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Figure 6. Mitochondrial respiration controls proliferation of lung cancer stem-like cells. (A] Western blotting of primary KRas;rank**
and KRas;rank™" pneumocytes to determine activation of the indicated signaling pathway in response to 1 ng/mL RANKL stimulation.
Activation was determined at the indicated time points using phospho-specific antibodies. The respective total proteins are shown to con-
trol for protein expression. p-Actin is shown as a loading control. (B) Bioenergetics profiling of purified primary pneumocytes from KRas;
rank** mice. Mutant KRas was induced following AdCre infections, and cells were then left untreated (control) or treated with 1 pg/mL
RANKUL in the presence or absence of inhibitors to block NF-«xB (iNF-«xB), AKT (iAKT), P38 (iP38), and transcription (actinomycin D). In all
experiments, cells were pretreated with the inhibitors. A minimum of five replicates was analyzed for each condition, and pneumocytes
purified from two different mice were used independently. (*) P <0.05; (**) P <0.01; (***) P <0.001, unpaired two-sided t-test. (C) Represen-
tative images for BrdU staining of tumor spheroids derived from KRas;rank*/* primary lung tumor cells, which received no treatment or
were treated with 1 pg/mL RANKL alone, oligomycin alone (low dose [0.05 ug/mL] or high dose [0.5 png/mL]), and RANKL plus different
oligomycin concentrations. Five-thousand primary tumor cells were seeded. BrdU labeling (10 uM/mL) was performed for 2 h.
Experiments were performed with six replicates for each condition and repeated with three different KRas;rank** mice. Sections were
counterstained with DAPI. (D,E) Quantifications (mean + SEM) of tumor spheroid numbers and BrdU* cells within tumor spheroids

from C. (***) P <0.001, unpaired two-sided t-test. Bars, 50 pm.

spheroid assay. Again, we could detect enhanced tumor
spheroids with RANKL stimulation; AKT inhibition
almost completely blocked the spheroids’ formation,
whereas P38 inhibition had no significant effect. NF-kB
inhibition reduced the RANKL-triggered spheroid numbers
to levels observed in the control cultures (Supplemental
Fig. S7D,E). Finally, we tested whether this identified cou-
pling of RANK to mitochondrial respiration had direct
functional relevance for tumor stem-like properties using
the 3D tumor spheroid assay. Interference with mitochon-
drial respiration using oligomycin at doses used previous-
ly in vitro and in vivo to block OXPHOS (Viale et al. 2014)
indeed resulted in markedly reduced numbers of tumor
spheroids in both control and RANKL-stimulated KRas;
rank** cells in a dose-dependent fashion (Fig. 6C,D).
Moreover, whereas RANKL stimulation markedly en-
hanced proliferation in the tumor spheroids as determined
by BrdU labeling, interference with OXPHOS signifi-
cantly reduced the numbers of BrdU-positive cells (Fig.
6C,E). The effects of oligomycin on tumor sphere forma-
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tion and BrdU labeling in KRas;rank™ cells are shown
in Supplemental Figure S8. Thus, RANKL/RANK can in-
duce lung cancer stem-like cell expansion via regulating
mitochondrial respiration.

Female sex hormones can affect KRas®'2P-driven lung
cancer via RANK

Epidemiologic studies have revealed differences between
women and men, particularly in lung cancer etiology,
progression, and treatment response, believed to be due
to sex-related hormonal factors (Belani et al. 2007; Baik
et al. 2011; Remon et al. 2014). Moreover, it has been re-
ported that sex hormones can promote tumor progression
in the KRas"2P;p53°* mouse model (Hammoud et al.
2008). However, the molecular pathways for such effects
were not known. Intriguingly, during the course of the hu-
man lung tumor data analysis, we observed that the asso-
ciation of better survival with low RANKL and high OPG
expression was statistically more significant in female
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than in male cancer patients (Supplemental Fig. S9A). Of AdCre inhalation. After removing female sex hormones,
note, we did not observe such a difference for RANK ex- the survival advantages of KRas;rank™" females disap-
pression, which is in line with the fact that expression of peared completely (Fig. 7C), and histological analysis
RANKL and OPG, but not RANK, are highly regulated revealed no difference in tumor burden between the fe-
by sex hormones. Moreover, in our IHC data set, we found male KRas;rank*™* and KRas;rank™ cohorts (Fig. 7D).
significantly more tumoral RANKL expression in females To finally assess whether female sex hormones can
with lung cancer (Supplemental Fig. S9B), supporting the directly enhance the initiation of KRas“*?P-driven lung
notion that RANKL expression in lung cancer is biased cancer, we implanted RANK-sufficient female mice
toward women. with the synthetic progesterone derivative (progestin)
We therefore analyzed survival curves in our lung can- medroxyprogesterone acetate (MPA). MPA is commonly
cer experiments (in the absence of p53 mutations) accord- used for hormonal replacement therapy and contracep-
ing to gender. Indeed, we found that KRas;rank** male tives and has been demonstrated to strongly induce
mice survive significantly longer and have markedly less RANKL expression, thereby inducing the RANKL/
tumor burden than KRas;rank*/* female mice at both 6 RANK pathway (Schramek et al. 2010). Importantly, the
and 12 wk; in contrast, these survival differences were Woman’s Health Initiative trial study has shown that hor-
much less pronounced—with a comparable tumor burden monal replacement therapy, especially the combination
at 6 and 12 wk—among KRas;rank" female and KRas; of estrogen with progestin, is associated with an increased
rank™ littermate male mice (Fig. 7A,B). To test whether number of deaths from lung cancer (Chlebowski et al.
the differences in our female mice might depend on sex 2009). MPA significantly enhanced tumor burden in
hormones, we removed female hormonal influence by KRas;rank*'* female mice (Fig. 7E). Most importantly, in
ovariectomy (OVX) and then induced lung cancer via the absence of RANK expression, MPA had no additional
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Figure 7. Female sex hormones can drive lung cancer via RANK. (A) Kaplan Meier survival curves for KRas;rank** male (n = 20; median
survival 238 d), KRas;rank*"* female (n = 20; median survival 183 d), KRas;zank”" male (n = 10; median survival 262 d), and KRas;rank"
female (n = 16; median survival 215 d) mice injected intranasally with AdCre. (*)P < 0.05; (***) P <0.001, log rank test. (B) Quantitative as-
sessment of tumor to lung ratios among male and female KRas;rank** and KRas;rank™" mice at 6 and 12 wk after AdCre inhalation. Data
from individual mice are shown +SEM. (*) P <0.05; (***) P <0.001, x* test. (C) Kaplan Meier survival curves for KRas;rank*'* ovariecto-
mized (OVX) (n=9; median survival 285 d), KRas;rank*/* sham-treated (n = 5; median survival 210 d), KRas;rank™" ovariectomized (n
=11; median survival 274 d), and KRas;rank™" sham-treated (n = 5; median survival 235 d) mice injected with AdCre. (**) P <0.01; (***)
P <0.001 (between the ovariectomized groups and their respective KRas;rank*’* and KRas;rank™” sham-treated littermate controls),
log rank test. (D) Representative histological images of ovariectomized (OVX) KRas;rank** and KRas;rank™" females 30 wk after AdCre
inhalation. Bars, 2 mm. (E,F) Quantitative assessment of tumor to lung ratios and representative histological images of medroxyproges-
terone acetate (MPAJ-implanted (MPA) as well as sham-treated (Sham) KRas;zank*/* (E) and KRas;rank" (F) mice 8 wk after AdCre in-
halation. MPA experiments were performed independently for the KRas;rank™* and KRas;rank™ cohorts. Of note, for the MPA
experiments, we used a lower dose of the AdCre virus to better uncover possible MPA effects and assessed lung tumorigenesis at an early
time point as a surrogate for tumor initiation. (**) P<0.01, XZ test. Bars, 2 mm.
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effect on lung tumor burden in KRas;rank™" littermate
females (Fig. 7F). These data indicate that female sex hor-
mones can directly affect KRas®?P-driven lung cancer,
which appears to be regulated via RANK.

Discussion

Lung cancer has become the most common neoplasm
worldwide, with median and 5-yr survival expectations
in advanced disease of ~1 yr and <5% of patients, respec-
tively (Siegel et al. 2015). Bone metastases are common in
lung cancer. Therefore, RANK inhibition has been used in
a phase III clinical trial to treat skeletal-related events in
lung cancer patients (Scagliotti et al. 2012). Surprisingly,
RANK inhibition with the monoclonal antibody denosu-
mab, which binds to RANKL and therefore blocks binding
of RANKL to RANK, resulted in significantly prolonged
survival, especially in patients with NSCLC adenocarci-
nomas and squamous tumors. Importantly, the survival
advantage of denosumab observed in the clinical study
of lung cancer bone metastasis patients occurred in pa-
tients either with or without visceral metastasis, suggest-
ing that a mechanism beyond the bone targeted effect of
RANK blockade may be operative (Scagliotti et al. 2012).
We show that clonal inactivation of rank in lung epithelial
cells significantly affects lung cancer development, ulti-
mately resulting in prolonged survival. RANK inhibition
also reduces growth of human lung cancer in a PDX model.
Thus, we uncovered a novel and unexpected function for
RANK in primary lung cancer development. Genetically,
it appears that RANKL does not need to be expressed in
the lung cancer cells per se, indicating that systemic soluble
RANKL and/or local RANKL production by cells in the tu-
mor microenvironment provides this critical ligand.
Mechanistically, RANKL/RANK can rapidly alter mi-
tochondrial respiration in primary mouse KRas%?P mu-
tant pneumocytes and in lung cancer cells, which at
least in part could be explained by the marked induction
of PGCIpB expression. Moreover, RANK stimulation
markedly enhances the formation of tumor spheroids
from lung cancer progenitor cells, an effect that can be
blocked by inhibition of mitochondrial respiration. Of
note, it has been reported recently—albeit without de-
scribing the molecular pathway—that osteoclasts can
change mitochondrial bioenergetics during their course
of development (Nishikawa et al. 2015), although it was
unclear whether this was a direct RANK activation effect
or the consequence of the maturation of hematopoietic
lineage-derived osteoclasts, and it was also not known
whether such coupling might also occur in epithelial
cells. Our data suggest that coupling of RANK to
mitochondrial bioenergetics might constitute a common
downstream pathway in different cell types. Whether
PGC1p expression is also induced in osteoclasts needs to
be determined. Moreover, we report here that RANK
can trigger mitochondrial respiration in human lung can-
cer cell lines. Besides rewiring of mitochondrial energy
homeostasis, RANK most likely drives lung cancer initia-
tion and progression via other pathways, such as coupling
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to the cell cycle machinery, cell adhesion, or amplifica-
tion of Wnt-responsive progenitor cells (Joshi et al. 2015).

Since RANKL/RANK/OPG are regulated via sex hor-
mones, explaining, for instance, how progesterone can
drive breast cancer (Schramek et al. 2010; Nolan et al.
2016; Sigl et al. 2016) and how sex hormones influence
bone metabolism (Manolagas et al. 2014), we speculated
that this system might also be involved in the long specu-
lated and proposed gender differences in lung cancer
(Chlebowski et al. 2009), lung cancer having become
the number one “killer” for women with cancer (Siegel
et al. 2015). However, to our knowledge, no molecular
pathway has ever been reported to explain how gender-
specific sex hormones might affect lung cancer develop-
ment. We therefore speculated that RANKL/RANK might
be involved in gender differences in lung cancer, although
there was no factual evidence to support this notion. In-
triguingly, when we analyzed male versus female mice,
all animals being syngeneic littermates on the C57/Bl6
background, we observed gender-specific differences in
lung cancer survival. Removal of endogenous sex hor-
mones in female mice eliminated the survival advantages
conferred by RANK deficiency, whereas, importantly,
exposure to the synthetic progesterone MPA enhanced
lung cancer initiation dependent on RANK expression.
Sex hormone regulation of RANKL/RANK might in part
explain the gender-specific differences observed in human
lung cancer, thus identifying the first genetically verified
pathway that shows how female sex hormones might
drive lung cancer. Of note, we did not observe any appar-
ent differences in RANK expression in the normal lungs or
KRas®'?P_driven lung tumors, and RANK expression
could be induced in both male and female pneumocytes
upon induction of oncogenic KRas. Moreover, the mito-
chondrial defects that we observed in the rank mutant
lung tumors were present in both genders, and we ob-
served apparently similar induction of PGC1p in male
and female pneumocytes, although we cannot exclude
subtle differences between the genders. Whether male
sex hormones also affect lung cancer via RANKL/
RANK, which are also regulated by testosterone (Hyde
etal. 2012), needs to be determined. It would be also inter-
esting to test in future experiments using different lung
cancer models whether RANK might affect regional and
cell type-specific differences in lung tumorigenesis.

We also report that RANK is frequently and highly
expressed on primary human lung tumors and that a
molecular signature of high RANKL and high RANK
expression and low expression of OPG and LGR4, the
natural endogenous inhibitors of the RANKL/RANK
pathway, is associated with worse prognosis for lung can-
cer patients, in particular females, mirroring our genetic
mouse data. Our human population data and experimen-
tal genetic mouse models suggest a scenario in which
RANK is induced in both male and female lung epithelial
cells by activating oncogenic KRas and in both male and
female lung tumor cells coupled to mitochondrial respira-
tion. RANKL and OPG levels are markedly regulated by
female sex hormones, RANKL being regulated via proges-
terone, which we recapitulated in our MPA experiments.
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Thus, RANKL/OPG regulation by female sex hormones
can create a milieu in which RANK is being hyperacti-
vated by the presence of increased RANKL, explaining
how female sex hormones could drive lung tumorigenesis.
Since a drug that blocks RANKL has already been ap-
proved for human use with a very good safety profile,
our findings are of direct clinical relevance and offer a
feasible targeted approach for the treatment of primary
lung cancer.

Materials and methods

Generation of LSL-KRas®'*P;rank™® and LSL-KRasS'?P;rankl/! mice

rank™" mice (Hanada et al. 2009) were generated at Institute
of Molecular Biotechnology (IMBA), Vienna, and rankI mice
were generated by Nakashima et al. (2011). These mice were
backcrossed for at least 10 generations onto a C57Bl/6 back-
ground and then crossed to LSL-KRas“"?P mice (Johnson et al.
2001) to generate LSL-KRas®?Pirank™" and LSL-KRas®'?P;
rank!™" mice. In all experiments, only littermate mice were
used as controls. All mice were maintained according to the
ethical animal license protocol, complying with Austrian and
European legislation. All experiments were approved by the
Bundesministerium fuer Wissenschaft und Forschung, Austria
(BMWE-66.015/0013-11/3b/2012).

Induction of lung cancer

Inhalation of AdCre viruses was performed in 6- to 8-wk-old mice
as reported previously (Schramek et al. 2011; Rao et al. 2014). For
OVX studies, ovaries of 6- to 8-wk-old female mice were surgi-
cally removed, and, as controls, sham surgeries were performed.
After 1 wk of recovery, mice received AdCre as reported previ-
ously (Schramek et al. 2011; Rao et al. 2014). For treatment with
synthetic progesterone, 6- to 8-wk-old female mice were subcuta-
neously implanted with slow-release MPA pellets (50 mg per
pellet; Innovative Research of America, NP161) as described
previously (Schramek et al. 2010). One week later, mice were
anesthetized and intranasally instilled with 5 x 10° plaque-form-
ing units of AdCre.

Histology, IHC, and immunofluorescence staining

Histological analysis of lung tumors was performed as described
(Schramek et al. 2011; Rao et al. 2014). RANK immunofluores-
cence staining was performed as described previously (Hanada
et al. 2009).

RANK and RANKL expression in human lung cancer

THC was conducted in lung tumors, healthy tissue adjacent to the
tumor, and tumor-infiltrating cells using specific monoclonal an-
tibodies against human RANK (N-1HS8 and N-2B10; Amgen, Inc.)
and human RANKL (M366; Amgen, Inc.). IHC staining in the car-
cinoma element was quantified using H-scores (range 0-300),
which incorporated staining intensity (range 0-3) and the per-
centage of positively stained tumor cells (range 0%-100%).
Samples were defined as positive if the H-score was >0. Methods
for RANK and RANKL THC were essentially as described (Bran-
stetter et al. 2012).

RANK and lung cancer

Mitochondrial bioenergetics

Primary pneumocytes were prepared from 8-wk-old mice, and
primary lung tumor cells were purified 18 wk after AdCre infec-
tion as described previously (Schramek et al. 2011). For primary
pneumocytes, cells were infected with AdCre (multiplicity of in-
fection [MOI] = 100) in vitro 4 d before Seahorse analysis. On the
day of the experiment cells, were washed and incubated in 675 nL
of XF assay medium (8.3 g/L DMEM base, 3.7 g/L NaCl, phenol
red, 25 mM glucose, 2 mM L-glutamine at pH 7.4) for 1 h at
37°C. During the experiment, the oxygen concentration was
measured every 6 min for a period of 2 min each. OCR was calcu-
lated using the Fixed Delta technique for determining the slope.
The first three cycles in the experiment were used to determine
basal mitochondrial respiration rates. After recording basal respi-
ration, successive injections of 0.4 pg/mL oligomycin, 0.4 nM
FCCP (carbonyl cyanide-p-trifluoromethoxyphenylhydrazone),
and 0.6 uM rotenone, each followed by three cycles determining
OCRs, were carried out to determine the basal mitochondrial res-
piration, ATP turnover, and maximum mitochondrial respiratory
capacity by calculating the region under the curve. For inhibition
experiments in primary pneumocytes, cells were treated with
drugs to block NF-kB as follows: 10 uM QNZ ( EVP4593; Selleck,
$4902), 10 pM AKT (MK-2206 2HC; Selleck, $1078), 100 1M p38-
MAPK (SB203580; Selleck, $1076), and 10 uM JNK (SP600125;
Selleck, S1460). Transcription was blocked using 100 uM actino-
mycin D (ThermoFisher, 11805017). For all experiments, inhibi-
tors were added 1 h prior to Seahorse analysis. For Seahorse
experiments of human lung cancer cell lines, we used the follow-
ing lines: The A427 human lung cancer cell line carrying a
KRasG12D mutation and wild type for p53, H1437 cells that
were KRas wild type but p53 mutant, H460 cells carrying a
KRasQ61H mutation and wild type for p53, and H2122 lung tu-
mor cells carrying a KRasG12C mutation and mutant for p53.

Western blotting

Western blotting was performed following standard protocols.
Primary antibodies reactive to phospho-NF-kB p65 (1:1000; Cell
Signaling, 3033), NF-kB p65 (1:1000; Cell Signaling, 4764), phos-
pho-AKT (1:500; Cell Signaling, 4060), AKT (1:1000; Cell Signal-
ing, 4685), phospho-p38 MAPK (1:800; Cell Signaling, 4631), p38
MAPK (1:1000; Cell Signaling, 9212), PGC1p (1:1000; Abcam,
176328), and B-actin (1:20,000; Sigma, F3022) were used. Primary
antibody binding was detected by enhanced chemoluminescence
(GE Healthcare, RPN2106).

PDXs

All studies used 4- to 6-wk-old female NSG mice (Jackson Labo-
ratories). The mice were housed five per filter-capped cage in ster-
ile housing in an environmentally controlled room (temperature
23°C +2°C, relative humidity 50% +20%) on a 12-h light/dark
cycle. The mice were fed commercial rodent chow (Harlan Labo-
ratories, 2920X) and received filter-purified tap water ad libitum.
Mice were individually identified by microchips (Bio Medic
Data Systems) that were implanted subcutaneously at least 2 d
prior to the study. PDX tumor fragments were implanted subcuta-
neously into mice at Jackson Laboratories and shipped to Amgen.
Treatment (10 mg/kg PBS or OPG-Fc twice weekly; n=10 per
group) began when tumors were established and had reached a
volume of ~200 mm?®. Tumor dimensions were assessed twice
weekly with a Pro-Max electronic digital caliper (Sylvac), and tu-
mor volumes were calculated using the formula length x width x
height and expressed as cubic millimeters. Data are shown as
mean + SEM.
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Isolation of primary pneumocytes and Iung tumor cells

Primary pneumocytes and lung tumor cells were purified as de-
scribed previously (Schramek et al. 2011). For primary pneumo-
cytes, lungs were dissected from 8-wk-old mice, infiltrated with
IMDM containing 600 U/mL collagenase IV (Worthington) and
200 U/mL DNase (Worthington) through the trachea, and incu-
bated for 1 h at 37°C; for lung tumor cells, the infiltration was
performed with IMDM containing 5000 U/mL dispase (BD) and
200 U/mL DNase (Worthington) followed by same incubation
condition.

Gene expression profiling

mRNA-seq was performed as described previously (Rao et al.
2014). Genes differentially expressed between KRas;rank™* and
KRas;rank™" tumor cells were selected using a cutoff at a log,
fold change of >1 and a P-value of <0.05 (false discovery rate-
adjusted for multiple testing) and analyzed for functional enrich-
ment using Ingenuity Pathway Analysis (IPA) and GO. Comple-
mentary to the overrepresentation analysis of differentially
expressed genes, we applied GSEA to identify GO gene sets
(MSigDB version 3.0 ¢5). mRNA-seq results are deposited under
GEO accession number GSE81670.

3D tumor spheroid cultures

A flat round drop of Matrigel (Corning) was seeded in cell culture
plates followed by incubation for 5 min at 37°C. Primary lung tu-
mor cells were mixed with the Matrigel and kept on ice until they
were seeded onto the droplet of Matrigel in the plate in “a droplet
on a droplet” fashion. The Matrigel plug was incubated for 30 min
at 37°C and then covered with cell culture medium. Images were
acquired and analyzed 7 d later. For BrdU staining, tumor spher-
oids were incubated with 10 pM/mL BrdU for 2 h at 37°C
followed by 3.7 % formaldehyde fixation for 15 min at room tem-
perature. Spheres were then permeabilized with PBST for 20 min
and treated with 1 M HCl and 2 M HCl followed by neutralization
with a phosphate/citric acid buffer. Tumor spheroids were then
stained with an anti-BrdU antibody (Abcam, ab6326) overnight
at 4°C, visualized with a fluorescence secondary antibody, and
counterstained with DAPL

Quantitative RT-PCR

The following primers were used: mouse RANK forward primer
(5-CTTGGACACCTGGAATGAAG-3'), mouse RANK reverse
primer (5-CAGCACTCGCAGTCTGAGTT-3’), human RANK
forward primer (5'- GACAAATGCAGACCCTGGAC-3'), human
RANK reverse primer (5- AGCTGGCAGAGAAGAACTGC-3),
human p-actin (forward) (5-GGCTGTATTCCCCTCCATCG-
3), human p-actin (reverse) (5-CCAGTTGGTAACAATGC
CATGT-3'), mouse Gapdh forward primer (5-GTCGGTGTGAA
CGGATTTGG-3'), and mouse Gapdh reverse primer (5-GACTC
CACGACATACTCAGC-3').

Statistics

All values are presented as means + SEM. For the Kaplan Meier
survival analysis, a log rank test was performed. To improve the
robustness of our conclusions, we assessed genotype-related
regression parameters for a significant deviation from zero and
compared the model with the genotype regressor with an inter-
cept-only model using a y* test. Quantifications of histological
experiments were analyzed by means of a generalized linear
mixed effects model with logit link by testing for nonzero regres-
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sion coefficients and using a y* test. For statistical analysis of in
vivo PDX efficacy studies, RMANOVA followed by Dunnett’s
post-hoc test for multiple comparisons was used. Statistical
analyses were performed using JMP software version 8 interfaced
with SAS version 9.1 (SAS Institute, Inc.). Of note, we applied
several tests to one data set to increase our confidence in the re-
ported biological findings. P <0.05 was accepted as statistically
significant.
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