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Overexpression of Smad7 Blocks Primary Tumor Growth and
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Abstract

Purpose: Osteosarcoma is the main malignant primary bone tumor in children and adolescents for whom
the prognosis remains poor, especially when metastasis is present at diagnosis. Because transforming growth
factor-B (TGFB) has been shown to promote metastasis in many solid tumors, we investigated the effect of the
natural TGF/Smad signaling inhibitor Smad7 and the TBRI inhibitor SD-208 on osteosarcoma behavior.

Experimental Design: By using a mouse model of osteosarcoma induced by paratibial injection of cells,
we assessed the impact of Smad7 overexpression or SD-208 on tumor growth, tumor microenvironment,
bone remodeling, and metastasis development.

Results: First, we demonstrated that TGFP levels are higher in serum samples from patients with
osteosarcoma compared with healthy volunteers and that TGF3/Smad3 signaling pathway is activated in
clinical samples. Second, we showed that Smad7 slows the growth of the primary tumor and increases mice
survival. We furthermore demonstrated that Smad7 expression does not affect in vitro osteosarcoma cell
proliferation but affects the microarchitectural parameters of bone. In addition, Smad7-osteosarcoma bone
tumors expressed lower levels of osteolytic factors such as RANKL, suggesting that Smad7 overexpression
affects the "vicious cycle" established between tumor cells and bone cells by its ability to decrease osteoclast
activity. Finally, we showed that Smad7 overexpression in osteosarcoma cells and the treatment of mice with
SD208 inhibit the development of lung metastasis.

Conclusion: Taken together, these results demonstrate that the inhibition of the TGFf/Smad signaling
pathway may be a promising therapeutic strategy against tumor progression of osteosarcoma, specifically
against the development of lung metastasis. Clin Cancer Res; 20(19); 5097-112. ©2014 AACR.

patients have lung metastasis at initial diagnosis and an
additional 40% will develop metastasis during the later
stages of disease. The presence of metastasis at diagnosis
is the most important predictor of disease-free survival with
a 5-year survival rate of only 20% for osteosarcoma patients
with metastasis compared with 65% for patients with local-
ized disease (5). The standard treatment of osteosarcoma
consists of complete surgical resection associated with
neoadjuvant and adjuvant chemotherapy composed of 4
agents: doxorubicin, cisplatin, methotrexate or ifosfamide
(6). These combined treatment protocols have significantly
improved survival of the nonmetastatic patients over the

Introduction

Osteosarcoma is the most common primary malignant
bone tumor in children and adolescents with a second peak
of incidence in adults over the age of 65 (1). Although
several predisposing environmental (e.g., ionizing radia-
tion) and genetic (e.g., TP53) factors have been identified
(2), the exact etiology of this disease remains unknown (3).
These rare tumors, believed to originate from mesenchymal
cells forming the primitive bone, preferentially grow in the
metaphysis of long bone (4). Approximately 20% of
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past several decades (7, 8). Unfortunately, such therapeutic
strategies have a limited efficacy in the treatment of meta-
static disease, and the metastatic relapse or recurrent con-
ditions have remained unchanged over the last 3 decades
(8). Treating metastatic osteosarcoma thus remains a chal-
lenge in bone cancer (9).

Transforming growth factor- (TGFB) family members
are a class of cytokines that control a variety of biologic
processes, including proliferation, differentiation, extra-
cellular matrix production, and apoptosis. Three isoforms
of TGF exist in mammals: TGFB1, TGFB2, and TGFB3.
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Translational Relevance

We have demonstrated that the TGF/Smad signal-
ing pathway plays a crucial role in osteosarcoma met-
astatic progression. We have first shown that TGFJ
levels are higher in serum samples from patients with
osteosarcoma compared with healthy volunteers and
that the TGFf/Smad3 signaling pathway is activated in
clinical samples of patients. Second, using a murine
model of osteosarcoma, we demonstrated that blocking
the TGFB/Smad signaling pathway via overexpression of
inhibitory Smad slows the growth of the primary bone
tumor mainly by affecting the tumor microenvironment
by controlling the "vicious cycle" established between
tumor cells and bone cells. Third, blocking TGF signal-
ing inhibits the development of lung metastasis at least
by inhibition of cell migration and invasion. Here, we
show for the first time that blocking TGFf signaling
represents a novel therapeutic approach for the treat-
ment of lung metastasis in patients with osteosarcoma,
which has a poor prognosis.

Dimers of TGFJ initiate the canonical signaling cascade
via the serine/threonine kinase receptor cell surface
complexes (TBRI and TPBRII), which phosphorylate the
ligand-specific receptor-activated Smads (R-Smad: Smad2
or Smad3). Upon phosphorylation by type I receptors,
R-Smads form a heteromeric complex with the Common-
Smad, Smad4. The R-Smad/Smad4 complex then trans-
locates to the nucleus to regulate gene transcription
(10-13). A third group of Smad proteins, the inhibitory
Smads (Smad?7), inhibits the canonical Smad signaling
(14, 15) by different means; Smad7 (i) binds TBRI and
prevents R-Smad phosphorylation, (ii) recruits E3-type
ubiquitin ligases to the receptor complexes ultimately
leading to their degradation, and (iii) interacts with
GADD34, the regulatory subunit of the protein phospha-
tase PP1 to inactive TBRI (10-16).

The role of TGFp in cancer is complex. During the first
stages of the development of primitive tumors from
epithelial origin, the TGFB/Smad cascade acts as a tumor
suppressor mainly through inhibition of cell proliferation
and/or promotion of cell apoptosis (11, 12, 17). Con-
trarily, during the later stages, the TGFf cascade promotes
tumor progression mainly by its ability to stimulate
epithelial-to-mesenchymal transition, tumor invasion,
metastatic dissemination, and/or evasion of the immune
system (12, 13, 17). With regard to bone cancers, most
studies have focused on the role of TGFp in the develop-
ment of bone metastasis. The contributions of TGFB to
breast cancer and melanoma bone metastasis have been
well described (18-21). TGFf promotes bone metastasis
by its ability to promote the metastatic process by stim-
ulating MMP2 production and thus promoting cellular
invasion of melanoma (19, 20). It has been reported that
TGFp contributes to the establishment of a vicious cycle

between epithelial tumor cells and bone cells. Briefly, the
tumor cells secrete osteoclast-activating factors that pro-
mote bone degradation, thus stimulating the release of
factors which in turn will promote bone metastasis devel-
opment (22, 23). In this context, it has been shown that
overexpression of the TGFf inhibitor Smad7 in melano-
ma cells reduces the development of melanoma bone
metastasis, and that the use of chemical inhibitors target-
ing TPRI reduces the development and progression of
both melanoma and breast cancer bone metastasis (21).
With regard to primary bone sarcomas, few studies have
described the role of TGF on tumor development. It has
been shown that the production of TGFP1 is associated
with high-grade osteosarcoma (24, 25) and that TGFp
stimulates the growth of several osteosarcoma cell lines in
culture (26), suggesting that TGFf} could favor osteosar-
coma development.

In this study, we particularly demonstrate that the over-
expression of the inhibitory Smad, Smad?7, in osteosarcoma
cells and treatment of mice with a specific inhibitor of TBRI
(SD-208) block the development of osteosarcoma lung
metastasis.

Materials and Methods

Measurement of circulating TGFf levels in serum

The levels of circulating TGFBs were measured in serum
from healthy controls (n = 20) from the Etablissement
Francais du Sang (EFS) and patients with osteosarcoma (n =
40) from the OS 2006 protocol (PAC SARCOME, Sarcome
09/0603, EudraCT No. 2006-00337727) with the Bio-Plex
Pro Assay TGFP Standard 3-Plex system (Bio-Rad). Serum
samples were obtained with written informed consent.

Cell cultures and reagents

HOS and SaOS2 osteosarcoma cells were purchased from
ATCC (CRL-1544 and HTB-85, respectively) and cultured in
Dulbecco’s modified Eagle medium (DMEM; Lonza) sup-
plemented with 10% fetal bovine serum (Hyclone Perbio).
All cell lines were authenticated by short tandem repeat
(STR) profiling. TGFB1 and BMP-6, and G418 were, respec-
tively, from R&D System Inc. and Sigma. SD-208 has been
synthetized by the laboratory CEISAM UMR6230, Nantes
University (France).

Western blot analysis

Western blot analysis were performed as previously
described (27). Membranes were immunoblotted with
anti-phospho-Smad3 (Millipore), anti-Smad3 (Millipore),
anti-Smad7 (Santa Cruz Biotechnology), anti-phospho-
Erk (Cell Signaling Technology), anti-Erk (Cell Signaling),
or anti-f-actin (Sigma) antibodies.

Proliferation assay

Cell growth and viability were determined by using a 2,3-
bis(2 methoxy-4 nitro-5-sulfophenyl)-2H-tetrazolium-5-
carboxanilide (XTT) Reagent Assay Kit (Roche Molecular
Biomedicals).
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Table 1. Primer sequence for quantitative RT-PCR

Sens Antisens
ANGPTL4 gAC CCg gCT CAC AAT gTC CCC TgA ggC Tgg ATT TCA
Col1A1 CTg gAC CTA Aag gTg cTg cT gCT CCAgCC TCT CCATCT TT
CTGF CTC CTg Cag gCT AgA gAA gC gAT gCACTT TTT gCC CTT CTT
CXCR4 CCg Agg AAA Tgg gCT CAg ggg A TgA Tgg AgT AgA Tgg Tgg gCA ggA
GAPDH Tgg gTg TgA ACC Atg AgA AgT Atg ggT gCA ggA ggC ATT gCT
ID1 AAT CAT gAA AgT CgC Cag Tg ATg TCg Tag AgC AgC ACg TTT
IL11 gCA gCg gAC Agg gAA ggg TTA A ACA ggC TCA gCA CgA CCA gg
MMP2 AgA Agg CTg TgT TCT TTg CAg Agg CTg gTC AgT ggC TTg
OPN gAg ggC TTg gTT gTC AgC CAATTC TCATgg Tag TQAGTT TTC C
PAI-1 Cag ACC Aag AgC CTC TCC AC ATC ACT Tgg CCC Atg AAA Ag
RANKL TCg TTg gAT CAC AgC ACA TCA TCg TTg gAT CAC AgC ACA TCA
VEGF CTT gCC TTg CTg CTC TAC CTC C CAT CCA TgA ACT TCA CCA CTT CgT

Real-time polymerase chain reaction

Total RNA from cell lines was extracted using NucleoS-
pinRNAII (Macherey Nagel). Total RNA from tumors was
extracted using the TRizol reagent (Invitrogen Life Technol-
ogies) after mechanical grinding with Turrax (IKA). qRT-
PCR were performed as previously described (27). Primer
sequences are provided in Table 1.

Transient cell transfections, reporter assays, and
plasmid constructs

Transient cell transfections were performed with jetPEI
(polyplus-transfection). The phRLMLP-Renilla luciferase
expression vector was cotransfected in all experiments to
monitor transfection efficiencies. Luciferase activity was
determined with the dual-luciferase reporter assay system
(Promega). The (CAGA)o-Luc construct was used as a
reporter construct specific for Smad3/4-driven signaling
(28). The pcDNA-Smad7 vector is a kind gift from Dr. Alain
Mauviel (19).

Osteosarcoma mouse model

Four-week-old female Rj:NMRI-nude mice (Elevages Jan-
vier) were maintained under pathogen-free conditions at
the Experimental Therapy Unit (Faculty of Medicine,
Nantes, France) in accordance with the institutional guide-
lines of the French Ethical Committee (CEEA Pays de la
Loire No. 06; project authorization No. CEEA-2010-23) and
under the supervision of authorized investigators. The mice
were anesthetized by inhalation of an isoflurane/air mixture
(1.5%, 1 L/min) before receiving an intramuscular injection
of 1 x 10° HOS or SaOS2 osteosarcoma cells in close
proximity to the tibia, leading to a rapidly growing tumor
in soft tissue with secondary contiguous bone invasion. One
day after HOS cells injection, some mice received different
doses (20 or 60 mg/kg) of SD-208 or control vehicle by daily
gavage. The tumor volume (V) was calculated from the
measurement of 2 perpendicular diameters using a caliper,
according to the following formula: V= 0.5 x L x (S)?, as
previously described (29). Mice were sacrificed when the
tumor volume reached 2,500 mm? for ethical reasons.

Under these conditions, pulmonary metastasis developed
when tumor volumes were >2,000 mm?.

Micro-CT analysis

Analysis of bone microarchitecture was performed as
previously described (27) at different tumor volumes
(250, 1,000, and 2,500 mm?). All tibiae/fibulae were
scanned using the same parameters (pixel size 18 um, 50
kV, 0.5-mm Al filter, and 0.8 degrees per rotation step).
Three-dimensional reconstructions and analysis of bone
parameters were performed using the CTvol and CTan
software (Skyscan).

Histologic analysis

After sacrifice, the tibiae were conserved and fixed in 10%
buffered formaldehyde, decalcified (4% EDTA, 0.2% para-
formaldehyde, pH 7.4), and embedded in paraffin. Three-
micrometer sections of tumor-bearing tibiae were cut and
stained for tartrate-resistant acid phosphatase (TRAP) to
analyze osteoclast activity. Lungs were fixed in 10% buffered
formaldehyde and embedded in paraffin. Lung sections (3-
um-thick) were mounted on glass slides and stained with
hematoxylin-eosin (HE).

Immunohistochemistry of human and mice tumor
samples

Three-micrometer sections of human tumor tissues
(embedded in paraffin) were cut and stained for phospho-
Smad3 using rabbit polyclonal anti-phospho-Smad3 anti-
body (Abcam). Patient tumor clinical samples collected at
Nantes University Hospital (Nantes, France) were obtained
following patient informed consent and after ethical approv-
al by the Nantes University Hospital Ethics Committee.

Sections (3 um) of mice tumor tissues (embedded in
paraffin) were cut and stained for osterix, RANKL, osteo-
calcin, caspase-3, Ki67, and CD146 using, respectively,
rabbit polyclonal anti-osterix (Abcam), anti-RANKL (Santa
Cruz Biotechnology), anti-osteocalcin (Abcam), anti-cas-
pase-3 (Cell Signaling), anti-Ki67 (Dako), anti CD146
(Abcam) antibodies. Immunodetection was performed
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using DAB Substrate-Chromogen (Dako) and counter-
stained with hematoxylin.

Collagen degradation

The degradation of collagen was evaluated by the mea-
sure of pyridinoline excretion in mice serum using the
MicroVue Serum PYD EIA Kit.

Transwell motility and invasion

Osteosarcoma cells (30,000 cells/well) were pretreated
with 5 ng/mL TGFp in the presence or absence of SD-208
(10umol/L) for 24 hours and seeded onto the upper surface
of transwell inserts (Falcon) coated with 0.1 mg/mL of
growth factor-reduced Matrigel (Biocoat; BD Biosciences)
for the invasion assay, or on uncoated transwells (migration
assay) and incubated at 37°C for 48 hours. At the end of the
incubation period, cells on the upper surface of the inserts
were wiped off, and the cells on the underside of the
membrane were fixed, stained with "cristal violet" and
counted by bright-field microscopy in 5 random fields.

Gelatin zymography

Cells were cultured for 48 hours without serum and their
conditioned media were analyzed by gelatin zymography
in 10% polyacrylamide gels containing 1 mg/mL gelatin
(Sigma-Aldrich) as described previously (19).

Statistical analysis

All analyses were performed using GraphPad Prism 4.0
software (GraphPad Software). Results of in vitro experi-
ments were analyzed with the unpaired t-test and are given
as means = SD. For in vivo experiments, results from groups
overexpressing Smad7 were compared with control groups
(parental and mock) and results from mice treated with SD-
208 were compared with untreated mice using the unpaired
t-test and are given as means + SEM. Results of animal
survival were analyzed using the log-rank test. Results with
P < 0.05 were considered significant.

Results

High levels of TGFB1 and TGFB2 are measured in serum
samples from patients with osteosarcoma

TGFB1, TGFB2, and TGFB3 levels were measured in the
serum samples of 40 patients with osteosarcoma and com-

pared with 20 age-matched healthy volunteers. As shown
in Fig. 1A (top), TGFB1 (left) and TGFB2 (right) concentra-
tions measured in the serum were significantly higher in the
serum samples of patients with osteosarcoma compared
with healthy volunteers (P < 0.01 and P< 0.0001 for TGFf1
and TGFf2, respectively). Note that the TGFB3 serum levels
were very low, under the limit of detection in our experi-
mental conditions (not shown). Second, immunohisto-
chemical experiments were performed to analyze the levels
of phospho-Smad3 in 6 clinical samples of patients with
osteosarcoma. As shown in Fig. 1A (bottom), a high level of
phospho-Smad3 was detected in the nucleus of osteosar-
coma cells, demonstrating the activation of the TGFf/
Smad3 cascade. Interestingly, this level of phospho-Smad3
was higher in clinical samples from patients with pulmo-
nary metastasis than without pulmonary metastasis at diag-
nosis (Fig. 1A, right vs. left).

Overexpression of Smad7 and a chemical inhibitor of
TBRI (SD-208) block the TGFB/Smad3 signaling
pathway in osteosarcoma cells

To evaluate the effect of Smad7 overexpression on
osteosarcoma growth and progression, 2 human osteo-
sarcoma cell lines (HOS and SaOS2) were stably trans-
fected with either empty pcDNA or pcDNA-Smad7 encod-
ing Smad7. First, endogenous Smad7 was not detectable
in either parental or mock-transfected HOS and SaOS2
cells, whereas Smad7-transfected osteosarcoma cells
expressed high levels of the protein (Fig. 1B, left and
Supplementary Fig. S1A). Second, Smad7 expression
inhibits the ability of TGFP to induce the phosphoryla-
tion of Smad3 (Fig. 1B, middle), to transactivate the
Smad3/4-specific reporter construct (CAGA)y-luc (Fig.
1C, left), and to stimulate the expression of CTGF, PAI-
1, and COL1A1 (Fig. 1D, top). Similar results were
obtained with the SaOS2 cell line (Supplementary Fig.
S1). Note that the overexpression of Smad7 partially
inhibits a BMP-specific target gene such as ID1 (Supple-
mentary Fig. S1C) but not the ability of TGFf to induce
the activation of MAPKinases such as ERK;;,, (Supple-
mentary Fig. S1D). To specifically target the TGFp cascade,
we secondly studied the effect of a TBRI inhibitor, the
chemical compound SD-208. As expected, SD-208 (10
umol/L) effectively blocks the ability of TGFB to induce

Figure 1. Evaluation of TGF levels in serum of patients with osteosarcoma. Overexpression of Smad7 and SD-208 in HOS cells block the TGFf/Smad3
cascade. A, top, comparison of TGFB1 (left) and TGFB2 (right) levels in serum from healthy age-matched controls (n = 20) or patients with osteosarcoma
(n = 40; median; ***, P < 0.005; **, P < 0.01); bottom, clinical tumor samples of patients with osteosarcoma with (n = 3, right) or without (n = 3, left)
pulmonary metastasis at diagnosis were immunostained with phospho-Smad3 antibody. One representative photomicrograph per group is shown. Arrows
indicate the localization of P-Smad3 in the nucleus of osteosarcoma cells. B, left: Smad7 production was detected by Western blot analysis in HOS
cells [parental (P), mock- (M), and Smad7-transfected cells (S7)]; middle: phospho-Smad3 and Smad3 were detected by Western blot analysis in parental (P),
mock- (M), and Smad7-transfected (S7) HOS cells treated or not with TGFB1 (5 ng/mL) for 15 minutes; right: parental HOS cells were treated with

TGFB (5 ng/mL, 15 minutes) in the presence or absence of SD-208 (10 umol/L). After incubation, phospho-Smad3 and Smad3 levels were detected by Western
Blot analysis of whole cell lysates. C, cells were transfected with the Smad3/4-specific construct (CAGA)e-luc. Twenty-four hours after transfection,
TGFB (5 ng/mL) was added and incubation was continued for another 48 hours in the presence or absence of SD-208 (10 umol/L) as indicated. Bars, means +
SD of at least three independent experiments, each performed in duplicate (***, P < 0.005; **, P < 0.01). D, cells were treated with TGFB1 (5 ng/mL) for
6 or 24 hours in the presence or absence of SD-208 (10 umol/L as indicated). After incubation, mRNA steady-state levels of the specific TGFf target genes
CTGF (6 hours), PAI-1 (24 hours), and COL1AT (24 hours) were determined by quantitative RT-PCR. Bars, means + SD of at least three independent

experiments, each performed in duplicate (***, P < 0.005; *, P < 0.05).
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and Smad7-transfected (S7) HOS cells (n = 10 for parental, n = 4 for mock and n = 7 for Smad7 cells) or with 1 x 10° parental (P), mock- (M), and
Smad7-transfected (S7) Sa0S2 cells (n = 7 for parental, n = 7 for mock, and n = 7 for Smad7). The results are representative of 2 independent experiments.
A, 3D reconstructions of one representative tibia/fibula of each group (parental, mock, and Smad7 HOS cells) were performed when tumor sizes

were approximately 2,500 mm?® and compared with a healthy group bearing no tumors (control). B, left: graphs represent the total bone volume of each
individual animal in a given group injected with either HOS cells (top) or with SaOS2 cells (bottom; ***, P < 0.005); right: graph represents the mean ectopic bone
volume of each individual animal in a given group injected with either HOS cells (top) or with SaOS2 cells (bottom; ***, P < 0.005). C, histograms represent the
mean trabecular (Tb.) thickness (top) and the number of bone trabecular (bottom) in mock and Smad7 HOS groups compared with control group
corresponding to mice bearing no tumors (***, P < 0.005; *, P < 0.05). D, intramuscular paratibial injections of 1 x 10°® HOS tumor cells were performed in 3
groups of nude mice (vehicle, SD-208 20 mg/kg/day and SD-208 60 mg/kg/day). The bone volumes of tibia were measured both at the leg having undergone
the injection of tumor cells (right) and at the counterpart legs (left) when tumor volume reached 1,000 mm®. Graphs represent the bone volume of each
individual animal in a given group (**, P < 0.01).
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the phosphorylation of Smad3 (Fig. 1B, right), to trans-
activate the Smad3/4-specific reporter construct
(CAGA)o-luc (Fig. 1C, right), and to stimulate the expres-
sion of CTGF, PAI-1, and COL1A1 (Fig. 1D, bottom) in
HOS cells and in SaOS2 cells (Supplementary Fig. S1).
Note that in contrast to Smad7 overexpression, the SD-
208 inhibitor is able to block the ability of TGF to
activate the phosphorylation of ERK,,, (Supplementary
Fig. S1D, bottom).

These results confirmed that both Smad7 overexpression
and SD-208 block the TGF/Smad3 cascade in osteosarco-
ma cells.

Overexpression of Smad7 in osteosarcoma cell lines
dramatically inhibits in vivo tumor growth

A preclinical experimental model of osteosarcoma
induced by paratibial injection of osteosarcoma cells
was developed. Smad7 overexpression in HOS or SaOS2
cells inhibited tumor growth in both models (Fig. 24,
top). The mean tumor size at day 40 in mice injected
with parental or mock-transfected HOS cells was 1,531.8
+ 73.4 mm® and 1,663.9 + 297.0 mm? respectively,
compared with only 341.5 + 43.4 mm? in mice injected
with HOS-S7 cells (means &+ SEM, P < 0.005; Fig. 2A, top
HOS panel). Similar results were obtained in the SaOS2
model (Fig 2A, top SaOS2 panel). Consequently, Smad7
overexpression resulted in an increased animal survival
in both models (Fig. 2A, bottom). In this context, immu-
nohistochemical staining for the proliferative marker
Ki67 in tumor samples from mice showed that Smad7
overexpression decreased cell proliferation as compared
with the mock-transfected group (Fig. 2B, top) when the
tumor sizes reached 250 mm?>. By contrast, caspase-3
immunostaining of the same samples showed no signif-
icant difference between mice injected with Smad7-trans-
fected cells and animals receiving mock-transfected cells
(Fig. 2B, bottom). To better understand the mechanisms
underlying the effect of Smad7 on osteosarcoma tumor
growth, we next carried out in vitro experiments. Inter-
estingly, treatment of osteosarcoma cells with TGFB (5
ng/mL) did not affect osteosarcoma cell proliferation
even after 6 days of TGFf treatment, whether the cells
expressed Smad7 or not (Fig. 2C). In contrast to the effect
of Smad7 overexpression, the treatment of mice with SD-

208 (20 or 60 mg/kg/day) does not affect the in vivo
tumor growth of osteosarcoma (Fig. 2D).

These results demonstrate that overexpression of Smad7
reduced in vivo tumor growth and suggest that this effect is
not because of a direct effect of Smad7 on osteosarcoma cell
proliferation.

Smad?7 overexpression in HOS and SaOS2
osteosarcoma cells inhibits tumor-associated bone
resorption

Because osteosarcoma-associated alteration of bone
remodeling plays a central role in the development and
progression of osteosarcoma bone tumors, we evaluated the
ability of Smad7 and SD-208 to alter tumor-associated bone
remodeling. The microarchitecture of bone in mice bearing
osteosarcoma tumors was first examined when the tumor
sizes reached 2,500 mm?® using a high-resolution X-ray
micro-CT system.

Visual inspection of the 3D reconstructions of the tibia
suggests that Smad7 overexpression enhanced the tumor-
associated bone formation in HOS osteosarcoma models
(Fig. 3A). Indeed, the total bone volume in mice injected
with parental or mock-transfected HOS cells was 9.34 +
0.08 and 8.77 + 0.15 mm® respectively, compared with
11.44 + 0.28 mm® in mice bearing HOS-S7 tumors (P <
0.005; Fig. 3B, HOS left panel). Similarly, Smad7 over-
expression enhanced total bone volume in mice injected
with SaOS2 cells (Fig. 3B, SaOS2 left panel).

We next determined whether this increase in total bone
volume was due either to direct new bone formation
(ectopic bone) and/or to an inhibition of bone resorption.
As shown in Fig. 3B (HOS right panel), the ectopic bone
volume in mice injected with parental or mock-transfected
HOS cells was significantly lower than in mice bearing
HOS-87 tumors (1.91 = 0.11 mm?® and 1.43 + 0.26 mm’
vs. 3.77 + 0.18 mm® respectively, P < 0.005). Similarly,
Smad7 enhanced ectopic bone volume in the SaOS2
model (P < 0.005; Fig. 3B, SaOS2 right panel). We then
analyzed the ability of Smad7 to alter bone osteolysis by
evaluating the trabecular number (Tb.N) and trabecular
thickness (Tb.Th) when tumor sizes were around 250 mm?>
, because at higher volumes (1,000 mm? or 2,500 mm?)
trabecular bone is completely destroyed by the tumor cells
(data not shown). As shown in Fig. 3C (top), mice injected

Figure 4. Overexpression of Smad7 in osteosarcoma reduces osteoclast activity. A, tumor samples (tumor sizes at 1,000 mms) of the mock and Smad7
group were fixed, embedded in paraffin, sectioned, and stained for TRAP (red stained cells, top), osteocalcin (middle), and RANKL (bottom).
Representative photomicrographs per group for HOS osteosarcoma mice are shown. B, RANKL mRNA steady-state levels were determined by
quantitative RT-PCR in the presence or absence of TGFJ as indicated. Bars, mean + SD of at least three independent experiments carried out in
duplicate (top). Parental (P), mock- (M), and Smad7-transfected (S7) HOS cells were treated with TGFB1 (5 ng/mL) for 24 hours. After incubation,
RANKL mRNA steady-state levels were determined by quantitative RT-PCR (middle). RNA was extracted from tumor biopsies of mice injected with
mock- (black) or Smad7 (gray) transfected HOS cells. RANKL mRNA steady-state levels were determined by quantitative RT-PCR (bottom). Bars,
means + SD of at least 3 independent experiments, performed in duplicate (*, P < 0.05; **, P < 0.01). C, concentrations of pyridinoline in mice serum
of the mock and Smad7 groups were measured using the MicroVue Serum PYD EIA Kit. Bars, means + SEM of two independent experiments,
performed in duplicate (*, P < 0.05). D, left: treatment of mock- (black) and Smad7-transfected (gray) HOS cells with TGFB1 (5 ng/mL) for 24 hours. After
incubation, IL117 and OPN mRNA steady-state levels were determined by quantitative RT-PCR. Bars, mean + SD of at least 3 independent experiments
carried out in duplicate (***, P < 0.005); right: RNA was extracted from tumor biopsies of mice injected with mock- (black) and Smad7 (gray) transfected
HOS cells. IL11 and OPN mRNA steady-state levels were determined by quantitative RT-PCR. Bars, mean + SD of 2 independent experiments carried

out in duplicate (***, P < 0.005).
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Figure 5. Overexpression of Smad7
in osteosarcoma and treatment of
mice with SD-208 block lung
metastasis development. Mice
were either injected with parental
(P), mock- (M), and Smad7-
transfected (S7) osteosarcoma
cells (HOS or Sa0S2) or injected
with parental-HOS cells and
treated with vehicle or SD-208 as
indicated. Mice were sacrificed
when tumor sizes reached 2,500
mm® and lungs were removed. A,
photographs of representative
lungs of P, M, and S7 HOS group.
Arrows point to lung metastasis
(top). H&E staining of lungs.
Arrows indicate metastatic tumor
cells (bottom). B, graphs indicate
individual (dots) and mean (lines)
numbers of lung metastasis
measured in lungs from each group
(***, P < 0.005; **, P < 0.01),
respectively for P, M, and S7-HOS
model (left), P, M, and S7-SAOS2
model (middle) and for mice
treated or not with SD-208 (right).
C, tumor samples (tumor sizes at
2,500 mm®) of the P, M, and S7
group (top) and from mice treated
or not with SD-208 as indicated
(bottom) were fixed, embedded in
paraffin, sectioned, and stained
with CD146. Representative
photomicrographs per group for
HOS osteosarcoma mice are
shown. D, RNA was extracted from
tumor biopsies of mice injected
with P (black), M (gray), and S7
(white) transfected HOS cells (left)
or from tumor biopsies from mice
treated with SD-208 at 20 mg/kg/
day (gray), SD-208 at 60 mg/kg/day
(white), or with vehicle (black; right).
VEGF, ANGPTL4, and CXCR4
mRNA steady-state levels were
determined by quantitative RT-
PCR. Bars, mean + SD of 2
independent experiments carried
out in duplicate.
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with mock-transfected HOS cells had a lower Tb.Th than
mice bearing HOS-S7 tumors (0.15 4+ 0.01 mm vs. 0.22 +
0.01 mm, P <0.005). Moreover, the Tb.N was also lower in
the mock group than in the HOS-S7 tumor-bearing group
(2.92 £ 0.03 mm vs. 4.18 £+ 0.02 mm; P < 0.005; Fig. 3C,
bottom). Note that Tb.Th and Tb.N in mice bearing HOS-
S7 tumors are similar to those observed in healthy control
mice. Interestingly, although the treatment of mice with
SD-208 affects bone remodeling with a significant increase
of tibia bone volume in the absence of tumor (Fig. 3D, left)
as previously described (30), the SD-208 does not affect
significantly the tumor-associated bone remodeling (Fig.
3D, right).

These results demonstrate that in contrast with SD-208
mice treatment, overexpression of Smad7 in osteosarco-
ma cells both decreased tumor-associated bone osteolysis
and promoted tumor-associated bone formation.

Overexpression of Smad7 in HOS and Sa0S2
osteosarcoma cells reduces osteoclast activity

The activity of osteoclasts and osteoblasts, 2 cell lineages
implicated in bone remodeling, was then assessed during
the early stages of tumor growth (tumor size <250 mm? or
<1,000 mm?). TRAP staining in sections of tumor-bearing
tibia showed that HOS-S7 tumor cells reduced the number
of TRAP* multinucleated cells at the interface between
tumor and cortical bone (Fig. 4A, top) and in the growth
plate (not shown), relative to the control conditions at the
same tumor size (1,000 mm?®). Similar results were
obtained when tumors had reached 250 mm?® (data not
shown). By contrast, osteocalcin (Fig. 4A, middle) and
osterix (data not shown) immunostaining of the same
samples showed no significant difference between mice
injected with Smad7-transfected cells and animals receiving
mock-transfected cells.

To understand the effect of Smad7 on osteoclast activ-
ity, we analyzed RANKL gene expression in HOS osteo-
sarcoma cell lines. qRT-PCR analysis indicated that
the mRNA steady-state level of RANKL was increased in
response to TGFPB and that Smad7 overexpression pre-
vented such induction (Fig 4B, top and middle, respec-
tively). Moreover, Smad7 overexpression decreased
RANKL production by HOS tumor cells (Fig. 4A, bottom)
evaluated by immunohistochemical experiments. In
accordance with this observation, HOS-S7 bone tumors
expressed significantly lower mRNA levels of RANKL (Fig.
4B, bottom). Finally, the degradation of collagen evalu-
ated by the measure of pyridinoline excretion in mice
serum is decreased when Smad?7 is overexpressed in oste-
osarcoma cells (Fig. 4C).

In addition to RANKL, the expression of other TGFf
target genes implicated in bone remodeling (18, 20, 21)
such as interleukin-11 (IL11) and osteopontin (OPN) is
decreased when Smad7 is overexpressed. As shown
in Fig. 4D, q-PCR analysis indicated that the IL11 and
OPN expressions were increased in response to TGFf and
that Smad7 overexpression prevented such induction
(Fig 4D, left). HOS-S7 bone tumors expressed signifi-

cantly lower levels of IL11 and OPN mRNA (Fig. 4D,
right).

These results demonstrate that Smad7 overexpression
decreases osteoclast activity and thus bone osteolysis at
least in part via the modulation of osteolytic genes such as
RANKL.

Overexpression of Smad7 in HOS and Sa0S2
osteosarcoma cells or treatment of mice with SD-208
inhibits dissemination of pulmonary metastasis

To evaluate the effect of Smad7 on pulmonary metas-
tasis development (Fig. 5A), the lungs of mice were
removed when primary tumor volumes reached 2,500
mm?. As shown in Fig. 5B, a high incidence of pulmo-
nary metastasis was observed in mice inoculated with
parental or mock-transfected HOS cells, respectively 9 of
10 (90%) and 4 of 4 (100%) mice. By contrast, only 1 of
7 (14%) mice bearing HOS-S7 cells developed lung
metastasis (Fig. 5B, left). As shown in Fig. 5B (middle),
similar results were obtained in the SaOS2 model.
Remarkably, the treatment of mice with SD-208 inhibits
the development of lung metastasis. As shown in Fig. 5B
(right), 5 of 6 (83.3%) mice treated with vehicle (control
group) developed lung metastasis. By contrast, only 1 of
6 (16.7%) mice treated with 20 mg/kg/day developed
lung metastasis, and no mice treated with 60 mg/kg/day
developed lung metastasis. Interestingly, immunohisto-
chemical staining for the endothelial marker CD146 in
mice tumor samples showed that Smad7 overexpression
or SD-208 treatment dramatically decreased the angio-
genic process as compared respectively with the parental
and mock-transfected groups or with the untreated
group (Fig. 5C). In addition, qPCR analysis from mice
biopsies indicated that the expression by tumor cells of
VEGF (implicated in the angiogenic process), and
CXCR4 and ANGPTL4 (respectively identified as key
players to prime breast cancer cells for metastasis toward
the lungs and/or the bones) were both reduced when
Smad7 was overexpressed or when mice were treated
with SD-208 (Fig. 5D).

The influence of Smad7 overexpression in osteosarcoma
cells or the treatment of tumor cells with SD-208 was then
examined on several aspects of tumor cell behavior in vitro.
As shown in Fig. 6 and in Supplementary Fig. S2, Smad7
overexpression in HOS and SaOS2 cells or treatment of
HOS cells with SD-208 lead to a strongly reduced capacity
of TGFf to stimulate cell migration (Fig. 6A and Supple-
mentary Fig. S2A) and invasion (Fig. 6B and Supplemen-
tary Fig. S2B). In addition, exogenous TGFB-induced
secretion of the active form of matrix metalloproteinase
MMP2 was strongly diminished both in Smad7-trans-
fected cells and in cells treated with SD-208 (Fig. 6C and
supplementary Fig. S2C). qRT-PCR analysis indicated a
reduction of TGFB-induced MMP2 mRNA levels in
Smad7-transfected- or SD-208-treated cells (Fig. 6D,
top). MMP2 mRNA steady-state levels were increased by
approximately 5-fold in parental and mock-transfected
HOS cells, but only by 2-fold in HOS-S7 cells after
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treatment of osteosarcoma cells with TGFB (5 ng/mL) for
24 hours. Similar results were obtained when Smad7 was
overexpressed in SaOS2 cells (Supplementary Fig. S2D) or
when osteosarcoma cells were treated with SD-208 (Fig.
6D, right and Supplementary Fig. S2D, right). In addi-
tion, both HOS-S7 bone tumors and HOS cells from mice
treated with SD-208 expressed significantly lower levels of
MMP2 (Fig. 6D, bottom).

These results demonstrated that overexpression of Smad7
in osteosarcoma cells or treatment of mice with SD-208
blocks the formation of lung metastasis.

Discussion

Increased TGFB1 mRNA and/or protein expression has
been correlated with a wide range of cancers such as
colorectal cancer, gastric carcinoma, or prostate cancer
(31-34). This increase in serum TGFB1 production and/
or TGFB1 staining in tumor cells has been associated with
disease progression to metastasis in these carcinomas
(31). Here, we demonstrated that high concentrations of
TGFB1 and TGFB2 measured in serum of patients is
associated with osteosarcoma disease. In addition, using
clinical samples, we demonstrated that the Smad3 cas-
cade is activated in osteosarcoma cells particularly in
high-risk patients when lung metastasis are detected at
diagnosis. Previous studies have reported that high levels
of TGFB1 mRNA in tumor cells are associated with high-
grade osteosarcoma, which shows an aggressive behavior
and frequently metastasizes to lung or other sites (24).
These observations together with our results suggest that
high levels of TGFB1 in serum could be associated with a
poor prognosis in osteosarcoma.

Following these observations, we first inhibited the
Smad signaling cascade in osteosarcoma cells via the
overexpression of the inhibitory Smad, Smad7, and then
we used the chemical inhibitor of TPRI, SD-208, to
specifically inhibit the signaling cascade downstream the

receptor TRRI. By using various in vitro approaches, we
demonstrated that Smad7 overexpression and SD-208
efficiently inhibit the TGFB transcriptional response
mediated by Smad3/4 in 2 human osteosarcoma cell
lines, HOS and SaOS2.

Using a murine model of osteosarcoma induced by
paratibial injection of osteosarcoma cells overexpressing
Smad7, we then demonstrated that Smad7 overexpres-
sion slows primary tumor growth, a process associated
with a reduction of the immunohistochemical staining
for the proliferative marker Ki67. Because TGFP is a
cytokine widely implicated in the control of cell prolif-
eration (17), the effect of TGFB and overexpression of
Smad7 was studied on osteosarcoma cell proliferation in
vitro. In contrast to previous observations that demon-
strated an effect of TGFJ on cell proliferation (35, 36), no
effect of TGFB and/or Smad7 overexpression was
observed on the in vitro proliferation rate of osteosarcoma
cells under our experimental conditions, suggesting that
Smad7 does not directly affect the proliferation of oste-
osarcoma cells but rather affects the tumor microenvi-
ronment indirectly involved in the control of tumor cell
proliferation.

In this context, because osteosarcoma-associated
alterations of bone remodeling play a central role in
the development and progression of osteosarcoma, we
studied the effect of Smad7 on bone remodeling. We
clearly demonstrated that Smad7 overexpression in oste-
osarcoma cells slows bone destruction associated with
the tumor growth. In this context, we demonstrated that
this process was mainly associated with a reduction of
trabecular bone destruction during the early stages of
tumor growth (when tumor volumes were below 250
mm?>) and with an increase of ectopic bone formation
during the late stages of tumor growth (when tumor
volumes were greater than 1000 mm?). The presence of a
"vicious cycle" established between tumor proliferation
and paratumor osteolysis plays a crucial role in the

Figure 6. Overexpression of Smad7 in osteosarcoma cells or treatment of cells with SD-208 inhibit the ability of TGFp to induce osteosarcoma cell
migration and invasion. A and B, left: 30,000 parental, mock-, or Smad7-transfected HOS cells pretreated during 24 hours with 5 ng/mL TGFB were
seeded onto the upper surface of uncoated (A) or transwell coated with 2 ng Matrigel (B) inserts. Forty-eight hours after incubation in the presence
or absence of TGFp (5 ng/mL), the cells on the underside of the membrane were fixed, stained with "cristal violet," and counted by bright-field
microscopy in 5 random fields (magnification: x200). Bars, mean + SD of at least 3 independent experiments carried out in duplicate (***, P < 0.005);
middle: 30,000 parental HOS cells pretreated during 24 hours with 5 ng/mL TGFp in the presence or absence of SD-208 (as indicated) were
seeded onto the upper surface of uncoated (A) or transwell coated with 2 ug Matrigel (B) inserts. Forty-eight hours after incubation in the presence or
absence of TGFB (5 ng/mL) and SD-208 (as indicated), the cells on the underside of the membrane were fixed, stained with "cristal violet," and
counted by bright-field microscopy in 5 random fields (magnification: x200). Bars, mean + SD of at least 3 independent experiments carried out in
duplicate (***, P < 0.005); right: photographs of representative random fields (magnification: x200) of each group. C, top: zymography analysis of
conditioned media from 48 hours serum-free cultures of HOS-P, -M, and -S7 cells treated with 5 ng/mL TGFp or untreated. A Coomassie blue
stained gel representative of 3 independent experiments is shown; bottom: zymography analysis of conditioned media from 48 hours serum-free
cultures of HOS cells treated with 5 ng/mL TGFp in the presence or absence of SD-208 (10 umol/L). A Coomassie blue stained gel representative
of 3 independent experiments is shown. D, top: HOS-P, -M, and -S7 cells were incubated with TGFB1 (5 ng/mL) for 24 hours (left). HOS cells
were incubated with TGFB1 (5 ng/mL) in the presence or absence of SD-208 (10 umol/L) for 24 hours (right). After incubation, MMP2 mRNA steady-state
levels were determined by quantitative RT-PCR. Bars, mean + SD of at least 3 independent experiments carried out in duplicate (*, P < 0.05;

***, P < 0.005). Bottom, RNA was extracted from tumor biopsies of mice injected with parental (black), mock- (gray), and Smad7- (white) transfected
HOS cells (left). RNA was extracted from tumor biopsies of mice injected with HOS cells and treated with SD-208 at 20 mg/kg/day (gray),

SD-208 at 60 mg/kg/day (white), or with vehicle (black; right). MMP2 mRNA steady-state levels were determined by quantitative RT-PCR. Bars, mean +
SD of 2 independent experiments carried out in duplicate (*, P < 0.05).
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development of primary bone tumors (37). Cancer cells
produce soluble factors that activate directly or indirectly
via osteoblasts, the osteoclast differentiation, and mat-
uration (38, 39). In turn, during bone degradation,
osteoclasts allow the release of growth factors stored in
the mineralized bone matrix that are able to stimulate
tumor growth. In this context, we demonstrated that the
resulting increase in bone volume observed after Smad7
overexpression in osteosarcoma cells is due in large part
to the inhibition of osteoclast activity. The decrease of
TRAP activity at the growth plate level, which is not in
direct contact with the tumor, suggests that Smad7 over-
expression affects the ability of the tumor cells to pro-
duce a soluble factor able to regulate osteoclast activity.
Here, we clearly demonstrated that Smad7 overexpres-
sion in osteosarcoma cells inhibits their ability to pro-
duce RANKL or IL11, 2 cytokines that play a central role
in bone osteolysis process (40). Together, these results
suggest that Smad7 slows the tumor growth by acting at
least at the tumor environment level, by inhibiting the
tumor associated bone osteolysis.

Surprisingly, we did not observe a significant effect of
SD-208 on tumor growth. Several hypotheses can be
proposed to explain this difference between Smad?
and SD-208 effects on tumor growth. First, we cannot
rule out that Smad7 may also exert some of its action
independently from its role as a TGFp signaling inhib-
itor. Indeed, Smad7 is able to inhibit other signaling
pathways such as the cascade of bone morphogenetic
protein family members (BMP), highly involved in bone
formation (41). This hypothesis seems unlikely because
the BMPs are known to promote bone formation. Thus,
we can hypothesize that BMP inhibitors should promote
bone degradation by inhibiting the bone formation in
contrast to the results observed by overexpression of
Smad7. Second, Smad7 might have several distinct func-
tions in cellular signaling (12). For example it has been
shown that Smad7 overexpression is able to potentiate
apoptosis in prostate carcinoma and in PC-3U cells (12).
In addition, Smad7 is also able to activate some signaling
pathways such as the JNK cascade (42). Although we
have not observed an effect of Smad7 on the prolifera-
tion and apoptosis of osteosarcoma cells, or on the
ability of TGFP to stimulate the MAPK pathway, we
cannot rule out this hypothesis. Third, the inefficiency
of SD-208 on tumor growth can be explained by its
inability to reduce the tumor-associated bone osteolysis.
Indeed, although a systemic treatment of mice with SD-
208 promotes bone formation in absence of tumor as
previously described (30), this systemic treatment does
not seem to reduce the tumor associated bone osteolysis
in contrast with the overexpression of Smad7 effect in
osteosarcoma cells. In addition, the HOS mice model
used in these experiments is a high aggressive model with
a fast bone degradation associated with tumor growth.
The effectiveness of a local mice treatment with SD-208
directly into the tumor cells using a less aggressive model
should be tested.

Finally, we showed that both Smad7 overexpression
and SD-208 strongly affect the ability of the primary bone
tumor to develop lung metastasis, demonstrating the
crucial role of TGFB/Smad signaling pathway in the
metastatic process of osteosarcoma. During the last dec-
ades, the role of TGFp in the metastatic process of carci-
nomas has been widely described. A major step in this
process is the ability of TGFp to stimulate epithelial-to-
mesenchymal transition and thus the ability of tumor
cells to invade adjacent tissues (17). In the context of
osteosarcoma cells that are from mesenchymal origin, we
specifically demonstrated that Smad7 overexpression and
SD-208 block the ability of TGFf to stimulate osteosar-
coma migration and invasion. In this context, we clearly
demonstrated that Smad7 and SD-208 are able to block
TGFB-induced MMP2 activity, mainly involved in the
invasion process such as described in the context of
melanoma bone metastasis (19, 20). Another major step
in the metastatic process is the ability of TGFB to stim-
ulate tumor-associated angiogenesis and thus the dissem-
ination of tumor cells into the bloodstream (17). In this
context, we clearly demonstrated that both Smad7 and
SD-208 reduce the angiogenic process as shown by
immunohistochemical staining for the endothelial mark-
er CD146. In addition, both Smad7 and SD-208 inhibit
TGFB-induced VEGF expression, mainly involved in the
angiogenic process. Moreover, both Smad7 and SD-208
are able to inhibit the ability of TGFP to stimulate the
expression of ANGPLT4 and CXCR4 identified as key
players to prime breast cancer cells for metastasis respec-
tively toward the lungs (43) and toward the bones or the
lungs (44).

In conclusion, this report provides evidence that blocking
TGFp signaling may represent a novel therapeutic approach
to treat lung metastasis in patients with osteosarcoma,
which have a poor prognosis.
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