumors. Spp1*+, Spp1*-, and Spp1~- mice on the C57BL/6 background
were treated with urethane or 3-methylcholanthrene (MCA) followed by butylated hydroxytoluene (BHT) and were sacrificed 6 months post-treatment start as in
Figure 2A and G, respectively. (A) Legend to experimental groups. Nucleated cell numbers of bronchoalveolar lavage (n = 16, 12, and 25, respectively, for Spp1**, Spp1*-,
and Sppl~- mice treated with urethane (B) and n = 6/group for Spp1** and Spp1~- mice treated with MCA/BHT, (C). Shown are representative images (D) from the
immunoreactivity (brown color; arrows) of lung tumors from urethane-treated mice for proliferating cell nuclear antigen (PCNA, top), terminal deoxynucleotidyl nick-
end labeling (TUNEL, middle), and factor VIII-related antigen (F8A, bottom) protein expression (blue color indicates hematoxylin counterstain), and data summary (E-G)
from n = 7 mice/group (10 different tumors from each mouse were examined and averaged). Inlays, isotype controls. n, sample size; circles, data points; lines, median;
boxes, interquartile range; bars, 50% outer quartiles; P, overall probability, Unpaired t-test (C) and one-way ANOVA with Tuckey’s Multiple Comparison Test (B and E-G);
*,P <0.05,",P<0.01, and ***, P < 0.001, respectively, for comparison of the indicated group with Spp1** mice by Dunn’s multiple comparison test.

cells (50 000 cells/mouse) were incubated for 2 weeks with PBS
control, rmSPP1, or anti-mouse «a-SPP1. Bioluminescent detec-
tion of cell mass and cell counting revealed that exogenous
rmSPP1 fostered and neutralization of endogenous SPP1 using
a-SPP1 inhibited the survival of tumor-initiated pulmonary cells
(Figure SF-H). These results suggested that epithelial-derived
SPP1 potentially selectively sustains the survival of Kras-mutant
epithelial cells in an autocrine and/or paracrine fashion. To de-
finitively test this, we stably transfected HEK293T cells with a
vector encoding P.pyralis luciferase (pCag.Luc) with or without
PAKras, followed by transient transfections with a control (pC)
or pSpp1 vectors. Upon validation, 2 x 10° transfected cells were
injected pairwise into the rear flanks of NOD/SCID mice followed
by serial tumor measurements and bioluminescence imaging.
As shown in Figure 6, pAKras or pSppl alone did not render
HEK293T cells tumorigenic, but simultaneous overexpression of
PAKras and pSpp1 resulted in formation of large primary tumors
in 50% of the mice injected. These data corroborated that SPP1
can function as a promoter of Kras-mutant tumors in vivo.

SPP1 is required for KRASS?P-driven LADC

To further prove the pro-tumor effects of SPP1 on KRAS-mutant
tumors, we generated intercrosses of mice conditionally ex-
pressing mutant KRAS®?® upon CRE-mediated recombination
(LSL.KRASS?P; (26)) with Spp1**, Spp1*-, and Sppl~- mice. The
transgenic mice received intratracheally Ad-Cre and were sac-
rificed 4 months later. Similar to results from chemical models,
Sppl gene-deficiency was protective from KRAS®?°-driven
LADC (Figure 6H and K). To strengthen our findings using add-
itional models, but also to highlight the possible autocrine
effects of SPP1, LSL.KRASS?P mice were intercrossed with
mice conditionally overexpressing SPP1 upon CRE-mediated

recombination (LSL.SPP1"; (29)) and offsprings received 5 x 10®
PFU Ad-Cre and were sacrificed 3 months later. In this model,
oncogenic KRAS®'?P and SPP1 were co-expressed sporadically in
the respiratory epithelium. Again, SPP1 overexpression specif-
ically in KRAS®*?>-initiated cells (see Supplementary Figure 2,
available at Carcinogenesis Online) markedly enhanced carcino-
genesis (Figure 6] and L), solidifying the link between SPP1 and
mutant KRAS.

Discussion

In the present study, we investigated the functional role of
SPP1 in autochthonous airway epithelial carcinogenesis in-
duced by two different tobacco chemicals and by oncogenic
mutant KRAS®?. In accord with previous studies, analyses of
multiple published datasets confirmed the marked (>25-fold)
overexpression of SPP1 in LADC compared with adjacent non-
tumorous lung tissues, as well as its importance in predicting
poor survival (13,39-41). Our findings are the first to demon-
strate that SPP1 is overexpressed and required for murine LADC
induction by two different tobacco carcinogens. Collectively,
the data presented support that lung epithelial SPP1 sustains
the survival of KRAS-mutant lung epithelial cells at early time
points post-carcinogen exposure, while myeloid-secreted SPP1
drives tumor-associated inflammation. Finally, an unequivocal
role for SPP1 as a tumor promoter in the cellular context of mu-
tant KRAS is shown using xenotransplant models and mouse
models of stochastic KRAS mutation infliction in the murine re-
spiratory epithelium.

Epithelial SPP1 is shown here to function in a cell-
autonomous fashion to drive the survival of KRAS-mutated lung
epithelial cells. This is supported by the decreased cellular pro-
liferation and the increased apoptosis of epithelial cells in the
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Figure 4. Epithelial-derived SPP1 drives preneoplasia in the tumor-initiated lung. (A-F) Spp1**(n = 9), Spp1*~ (n = 9), and Sppl~~ (n = 7) mice on the C57BL/6 back-
ground were treated with urethane and were sacrificed 1 month post-treatment start. Shown are experimental schematic with each box representing 1 month (A),
data summary of nucleated cell numbers of bronchoalveolar lavage (B), number of atypical alveolar hyperplastic lesions (C), proliferating cell nuclear antigen (PCNA)
immunoreactive cell abundance within these lesions (D), and PCNA immunoreactive cell abundance in airway epithelium (E), as well as representative images of
PCNA immunoreactivity of alveolar (top) and airway (bottom) regions (F). Inlays, isotype controls; n, sample size; circles, data points; lines, median; boxes, interquartile
range; bars, 50% outer quartiles; P, overall probability by Kruskal-Wallis test; * and ***, P < 0.05 and P < 0.001, respectively, for comparison of the indicated group with
Spp1** mice by Dunn’s multiple comparison test. (G-L) FVB mice received total body irradiation (900 rad, IR) followed by same-day bone marrow transplants (10 million
cells flushed from the four long bones; BMT) from Spp1+* and Spp1~- mice. After 1 month necessary for bone marrow reconstitution, chimeras received intratracheal
clodronate aimed at alveolar macrophage depletion and their reconstitution by bone marrow-derived chimeric macrophages, which is complete after another month
(31), when animals received urethane and were sacrificed 6 months post-urethane start for assessment of pulmonary oncogenesis. Shown are experimental schematic
with each box representing 1 month (G), photographs of representative lungs with tumors (H, arrows), as well as data summary of mouse numbers (n) and tumor in-
cidence (I), number of lung tumors (J), diameter of lung tumors (K), and nucleated cell numbers of bronchoalveolar lavage (L). n, sample size; circles, data points; lines,
median; boxes, interquartile range; bars, 50% outer quartiles; P, overall probability by y? test (I) and Mann-Witney U-test (J-L).

lungs of Spp1-gene-deficient mice upon carcinogen exposure, by
the survival advantage of cells co-expressing mutant KRAS and
SPP1 in vitro and in vivo, and by the results from genetic models
where KRAS®?® and SPP1 expression were stochastically inflicted
in the same cells across the lung epithelium. This mechanism of
SPP1 effects in LADC is plausible, since pulmonary tumor ini-
tiated cells expressed at the same time SPP1 and a battery of
its receptors’ transcripts, including Itgav, Itgb1, Itgb3, Itgb5, and
Cd44. In particular integrinf3 (ITGB3), which was validated at

the protein level to be focally expressed by the respiratory epi-
thelium and lung tumors in our chemical models, was recently
shown to drive lung tumor cell stemness and drug resistance
by interacting with oncogenic KRAS to promote non-canonical
activation of nuclear factor (NF)-kB (42). Hence, SPP1 and ITGB3
signaling might be the missing link between KRAS mutations
and alternative NF-kB pathway activation that we recently re-
ported in patients and mice with LADC (17,22,23,43). Our results
are also in line with the role of SPP1 in causing the radiation

0202 J9qWIaAON 0€ UO JosN ¥aY1ol|qiqienusz 4SO Aq L0BBZIS/YE L L/8/L ¥/9IoILE/UIoIed/w00 dno dlwapeo.//:sd)y Wolj papeojumod



L.Giopanouetal. | 1141

A hrs post-transfection B iov hrs
10 D post-
) transfection
0
g 108 o 24
% o 48
L = - 72
o D
5 108 o 9% 4u
o e 120
o P <0.0001
10+ T T T 1
01 1 10 100 1000
PGFP/pRFR DNA/well (ng)
100- P =0.0005 50 P= 0.(1;004
—_ Hit —_ %k
o (=3
+ = so{[ ]« + = 2 i
o »n n w
L “p L o
PGFPpAKras/ pGFPpAKras O O o4 X o o
RFP Spp,
# g 1004 P = 0.0010 304 P < 0.0001
= # 3 20
& 5o * % &
+ ~ + * %
o [T #
T [T
08 o X o o

PGFP/ PGFP/ PGFP/
PRFPpAKras PRFPpAKras PRFPpAKras
+ SPP1 + a-SPP1

GFP RFP

PGFP/pRFP PGFPpAKras/ \pGFPpAKras
PREP pSpp1/
|pRFP
* P <0.0001
0 ~
201 -0- SPP1
PGFP/pRFP Q E SPP1
< T -O- a-
] ] ] oo
| I | I 1| 0 5 10 15
days post-explant
. . 200 P <0.0001
PGFP/ PGFP/ 150 1 PBS
PRFPpAKras PRFPpAKras —
] 1+5SPP1 2 100 3 SPP1
: £Eg (]
] ] a-SPP1
28 w0 *
] 8% o

Figure 5. SPP1 fosters the survival of KRAS-mutant cells. (A and B) HEK293T benign human embryonic kidney cells were transiently transfected with varying amounts
of a eukaryotic expression vector encoding enhanced GFP and green fluorescence was quantified by serial biofluorescence imaging of live cells. Shown are represen-
tative biofluorescence images (A) and summary of data from n = 3 independent experiments (B). Circles, mean; bars, SD; n, sample size; P, 2-way ANOVA probability; ***,
P < 0.001 for plasmid amounts > 10 ng/well at 96 h compared with all other time-points and with 0 ng/well DNA. (C-E) HEK293T cells were stably transfected with eu-
karyotic expression vectors encoding enhanced GFP (pGFP) or RFP (pRFP). Thereafter, pGFP-expressing cells were transiently transfected with eukaryotic expression vec-
tors encoding mutant murine Kras(pAKras) alone or pAKras plus murine SPP1 (pSpp1), were mixed with equal numbers of pRFP-expressing HEK293T cells, co-cultured
for 1 week, and finally were quantified by fluorescent microscopy and flow cytometry. Alternatively, pRFP-expressing cells were transiently transfected with pAKras,
mixed with equal numbers of pGFP-expressing cells, and were co-incubated for 1 week with recombinant murine SPP1 (rmSPP1; 40 ng/ml) or neutralizing anti-SPP1
antibody («-SPP1; 10 pg/ml) followed by cell quantification. Shown are representative fluorescent microscopic images (C) and flow cytometry histograms (D), as well as
data summary from n = 3 independent experiments (E). n, sample size; columns, mean; bars, SD; P, overall probability by one-way ANOVA; * and ***, P < 0.05 and P < 0.001,
respectively, for comparison of the indicated groups with pGFP/pRFP control co-cultures by Tukey’s multiple comparison test; * and ***, P < 0.05 and P < 0.001, respect-
ively, for comparison of the indicated groups with pGFPpAKras/pRFP or pGFP/pRFPpAKras co-cultures by Tukey’s multiple comparison test. (F-H) LSL.R26.Luc mice (FVB
background; n = 8) received a single intraperitoneal injection of urethane (1 g/kg), were sacrificed after 2 weeks (when Kras mutations occur in the lungs), and single cell
suspensions of pulmonary cells were plated (20 000 cells from each mouse/96-well) and incubated for 2 weeks with PBS control, rmSPP1 (10 ng/ml), or a-SPP1 (10 pg/ml).
Cell mass was quantified longitudinally using bioluminescence imaging and after 2 weeks using cell counting. Shown are representative bioluminescence image (F), as
well as data summary from n = 8 independent experiments (G and H). (G) Circles, mean; bars, SD; P, 2-way ANOVA probability; * and **, P < 0.05 and P < 0.001, respectively
for rmSPP1-treated cells at indicated time-points compared with a-SPP1-treated cells. (H) circles, data points; lines, median; boxes, interquartile range; bars, 50% outer
quartiles; P, overall probability by Kruskal-Wallis test; *, P < 0.05 for comparison of the indicated groups with PBS-treated cells by Dunn’s post-test.
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Figure 6. SPP1 drives de novo tumorigenesis in the cellular context of mutant KRAS. HEK293T cells were stably transfected with a eukaryotic expression vector
encoding Photinus pyralis luciferase (pCag.Luc) alone or in combination with mutant murine Kras (pAKras). Thereafter, pools of 3-5 stable clones were transiently trans-
fected with random sequence control (pC) or murine SPP1 (pSpp1) plasmids, were validated, and 2 x 10¢ cells expressing pC or pSpp1 were injected pairwise into the
rear flanks of NOD/SCID mice followed by serial tumor measurements and bioluminescence imaging. (A) Cropped immunoblots of whole cell extracts probed with
anti-Kras and anti-a-Tubulin antibodies. (B) SPP1 protein secretion by ELISA. Circles, data points; lines, median; boxes, interquartile range; bars, 50% outer quartiles;
P, Mann-Whitney U-test probability. (C) Legend and schematic representation of experimental set-up. (D) Representative bioluminescence images of living mice at
35 days post-HEK293T cell injection. (E) Numbers of mice used and incidence of tumors larger than 0.3 cm®. (F) Data summary of tumor volume. (G) Data summary
of bioluminescence imaging. (F and G) Circles, mean,; bars, SD; P, 2-way ANOVA probability; ns, **, and ***, P > 0.05, P < 0.01, and P < 0.001, respectively for the indicated
comparisons at the final time-points. Mice conditionally expressing mutant KRAS®*?° upon CRE-mediated recombination (LSL.KRAS®'?") and simultaneously competent
(Spp1++; n = 7), haploinsufficient (Spp1*-;n = 4), or deficient (Spp1~-; n = 8) in Spp1 alleles (all on the C57BL/6 background) received 5 x 10° plaque-forming units (PFU)
intratracheal adenovirus encoding CRE recombinase (Ad-Cre) and were sacrificed 4 months later (I and K). Alternatively, LSL.KRAS®*?" mice were intercrossed with mice
conditionally expressing SPP1 upon CRE-mediated recombination (LSL.SPP1") and offsprings LSL.SPP17¢ (n = 9), LSL.KRAS®'?" (n = 9) and LSL.KRAS®?"; LSL.SPP1"¢ (n = 9)
received 5 x 10° PFU Ad-Cre and were sacrificed 3 months later (J and L). Shown are experimental schematic with each box representing 1 month (H), data summary
of mouse lung tumor fraction (I and J), as well as hematoxylin and eosin-stained representative lung tissue sections with tumors (K, L, arrows). n, sample size; circles,
data points; lines, median; boxes, interquartile range; bars, 50% outer quartiles; P, overall probability by Kruskal-Wallis test; *, P < 0.05 for comparison of the indicated
group with LSL.KRAS®'?"; Spp1++ mice by Dunn’s post-test (B); ***, P < 0.001 for comparison of the indicated group with LSL.SPP1™ mice by Dunn’s post-test; **, P < 0.01 for
comparison of the indicated group with LSL.KRAS®?® mice by Dunn’s post-test.
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resistance of KRAS-mutated lung cancers (44) and with the ef-
fects of CD44, another SPP1 receptor, in driving KRAS-mutant
lung cancers (15,45). Taken together, our results explain previous
links of SPP1 to enhanced lung cancer progression and pin the
cytokine’s pro-tumor functions to a defined molecular subclass
of this cancer type, that is, KRAS-mutant LADCs of smokers.

One of the most interesting findings from adoptive bone
marrow transplant experiments was that selectively SPP1 of epi-
thelial origin fuels chemical-induced LADC development, while
myeloid-derived SPP1 participates in mounting tumor-associated
inflammation without impacting carcinogenesis. The latter ob-
servation does not provide experimental support to a report of
increased macrophage SPP1 expression in lung cancer patients,
which was correlated with poor survival (40). Notwithstanding
a potential tumor-promoting effect of immune-derived SPP1 in
lung cancer not evident in the bone marrow transplant model
employed here, our studies highlight the prime mechanism of
the pro-tumorigenic functions of SPP1 in the lungs: SPP1 ex-
pressed by the tumor-initiated pulmonary epithelium promotes
the survival of transformed cells that harbor KRAS mutations. To
this end, recent and earlier studies in patients with lung cancer
have underlined SPP1 as a peripheral blood biomarker of disease
progression and response to therapy (39-41,46,47) and their find-
ings can be explained by the tissue-restricted effects of epithe-
lial SPP1 reported here. The latter can be explained by different
isoforms of SPP1 potentially secreted by epithelial and myeloid
cells, as well as the differential effects of the cytokine depending
on cellular TP53 mutation status (11). The known facts that ma-
ture chemical-induced LADC commonly carry deleted or mu-
tated Trp53 alleles (18,48), and that SPP1 functions to promote
cellular survival especially in the cellular context of functional,
wild-type TP53 alleles (11), further supports our findings of early
effects of SPP1 post-carcinogen exposure.

Our findings have explicit clinical implications and we hope
that they will prompt clinical progress aimed at inhibiting SPP1
in lung cancer, in addition to using it as a biomarker of tumor
mass, survival, and therapy response (39,40,46). Despite po-
tential therapeutic applications in patients with established
malignant lung tumors, we believe that the major potential
clinical application of our findings would be SPP1-targeted
chemoprevention strategies to prevent LADC development
in smokers. This is feasible given the multitude of the agents
available to inhibit SPP1 signaling (16,29,46). The concept of lung
cancer chemoprevention targeted at tumor-associated inflam-
mation is an emerging certainty in the field after the results of
the Canakinumab Anti-inflammatory Thrombosis Outcomes
Study (CANTOS) trial: neutralization of interleukin-1f using
the humanized monoclonal antibody canakinumab aimed at
reduction of cardiovascular risk achieved its primary endpoint
by decreasing cardiovascular events by up to 15% (49), at the
same time inadvertently decreasing lung cancer mortality in
the high-dose intervention group by an astonishing 77% (50).
We believe that SPP1 could be an equally lucrative target for
chemoprevention of incident LADC in ever smokers at high risk
for the disease. In conclusion, osteopontin is shown to play a
pivotal tumor promoting role in early stages of LADC devel-
opment. Evidence from multiple mouse models and from hu-
mans is presented that pins the cytokine as a prime target for
chemoprevention of LADC in the lungs of smokers.

Supplementary material

Supplementary data are available at Carcinogenesis online.
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