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Abstract Lung cancer comprises a large variety of his-
tological subtypes with a frequent proclivity to form bone
metastasis; a condition associated with dismal prognosis.
To identify common mechanisms in the development of
osteolytic metastasis, we systematically screened a battery
of lung cancer cell lines and developed three models of
non-small cell lung cancer (NSCLC) with a common pro-
clivity to form osseous lesions, which represented different
histological subtypes. Comparative analysis revealed dif-
ferent incidences and latency times. These differences were
correlated with cell-type-specific secretion of osteoclasto-
genic factors, including macrophage inflammatory protein-
la, interleukin-8 and parathyroid hormone-related protein,
some of which were exacerbated in conditions that mim-
icked tumor—stroma interactions. In addition, a distinct
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signature of matrix metalloproteinase (MMP) activity
derived from reciprocal tumor—stroma interactions was
detected for each tumor cell line. Thus, these results sug-
gest subtle differences in the mechanisms of bone coloni-
zation for each lung cancer subtype, but share, although
each to a different degree, dual MMP and osteoclastogenic
activities that are differentially enhanced upon tumor—
stromal interactions.
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Abbreviations

i.c. Intracardiac

SCDC Single cell derived colonies
TRAP Tartrate-resistant acid phosphatase
gPCR Real time quantitative RT-PCR
MMP Metalloprotease

CM Conditioned medium

NSCLC Non-small cell lung cancer

SCLC Small-cell lung cancer
Introduction

Lung cancer presents the highest cancer mortality in wes-
tern countries with a 5-year survival rate lower than
10-15% [1]. Non-small cell lung cancer (NSCLC) repre-
sents the largest subgroup of patients and accounts for
~T75% of all cases. This subset includes different subtypes
such as adenocarcinoma (30-40%), squamous cell carci-
noma (20-25%), and large cell carcinoma (15-20%) [2].
NSCLC also includes carcinoid tumors (1-5%), which
display neuroendocrine features with close similarity to the
subset of small cell lung cancer (SCLC) [3], the other
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subgroup of tumors. Besides their different histology, both
entities display a common ability to metastasize locally to
the thoracic cavity and to distant sites including the skel-
eton [3]. Bone tropism occurs in 40% of patients with
NSCLC and is clinically associated with pain, paraneo-
plastic syndromes, marrow compression, and fractures [4].
This reduction in quality of life is often associated with
dramatic decline in survival (<6 months) and expensive
clinical management [5].

Tumor cell metastasis is a multistep process that requires
the coordinated action of several pathways that drive
invasion and intravasation, evasion of inmunosurveillance,
arrest, extravasation, and distant outgrowth [6, 7]. All of
these steps are highly influenced by the interaction of tumor
cells with the surrounding microenvironment, which mod-
ulates their invasion and colonization of the target tissue.
The importance of tumor—stromal interactions in bone
metastasis has been shown in models of breast [8] and renal
cell [9] carcinoma, in which osteoclastic activity is stimu-
lated by tumor-secreted factors. This activity is exacerbated
by transforming growth factor (TGF-f) release in the
microenvironment by osteoclast resorption, which creates a
perpetuated “vicious cycle” [10, 11]. Recently, in a model
of NSCLC, aggressive bone colonization was mechanisti-
cally driven by a similar osteoclastic activity fuelled by
stroma-derived TGF-f [12]. Complementary to this,
aggressive bone matrix degradation is also mediated by
tumor-released metalloproteolytic activity that is enhanced
by tumor—stroma interactions. All different subtypes of
NSCLC share a common proclivity to form bone metastasis.
Given the common poor survival rate of bone metastasis
patients despite their diverse histopathological and clinical
course, the question about shared mechanisms of bone
metastasis remains unexplored. Thus, appropriate experi-
mental models are required to establish better the pattern
and spectrum of osseous lesions observed in humans. This
information could be relevant in the search for critical
factors that are involved in this process, and to test novel
therapeutics rigorously.

At present, several models of lung cancer metastasis
have been developed [13-17]. Orthotopic lung cancer
models in nude mice by intrapulmonary injection or by
surgical implantation lead to development of local lesions
[14, 18] or metastatic spread to nearby or distant sites [19].
Recently, some genetic models of lung adenocarcinoma
with metastatic spread have also been described [20, 21].
However, to date, the limited number of lung cancer
models with osseous metastasis, given the heterogeneity of
lung cancer subtypes, has hampered the study of the
mechanisms by which key molecular targets can be iden-
tified. These models will help to elucidate common and
specific differences in the mechanisms of bone homing and
colonization.
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In this study, we developed different models of lung
cancer metastasis of different histological subtypes. Com-
parison of these models revealed different patterns of bone
colonization and cachexia development. Our data suggest
an association between tumor—stromal interactions in vitro
that contribute to different degrees of matrix metallopro-
teinase (MMP) and osteoclastogenic activities and the
severity and progression of osseous metastatic lesions.

Materials and methods
Cell culture

SCLC (NCI-H69, -H82, -H187, -H345, -H446 and -H510)
and NSCLC cell lines (NCI-H358, -H1385, -H1299,
-H441, -H661, -H676, -H2087, -H460, A549, SK-MES-1,
H720 and H727) were a kind gift of A. Gazdar (University
of Texas Southwestern, Dallas, TX). The NCI-H460 iso-
lated from a pleural effusion [22], from a patient with a
human large cell carcinoma with mutant k-Ras and wild-
type TP53 [23, 24]. A549 cell line was originally obtained
from a IIIA stage mixed adenocarcinoma. H727 cell line
was isolated from a IIIA stage carcinoid tumor, from a lung
biopsy. Murine stromal ST-2 was a kind gift from
Dr. Civitelli (Washington University, St. Louis, MO). This
bone marrow-derived cell line was used to mimic tumor—
stromal interactions as they are capable of induce osteo-
blastic phenotype. All cultures and cocultures were main-
tained in RPMI 1640 medium supplemented with 10% fetal
bovine serum, 50 U/ml penicillin, and 50 pg/ml strepto-
mycin in a humidified atmosphere of 5% CO, in air at
37°C.

Gene expression analysis

Qualitative RT-PCR was performed for screening in all
lung cancer cell lines on PTC-100 Thermo Cycler (MJ
Research Inc, MA, USA). PCR conditions and sequence of
primers can be found in supplementary material.
Real-time quantitative PCR was performed using a Gene
Amp 7300 sequence detection system (Applied Biosys-
tems) according to manufacturer’s recommendations.
Mouse and human specific primers (500 nM) for MMP-2,
-3, -9 and -10 were used. Reactions were performed in
SYBR Green PCR Master Mix (Applied Biosystems). As
endogenous control, specific mouse or human GAPDH
were used. The mean cycle threshold value (Ct) from
triplicate samples was used to calculate gene expression.
The expression is represented as the fold increase relative
to each tumor cell alone (tumor MMP expression) or ST-2
alone (stroma MMP expression) and was determined by the
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comparative Ct method (AACt). Experiment was repeated
three times with identical results.

Coculture conditions

ST2 (0.5 x 105), tumor cells (106) or both were seeded in
10 cm culture dishes. For coculture, one or two million
tumor cells were seeded with 5 x 10° murine ST2 cells for
2 days. Conditioned media from ST2 single culture or from
cocultures were collected before extracting RNA and
added at 50% (v/v) dilution with fresh medium to tumor
cells for 2 days. Twenty-four hours later fresh conditioned
medium was added again for one more day until RNA
extraction was extracted.

Chemotaxis assay

Chemotaxis assay was performed on commercial cell cul-
ture invasion inserts with 8-um pore size polycarbonate
membrane (QCMTM 96-well cell chemotaxis assay, Chem-
icon International). The assay was started by adding 50,000
cells in 100 pl of 0,4% FCS-DMEM on the upper chamber
and 120 pl of 10% FCS-DMEM in the lower chamber as a
chemoattractant to induce migration. Cells were incubated
for 6 h at 37°C and 5% CO,, and the insert membranes
were then prepared according to manufacturer’s recom-
mendations. Cells were dislodged with Cell Detachment
Solution from the underside and stained using CyQuant GR
Dye®. Fluorescence was determined using 480/520 nm
filter set. Experiment was repeated three times, and each
condition was done in sixplicate as described previously
[25].

Osteoclast differentiation

Non-adherent bone marrow mononuclear cells were iso-
lated from femurs and tibias of 3- to 6-week-old wild-
type C5S7BL/6 (Harlan Iberica, Spain). Cells were cultured
on 100 mm dishes overnight in «-MEM (Invitrogen)
media supplemented with 10% fetal bovine serum
(Gibco), and penicillin/streptomycin (Gibco). Non-adher-
ent bone marrow mononuclear cells were collected and
erythrocytes were lysated with Red Blood Cell Lysis
Buffer (Bioscience) (5 min. at 37°C). Cells were seeded
in 48 Well Plates at 2 x 10° cells/ml per well, were
grown for 24 h on «-MEM supplemented in the presence
of 20 ng/ml recombinant mouse M-CSF (R&D Systems)
and of 40 ng/ml human sSRANKL (Peprotech) to generate
osteoclast precursors (hereafter also called BMM). Con-
ditioned media were added to BMMs for 6 days and
subsequently the cells were subjected to TRAP staining
(Sigma, St. Louis, MO), according to the manufacturer’s
instructions.

Global MMP activity

Single cell cultures or cocultures were washed with PBS
and serum starved for 24 h. The conditioned media and
medium-only (control) were concentrated using a 5 kDa
cutoff Amicon concentrator (Millipore). Global MMP
activity was measured in supernatants using an assay based
on the cleavage of synthetic fluorogenic peptides. Substrate
1 (Bachem M-2110) was preferentially cleaved by MMP-3,
and -9 and substrate 2 (R&D systems, Minneapolis, MN,
USA) was preferentially cleaved by MMP-3 and -10.
Supernatants were incubated at 25x with the fluorogenic
peptides at a final concentration of 20 uM (2 h at 37°C).
GM6001 was used as global MMP inhibitor at 100 pM.
Fluorescence measurement was kinetically performed on
fluorescence spectrometer (excitation 320 nm, emission
405 nm, Spectra MAX GeminiXS, Molecular Devices,
Sunnyvale, CA, USA). The slope was calculated over the
linear range using 16 different time points for each con-
dition. Experiments were repeated three times with iden-
tical results.

Animals and intracardiac injection (i.c.)

Female athymic nude mice (Harlan Iberica, Spain) were
maintained under specific pathogen-free conditions. For
i.c., cells were seeded a day before injection at 50% con-
fluence. Cells were gently washed with PBS, detached, and
resuspended at 2 x 10° cells/ml in sterile PBS. Suspen-
sions had to show >95% cell viabilty. Mice (n = 8 each
group) were anaesthetized with ketamine (100 mg/kg body
weight) and xylazine (10 mg/kg of body weight) before
injection. One hundred microliters containing 2 x 10°
cells were injected into the left cardiac ventricle of the
4-week old mice (Harlan Iberica, Spain) using a 29-G
needle syringe. All the animals were sacrificed according to
the approved protocols of the Local Animal Committee
(University of Navarra, protocol 003-04).

Radiographic, microcomputed tomographic (LCT)
analysis and bioluminescence imaging

X-ray radiography was performed under anaesthesia, with
mice place on the prone position on sensitive radiographic
film (MIN-R, Eastman Kodak). The mice were exposed to
X-irradiation at 20 kV for 20 s using a Faxitron instrument
(Faxitron, Buffalo Grove, IL, USA). The area of osteolytic
metastasis was assessed with a computerized image anal-
ysis system, AnalySIS® (soft imaging system GmbH,
Miinster, Germany). High resolution X-ray film scans with
2 x magnification were captured at 1200 ppi using a Epson
Expression 1680 Pro scanner (Long Beach, CA, USA).
Quantification of metastatic area was performed twice after
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calibration, by two independent observers. For Kaplan—
Meier curves metastasis was scored as the time to first
appearance of a signs of cachexia and difficulty to walk.

Whole femoro-tibial joints were analyzed by a pCT
system (micro CAT™ 11, Siemens Preclinical Solutions,
Knoxville, TN, USA) at 75.0 kVp and 250.0 pA. The scans
were performed at 10 pm resolution. 2D CT images were
reconstructed using a standard convolution-back projection
procedure with a Shepp-Logan filter. Images were stored in
3D arrays with a voxel size of 19 um x 19 pm x 23 pm.

For bioluminescence imaging and analysis, mice were
anaesthetized and injected intraperitoneally with 1.5 mg of
D-luciferin in 100 pl of PBS. Imaging was completed at
2 min exactly for each group of mice with a Xenogen IVIS
system coupled to Living Image acquisition and analysis
software (Xenogen Inc.). Photon flux was calculated for
each mouse by using a circular region of interest for each
hind limb. Background value (from luciferin-injected
mouse with no tumor cells) was subtracted from each
measurement.

Isolation of single cell-derived colonies (SCDC)
from long bones

Mice were sacrificed according to the approved protocols
of the Local Animal Committee (University of Navarra,
protocol 003-04). Cells previously transduced with lucif-
erase-bearing plasmid containing neomycin resistance gene
were isolated from bone marrow of lower limbs. Long
bones were excised, and cleaned of all soft tissues. Marrow
cells were released by “flushing”, introducing 5-10 ml of
RPMI medium containing 2x penicillin/streptomycin with
a 27 gauge needle in the distal epiphysis through the bone
marrow compartment. Cell clumps were disaggregated by
passing medium containing cells through 27 G needle
syringe. Cells were plated in 10 or 15 cm dishes expanded
for 5 days in medium containing 0.4 mg/ml G-418. This
procedure was performed separately for each femur and
tibia of 7 mice per group. SCDCs were counted under light
microscope after crystal violet staining.

Local tumor growth

Cells (106 cells/100 ml PBS) were inoculated into the thigh
of female nude mice. Tumor volume was measured every
three days with a digital calliper and calculated as previ-
ously described [10].

Statistical analysis

Log-rank test was used to calculate the statistical signifi-

cance (P value) of differences observed among Kaplan—
Meier curves. Chemotaxis assay was analyzed using
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Student ¢ test. Cell cycling time and subcutaneous tumors
were analyzed by Welch test followed by Tamhane mul-
tiple comparison test. To study differences between bone
metastatic cells in migration, body weight and number of
osteoclasts, data were analyzed by ANOVA followed by
Tukey multiple comparison test. Non-parametric data were
analyzed by Kruskal-Wallis test with Dunn’s multiple
comparison test (metastatic area) or Bonferroni’s adjust
(MMP activity and expression). Values were expressed as
means =+ SD (parametric) or means == SEM (non-para-
metric) and statistical significance was defined as P < 0.05
(*), P < 0.01 (**), and P < 0.001 (***).

Results

In vitro strategy to select potential bone metastatic lung
cancer cell lines

We screened a panel of human lung cancer cell lines by
semi-quantitative RT-PCR. Based on previous findings, we
assessed the expression of several genes related to tumor
progression and metastasis in other models. MMP-2
cleaves collagen type IV and is involved in invasiveness
and tumor metastasis in different organs [26, 27]; galectin-
3 (LGALS3) promotes metastasis by acting on localization
of transendothelial mediators [28]; macrophage inflamma-
tory protein (MIP-1-a) and parathyroid hormone-related
protein (PTHrP) are osteoclastogenic factors that are
involved in osteolytic metastasis [29-31]; CTGF was
identified as a bone metastasis virulence gene in highly
bone metastatic subpopulations of breast cancer cells [32];
and osteopontin (SPPI), which promotes osteoclast adhe-
sion to bone [33]. As shown in Fig. la, we found hetero-
geneous expression for each gene in different cell lines,
with expression of some genes in NSCLC that were absent
in SCLC. NSCLC cell lines SK-MES-1, A549, H460,
H1299 and H727 showed strong signals in at least five
genes. The relative expression of these genes in tumor
versus normal lung epithelial cells can be found in sup-
plementary Fig. 1. These findings, together with the higher
incidence of NSCLC in humans, led us to focus on
NSCLC.

We performed a chemotaxis assay in NSCLC cell lines.
Cell migration to the lower chamber using 10% FBS was
quantified by fluorescent labeling in a Boyden chamber
assay. As illustrated in Fig. 1b, several cell lines showed
overt migration towards the lower compartment, including
A549, H1299, H460, SK-MES-1 and H727, while others
did not exhibit this phenotype.

The five lung cancer cell lines that fulfilled both vari-
ables, migratory and gene expression patterns, were sub-
sequently used to test their metastatic ability in vivo.
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Fig. 1 a Screening by RT-PCR of a panel of lung cancer cell lines of
small (SCLC) and non-small cell lung cancer (NSCLC). Genes
implicated in metastasis in other models, including osteopontin,
PTHrP, MMP-2, galectin-3, and CTGF, were compared to a
housekeeping gene, f-actin. Cell lines expressing all of these genes
are highlighted in red. b Chemotaxis Assay. Cells were uninduced
(open square) or induced (filled square) by 10% serum in the lower
compartment of Boyden chambers for 6 h. Cells migrating to the
lower compartment were labeled with a fluorescent dye. Total
fluorescence was measured using 480/520 nm filter set. Student ¢ test
(**P < 0.01; ***P < 0.001)

In vivo assessment of bone metastasis

To investigate the ability of selected cell lines to metas-
tasize to bone, we used a murine model that recapitulated
late steps of metastasis such as organ homing and coloni-
zation. After intracardiac inoculation (i.c.) of luciferase-
transfected cells, animals were monitored for signs of
disease (cachexia, paralysis, or kyphosis). Animals inocu-
lated with different cell lines displayed distinct times of
incidence and global survival, which indicated different
metastatic activity (Fig. 2a). Despite common expression
of previously selected genes, development of metastasis
was different for each cell line with respect to tissue
specificity. Of all five cell lines tested, only A549 (ade-
nocarcinoma), H460 (large cell carcinoma), and H727 cells
(carcinoid) thrived with high specificity in bone (Fig. 2b;
Table 1). H460 cells were detected by bioluminescence in

the hind limbs in 3/8 animals 3 weeks after i.c. inoculation.
In H727 cells, 7/8 animals displayed bioluminescence in
sites compatible with an osseous location, including hind
limbs and the spine at 6 weeks after xenografting (Fig. 2b).
A549 cells produced significant metastatic lesions in long
bones in 3/8 animals 3 weeks after i.c. inoculation, and
vertebrae, where mixed osteolytic lesions and periosteal
new bone formation were observed by X-ray examination
and histology (Fig. 2c and supplementary Fig. 2). Indeed,
some animals showed a dramatic reduction of limb motil-
ity, which suggested spinal cord infiltration. Metastases in
other organs were confined to a lesser extent in these
models (Fig. 2d, top left; Table 1). In contrast, other cell
lines showed a preference for the lungs, such as SK-MES-1
(Fig. 2b, d, top right panel). Indeed, histological exami-
nation showed SK-MES-1 lung metastatic cells in the lung
parenchyma of 2/8 mice, whereas H1299 cells were fre-
quently found in the nasal and mandibular bones (Fig. 2b,
d, bottom). Finally, inoculated animals displayed axillar
and cervical lymph node metastasis in H727 injected mice,
and metastasis in axillar and brachial lymph nodes, in SK-
MES-1 injected animals (Table 1).

Kaplan—-Meier curves that monitored bone-metastasis-
free survival showed shorter latency time in animals
inoculated with A549 and H460 cells compared to H727
cells, in which bone metastasis developed more slowly
(Fig. 2e). These results indicate that the three cell lines
displayed a preferential bone metastatic location. Differ-
ential incidences and latency times could involve different
mechanism of bone metastasis.

Bone imaging analysis

Macroscopic osteolytic lesions of all three cell lines were
found in the hindlimbs in the proximal tibial and distal
femoral regions in the primary spongiosa, and in some
cases, in the cortical bone, arising from the periosteum.
Lesions induced by H460 and A549 cells appeared in distal
femoral and proximal tibial metaphyses, in the primary
spongiosa, and with low frequency in the epiphysis. In
addition to these sites, H727 cells showed a marked
epiphyseal location (Fig. 3a). At the tumor—bone interface
between the bone marrow and the endosteal surface of the
diaphysis, a number of multinucleated TRAP-positive
osteoclasts per bone area were evident for all three cell
lines (Fig. 3a, right panel).

Tumor burden
We determined whether tumor burden correlated with the
degree of osteolytic lesions. After i.c. inoculation, we

assessed the metastatic area by X-ray imaging and counted
the number of isolated cell clones after marrow “flushing”
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Fig. 2 a Kaplan—Meier survival curves of mice inoculated in the left
ventricle with H460, H1299, SK-MES-1, H727, or A549 cells (n = 8
each group). b In vivo bioluminescence imaging of athymic nude mice
visualized 2 weeks (H460 and A549 cells) and 6 weeks postinocula-
tion (H1299, H727 and SK-MES-1). Different times were needed
because of different latency time. Representative images of mice
groups are shown in “c”. Top: Histological examination of spinal
metastasis induced by A549 cells (“*” indicates metastatic cells).
Bar 250 pm. Bottom: X-ray imaging of mixed osteolytic lesions and
new bone formation induced in vertebra by AS549 cells (arrows).

in H460, A549 and H727 cells. A549-inoculated mice
developed large bone lesions in 29 days, and an average of
2225 single cell derived colonies (SCDCs) were isolated
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d Histological examination of metastatic cells in other organs. Top left
panel: Cerebellar metastasis induced by A549 cells. Bottom left panel:
Mandibular metastasis derived from H1299 cells. Left bars 200 pm.
Top right panel: Lung metastasis in SK-MES-1 inoculated mice. Top
right bar 100 pm. Bottom-right panel: tumor cells in a lymph node.
Bar 200 pm. “*” denotes the presence of tumor cells. e Kaplan—-Meier
curve of bone metastasis-free survival in three cell lines thriving in the
osseous compartment. Differences in latency time were observed
between H727 and the other two cell lines (Log-rank test, *P < 0.05
A549 vs. H727; **#*P < 0.001 H460 vs. H727)

and counted from flushed bones. In contrast, H727 showed
prominent overt metastasis at 59 days post-inoculation, but
the number of isolated SCDCs in a group of eight animals
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Table 1 Site and incidence of metastasis of luciferase (LUC) transfected of H460, H727, A549, H1299 and SK-MES-1

Mice with bone  Site of metastasis at sacrifice®

mets at 21 days

Cell line

Cachexia Paralysis

Retro-orbital

Lymph Gingival Brain Kidney Adrenal
Nodes gland region

Lung

Spine

Hindlimbs

2/8 (25%)
5/8 (63%)
6/8 (75%)
0/8 (0%)

3/8 (38%)
3/8 (38%)
0/8 (0%)
0/8 (0%)

1/8 (13%)
1/8 (13%)
1/8 (13%)
2/8 (25%)
2/8 (25%)

7/8 (88%)
7/8 (88%)

3/8 (38%)
3/8 (38%)
0/8 (0%)
0/8 (0%)
0/8 (0%)

H460-LUC

1/8 (13%)  2/8 (25%)
5/8 (63%)

1/8 (13%)

1/8 (13%)

3/8 (38%)
3/8 (38%)
0/8 (0%)
0/8 (0%)

A549-LUC

1/8 (13%)

2/8 (25%)

8/8 (100%)
0/8 (0%)
0/8 (0%)

H727-LUC

3/8 (38%)
1/8 (13%)

H1299-LUC

1/8 (13%)

1/8 (13%)

2/8 (25%)

SK-MES-1-LUC

# Evaluated upon necropsy at sacrifice according to Ethical guidelines

was markedly lower (168 in average) compared to A549-
inoculated animals (Fig. 3b). There was a correlation
between tumor burden and metastatic area. Thus, similar
osteolytic lesions can result from different degrees of
tumor burden.

Other metastasis-related pathology

Body weight was examined to monitor signs of cachexia.
Bioluminescence detection of H460 cells in long bones and
the development of bone metastasis correlated with
decreased body weight. Similar signs were detected in
A549-inoculated animals with overt tumor burden. In
contrast, body weight in mice inoculated with H727 was
not altered compared to non-bone metastatic SK-MES-1
bearing animals or non-inoculated mice, even with the
presence of prominent tumor lesions (Fig. 3c). More
importantly, animals inoculated with H727 cells presented
no signs of cachexia at a time when profound osteolytic
lesions were detected by X-rays. These data indicate that
the induction of cachexia represents an intrinsic feature of
each tumor that is highly variable among different histo-
logical subtypes (Table 1).

Metastatic genes involved in osteolytic lesions

To explore the mechanisms that could account for the
differences in metastasis observed in vivo, we first deter-
mined the proliferation rate of these three cell lines. Dou-
bling times for H460, A549 and H727 cells were
19.5 £ 0.8; 239 + 1.8 and 59.6 + 8.6 h, respectively,
which indicated some correlation with the time of latency
in the appearance of metastatic lesions in vivo (Fig. 3d, left
panel). However, when these cell lines were injected sub-
cutaneously, the growth of H460-derived tumors was
associated with in vitro cell growth, whereas H727-derived
tumors grew faster than those derived from A549 cells
(Fig. 3d, right panel). These findings indicate that cell
growth in vivo is highly dependent on the in vivo
microenvironment.

Next, we assessed the expression of three cytokines
previously associated with osteolytic lesions: MIP-1a,
PTHrP, and interleukin (IL)-8 [34, 35]. In conditions that
mimicked tumor—stroma interactions by co-culture with
murine bone marrow ST-2 cells, higher levels of MIP-1u«
and PTHrP were found in aggressive H460 cells, whereas
IL-8 levels were decreased (Fig. 4a). In contrast, IL-8
levels were increased by cell-cell interactions by ST-2
cells, whereas PTHrP expression levels were unaffected in
A549 cells. A slight increase in PTHrP expression was
observed by the conditioned medium of ST-2 cells in A549
cells. In more indolent H727 cells, none of the three
osteoclastogenic cytokines were stimulated under these
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Fig. 3 a Left panel: Histological (haematoxylin-eosin, H-E), radio-
graphic (X-R) and bioluminescence (BLI) images of bone lesions in
femora induced by H460, A549 and H727 cells. “*” denotes the
presence of tumor cells. Note the presence of metastatic mass in H460
bearing bone invading cortical bone and marrow cavity, two metastatic
focuses in femur at the periosteum and marrow cavity, and epiphyseal
and metaphyseal metastases in H727 bearing long bone. Arrows indicate
the location of osteolytic lesions in X-R images. Right panel: serial
sections including histochemical detection of osteoclasts (red staining)
at the tumor—bone interface by TRAP staining and immunohistochem-
istry using a pan-cytokeratin antibody (CK) to ensure the presence of
metastastic cells (brown). b Top: Bone metastatic area in hind limbs of
mice i.c. inoculated with H460 (22 days post-inoculation), A549
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(29 days post-inoculation), and H727 cells (59 days post-inoculation).
Bottom: Single cell derived colonies (SCDC) obtained after bone
marrow “flushing” of femur and tibiae at these time points. SCDCs were
counted in 8 mice inoculated for each cell line. ¢ Body weight during
metastasis progression after i.c. inoculation of different cell lines
(ANOVA followed by Tukey Multiple Comparison Test, **P < 0.01;
*P < 0.05).d Left panel: Doubling time in vitro for each cell line (Welch
test followed by Tamhane multiple comparison). Right panel: Tumor
growth after subcutaneous injection of each cell line in 6 mice per group
(Welch followed by Tamhane multiple comparison test at day 19,
*P < 0.05 in H460 vs. A549 and H460 vs. H727; Welch test at day 37,
**P < 0.01 in A549 vs. H727)
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Fig. 4 a Semi-quantitative RT-PCR analysis of the expression levels
of prosteoclastogenic factors MIP-1a, IL-8 and PTHrP in AS549,
H460, and H727 cells alone or in coculture with ST-2 cells. Tumor
cells were incubated alone with medium (Vehicle, C), in the presence
of murine marrow stromal ST-2 cells (1: 10° tumor cells; 2: 2 x 10°
tumor cells), or with conditioned medium (CM) from ST-2 or the
coculture (Coc) for 2 days. Specific human primers were used. b In
vitro osteoclastogenic assay. Conditioned media from different cell
lines was collected and then incubated with murine bone marrow
macrophages for 6 days in macrophage colony-stimulating factor

experimental conditions (Fig. 4a). These data suggest that
expression of these osteoclastogenic cytokines in condi-
tions that mimic tumor—stroma interactions was associated
with the latency time in the development of the osteolytic
lesions that were observed in vivo.

Osteoclast activity

To investigate whether upregulation of osteoclastogenic
factors was correlated with increased osteoclast activity,
we determined the ability of secreted factors to stimulate
osteoclast formation in an in vitro assay of murine bone
marrow macrophages. Conditioned medium from H460
and A549 cells induced high numbers of TRAP* osteo-
clasts in vitro compared to control medium. In contrast,
H727 conditioned medium did not induce formation of
many TRAP" cells (Fig. 4b). These data were associated
with an increase in osteoclastogenic cytokines secreted in
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(20 ng/ml) and receptor activator of nuclear factor-xB (20 ng/ml)-
containing medium. The conditioned medium of A549 and H460 cells
induced the highest numbers and robust TRAP-positive multinucle-
ated cells. The experiment was repeated three times with similar
results. ¢ Chemotactic assay in Boyden chamber using 10% FCS or
conditioned medium of ST-2 cells as chemoattractant in the lower
compartment after 6 h. Cells were fixed and stained with crystal
violet. Twenty fields per well (20x) were quantified using Image
Analysis software (ANOVA followed by Tukey Multiple Comparison
Test, ***P < 0.001; **P < 0.01, *P < 0.05)

vitro. Moreover, these findings in vitro were correlated
with the appearance of osteolytic lesions in vivo and a
shorter latency time in the development of bone metastasis.

Migration in vitro

We studied the migratory properties of these cell lines in a
Boyden chamber assay. Conditioned medium derived from
murine ST-2 stromal cells and 10% FCS were used as a
chemoattractants. A marked increase in the migration
activity of H460 and A549 cells was detected (P < 0.001)
as compared to H727 cells under both conditions (Fig. 4c¢).
Migration of H727 cells was significantly increased when
ST-2 conditioned medium was used as a chemoattractant as
compared to 10% FCS (P < 0.05). These results suggest
that each cell line displays different invasive properties that
are associated with the prometastatic activity observed in
vivo.
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MMP activity

Since tumor—stroma-derived MMPs represent a frequent
mechanism that participates in bone matrix degradation,
global MMP activity in conditioned medium was assessed
by a kinetic fluorescence assay under these conditions.
Culture supernatants obtained by co-culture of each cell
line with ST-2 cells induced a 1.5- to 3-fold increase in
MMP activity, as compared to single cultures using a
fluorescence substrate 1 (preferentially cleaved by MMP-3
and MMP-9) (Fig. 5a). Similar results were obtained using
a substrate 2 for A549 and H460 cells (preferentially
cleaved by MMP-3 and MMP-10). However, induction of
MMP activity with this substrate was much lower in H727
co-cultures as compared to the other two cell lines. This
activity was abolished by incubation with the global MMP
inhibitor GM6001 (Fig. 5a). These findings indicate that
metalloproteolytic activity of tumor cell lines is frequently
induced in co-culture conditions, although to a different
extent.

We characterized the expression levels of MMP-3 and
MMP-10 and gelatinases MMP-2 and MMP-9 for each
human tumor cell line and mouse ST-2, alone or in
co-culture by specific real-time PCR. MMP-10 was
undetected in ST-2 cells, whereas MMP-3 was not
expressed in tumor cells under any of the conditions tested
(data not shown). A differential pattern of MMP increase
in co-culture was detected for each tumor cell line.
Although MMP-10 did not increase in A549 cells, in
co-culture, MMP-10 expression slightly increased in H460
cells and more markedly in H727 cells (Fig. 5b). Tumor
expression levels of MMP-2 and MMP-9 did not increase
under co-culture conditions in H460 and A549 cells,
whereas robust induction for these two gelatinases was
found in H727 cells (Fig. 5b). Basal levels of stromal
expression of MMP-3 were undetected, whereas cell—cell
interactions of tumor cells with ST-2 cells led to an
increase in stromal MMP-3 expression levels with all cell
lines. This effect was detected for stromal gelatinases in
all cases except for MMP-2 in H727 co-cultures (Fig. 5c¢).
Stromal MMP-3 expression levels induced by tumor cell
contacts correlated with the MMP activity observed with
substrate 2 (Fig. 5a). Taken together, these data indicate
that each tumor cell line induces a different expression
profile of MMPs, in the tumor and stromal cells upon
tumor—stromal interactions.

Discussion
We have comparatively characterized three in vivo models

of lung cancer metastasis from different histological lung
cancer subtypes of NSCLC, which gave rise to selective,
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reproducible and rapid osseous metastasis. The variable
expression of osteoclastogenic cytokines, and MMP
activity, modulated by stroma highly influenced the in vivo
development of osteolytic bone metastasis. Thus, this
platform could be a useful tool to dissect the modulatory
effects and signaling cascades directed by the bone
microenvironment during osseous colonization, as well as
the molecular mechanisms involved in tissue tropism.
Despite a high degree of similarity, their mechanisms of
growth and colonization in the osseous microenvironment
remained highly divergent.

Several in vitro findings support this contention. For
instance, chemotactic ability induced by stromal cells
widely varied among different subtypes. This effect might
be relevant in early events of metastatic homing. Of note,
chemoattraction of H727 cells was more effective in the
presence of conditioned medium of ST-2 cells. This is
consistent with the selective expression of CXCR4 che-
mokine and its ligand in these cells, as compared to A549
and H460 cells (data not shown). In addition, upregulation
of osteoclastogenic factors in H460 and A549 cells in
conditions that mimicked tumor—stroma interactions was
associated with increased osteoclastogenic activity. In
these conditions, none of these factors were altered in H727
cells. Despite the limitation of this assay, high osteoclast
formation induced by H460 and A549 cells could con-
tribute in vivo to a short latency period and severity of bone
colonization. We postulate that this mechanism could
prevail in early stages of colonization when tumor-derived
factors such as PTHrP, IL-8, MIP-1a or others could
facilitate the progressive induction of high numbers of
osteoclasts, which promotes initial metastatic expansion.
Indeed, delay in the development of metastatic lesions has
been shown by inhibition of these cytokines [11].

Furthermore, in conditions that mimicked tumor-stro-
mal interactions, our functional dissection of MMP activity
revealed different patterns of tumor-stromal MMP
expression profile. However, the strong increase in MMP
expression at the stromal component in all co-cultures
support a role for the microenvironment in the develop-
ment of bone lesions. High MMP-3 expression levels were
detected in stromal cells upon interaction with A549 and
H460 cells as compared to H727 cells, whereas levels were
undetected under basal conditions. In contrast, basal levels
of MMP-9 in H727 and ST-2 cells were strongly stimulated
in co-culture in comparison to those in A549 and H460
cells. Thus, besides the overt MMP-9 expression in tumor
and stromal cells in co-culture, its activity might not be
germane in this context. This finding is consistent with the
irrelevant contribution of MMP-9 to the development of
osteolytic lesions in other models of bone metastasis [36].
Nevertheless, our in vitro co-culture system does not
fully reconstitute the complexity of the tumor—bone
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Fig. 5 a Global MMP activity in the serum-free conditioned medium
of different cell lines alone or in coculture with ST-2 cells assessed by
digestion of fluorogenic substrates. Inhibition of MMP activity was
performed with a global MMP inhibitor, GM6001. The experiment
was repeated three times with similar results. RFU relative fluores-
cence units. (Bonferroni’s test). b Relative expression of MMP-2, -9
and -10 by real time RT-PCR using specific human primers. Analysis
was performed in cells cultured alone with regular medium (Basal),

microenvironment in vivo, where other cells and/or
secreted enzymes could potentially contribute to the
extracellular proteolytic activity. In this regard, we have

recently shown that ADAMS (a disintegrin and

incubated with conditioned medium (CM) from ST-2 or from the
coculture (CM Cocul), and in coculture with ST-2 cells (ST2). Human
GAPDH was used as endogenous control. ¢ Similarly, stromal derived
MMP-2, -3 and -9 was assessed in ST-2 cells cultured alone or
cocultured with one (1ST-2) or two million (2ST-2) tumor cells using
murine primers. Mouse gapdh was used as endogenous control.
Represented data at b and ¢ as mean £ SD (Bonferroni’s multiple
comparison test)

metalloprotease domain) isoforms contribute to the
aggressive bone colonization of lung cancer [25]. More-
over the use of a broad-spectrum inhibitor of MMP and

ADAM activities markedly attenuates the development of
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metastatic lesions [12]. Based on these findings, elucida-
tion of whether any single proteolytic activity could have
an indispensable role in bone metastatic progression
remains to be addressed.

Effects mediated by the stromal microenvironment were
also highly relevant in vivo. The fact that subcutaneous
growth did not correlate with in vitro cell growth kinetics,
underscores the requirement of microenvironmental cues
for proper tumor growth and colonization. Moreover, the
distinct patterns of tumor growth between A549 and H727
cells observed in osseous versus subcutaneous locations
emphasizes the in vivo requirements imposed by different
tumor microenvironments. It remains to be addressed
whether similar in vitro MMP and osteoclastogenic activ-
ities, exacerbated by tumor—stromal interactions could also
strongly influence in vivo osseous colonization.

In addition to differences in colonization, other factors
including bone homing should account for the distinct
pattern of metastasis development. In our models, bone
homing activity was suggested by the consistent location of
lesions. The similarity of the sites where metastases
developed in the three models argued in favor of a common
mechanism by which physical constraints imposed by the
microvasculature or specific tumor endothelial/stromal
engagement could allow arrest and survival. We have
recently shown that in vivo blockade of platelet-derived
growth factor receptor (PDGFR) signaling in bone marrow
stroma profoundly alters tumor homing in different models
of lung cancer bone metastasis [37]. These findings support
the relevance of host-tumor interactions for permissive
bone homing in vivo.

The propensity of the selected cells to form bone lesions
also suggests the unique and favorable conditions that are
imposed by the osseous microenvironment. Indeed, the
skeleton is a major reservoir of growth factors including
TGF-f and insulin-like growth factor. TGF-# has been
shown to be crucial in fuelling the osteolytic lesions by
upregulating several of the osteoclastogenic genes as
shown for breast [8, 38] and renal cell [9] carcinoma. We
have recently shown that in vivo TGF-f blockade in an
H460 cell model results in inhibition of bone metastatic
colonization [12]. However, no effects were found using
the same strategy in A549 and H727 cells (data not shown),
which suggests that TGF-f-independent mechanisms drive
osseous deleterious lesions. Thus, the involvement of TGF-
f as a common mechanism in lung cancer bone metastasis
remains highly dependent upon each histological subtype.

In the A549 and H460 xenografts, the appearance of
cachexia during metastasis development closely mimicked
disease progression in humans. With regard to the mech-
anisms of cachexia, it has been suggested that one or
several tumor-released factors, such as PTHrP, could be
involved in energy wasting and body weight regulation
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[39]. Other factors have been shown to mediate cachexia,
including tumor necrosis factor-o, IL-6 and IL-1 [40],
many of which are highly regulated by tumor—stromal
interactions in the bone microenvironment. A recent study
has shown the importance of a signaling pathway mediated
through activin receptor type IIB, a member of the TGF-f
receptor family, for regulating muscle atrophy by increas-
ing the ubiquitin—proteasome proteolytic pathway [41]. In
addition, other signaling pathways could be relevant in this
regard. For instance, blockade of PDGFR signaling in bone
marrow stroma delayed the appearance of cachexia in lung
cancer bone metastasis [37].

Given the similarity with human pathology, these
models could allow the identification of key target mole-
cules and the screening of new therapeutic modalities for
prevention of bone metastasis. Future studies will be
developed to identify key regulatory genes involved in this
process.
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