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Abstract

Melanoma has a propensity to metastasize to bone, where it is
exposed to high concentrations of transforming growth
factor-B (TGF-B). Because TGF-B promotes bone metastases
from other solid tumors, such as breast cancer, we tested the
role of TGF-B in melanoma metastases to bone. 1205Lu
melanoma cells, stably transfected to overexpress the natural
TGF-B/Smad signaling inhibitor Smad7, were studied in an
experimental model of bone metastasis whereby tumor cells
are inoculated into the left cardiac ventricle of nude mice. All
mice bearing parental and mock-transfected 1205Lu cells
developed osteolytic bone metastases 5 weeks post-tumor
inoculation. Mice bearing 1205Lu-Smad7 tumors had signif-
icantly less osteolysis on radiographs and longer survival
compared with parental and mock-transfected 1205Lu mice.
To determine if the reduced bone metastases observed in mice
bearing 1205Lu-Smad7 clones was due to reduced expression
of TGF-B target genes known to enhance metastases to bone
from breast cancer cells, we analyzed gene expression of
osteolytic factors, parathyroid hormone-related protein
(PTHrP) and interleukin-11 (IL-11), the chemotactic receptor
CXCR4, and osteopontin in 1205Lu cells. Quantitative reverse
transcription-PCR analysis indicated that PTHrP, IL-11,
CXCR4, and osteopontin mRNA steady-state levels were
robustly increased in response to TGF-B and that Smad7 and
the TBRI small-molecule inhibitor, SB431542, prevented such
induction. In addition, 1205Lu-Smad7 bone metastases
expressed significantly lower levels of IL-11, connective tissue
growth factor, and PTHrP . These data suggest that TGF-B
promotes osteolytic bone metastases due to melanoma by
stimulating the expression of prometastatic factors via the
Smad pathway. Blockade of TGF-B signaling may be an
effective treatment for melanoma metastasis to bone. [Cancer
Res 2007;67(5):2317–24]

Introduction

Transforming growth factor-h (TGF-h) is a prototypic multi-
functional cytokine whose broad modulatory activity affects
numerous biological functions. At the organism level, these include,

but are not limited to, control of immune functions, embryogen-
esis, carcinogenesis, and tissue responses to injury. At the cell level,
TGF-h controls proliferation, migration, as well as extracellular
matrix synthesis and degradation (1–5). The complexity of the role
played by TGF-h in cancer and metastasis is underscored by the
duality of this growth factor, depending on the stage of the disease
(6–8). Thus, although the TGF-h signaling cascade functions as a
tumor suppressor pathway in early carcinogenesis, mainly through
the ability of TGF-h to inhibit the cell cycle, it paradoxically favors
tumor progression during late-stage metastatic progression of
tumors.
TGF-h signal transduction occurs via ligand-activated heterote-

trameric serine/threonine kinase receptors (ThRI and ThRII) on the
cell surface, which phosphorylate the cytoplasmic proteins Smad2
and Smad3. These receptor-regulated Smads (R-Smads) are ligand-
specific and, on activation, associate with Smad4, a common partner
to all receptor-regulated Smads activated by the various ligands of the
TGF-h family. R-Smad/Smad4 heterocomplexes then translocate into
the cell nucleus to regulate target gene transcription (5, 9). The
inhibitory Smad, Smad7, interferes with Smad signaling by various
means: (a) it binds activated ThRI to prevent phosphorylation of
Smad2/3; (b) it recruits E3 ubiquitin-ligases, such as Smurf1, Smurf2,
and WWP1, to the activated TGF-h receptor complexes, leading to
their proteasomal degradation; and (c) it interacts with GADD34, the
regulatory subunit of the protein phosphatase PP1, thereby recruiting
it to ThRI to inactivate the latter (10–12).
The effect of TGF-h on melanoma progression is just beginning

to unravel. Malignant melanomas secrete high amounts of TGF-h,
whose autocrine and paracrine effects contribute directly and
indirectly to tumor progression (13). Indeed, we identified
previously that melanoma cell–derived TGF-h results in high,
ligand-dependent, constitutive Smad3-driven transcriptional activ-
ity (14). In addition, we identified that overexpression of Smad7
inhibits melanoma cell matrix metalloproteinase (MMP)-2 and
MMP-9 production, dramatically impairs their invasive capacity
in vitro , reduces anchorage-independent growth, and delays s.c.
tumor growth in nude mice (15). These findings underscore the
notion that intact, or exacerbated, Smad signaling occurs
throughout tumor progression in melanoma cells.
In experimental models of metastasis, it has been shown that

TGF-h is essential for breast cancer cells to form bone metastases
(16, 17). Furthermore, the release of TGF-h from the bone matrix
on activation of osteoclasts by soluble factors, such as parathyroid
hormone-related protein (PTHrP) derived from cancer cells, further
exacerbates the latter and enhances the growth of metastases,
thereby establishing what has been viewed as a vicious cycle
orchestrated by TGF-h (18, 19).
In this report, we show that Smad7 overexpression delays the

establishment and growth of melanoma bone metastases in a
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mouse model. In addition, we determine that inhibition of the
Smad cascade in melanoma cells represses the expression of a
panel of TGF-h–dependent genes that was identified previously as
critical for the establishment of bone metastases by breast cancer
cells (17).

Materials and Methods

Cell Cultures and Reagents
Melanoma cell lines WM239-A, WM1341-D, WM983-A, WM793, WM983-

B, WM852, and 1205Lu, kind gifts from Dr. M. Herlyn (Wistar Institute,
Philadelphia, PA), have been described previously (14, 20, 21). They were
grown in a composite medium (W489) consisting of three parts of
MCDB153 and one part of L15 supplemented with 4% FCS and antibiotics.
Melanoma cell lines Dauv-1, 888-mel, 501-mel, SK-28, and FO-1 have been
described previously (22). They were grown in RPMI 1640 supplemented
with 10% FCS and antibiotics. Human lung fibroblasts (WI-26) were grown
in DMEM containing 10% FCS and antibiotics. Generation of Smad7-
expressing clones (S7.a and S7.c) and mock-transfected cells has been
described previously (15). All cells were grown at 37jC in a humidified
atmosphere of 5% CO2. The Smad3/Smad4–specific reporter plasmid
(CAGA)9-luc (23) was a gift from S. Dennler (Institut National de la Sante et
de la Recherche Medicale U697, Paris, France). The pRL-TK vector was from
Promega (Madison, WI). TGF-h1 was purchased from R&D Systems, Inc.
(Minneapolis, MN). The ALK5/ThRI inhibitor SB431542 was from Sigma-
Aldrich (St. Louis, MO).

Biochemical Methods
Protein extraction and Western blotting were done as described

previously (24). Anti-Smad3 and anti–h-actin were from Zymed (San

Francisco, CA) and Sigma-Aldrich, respectively. The rabbit anti–phospho-

Smad2/Smad3 antibody (25) was a generous gift from E. Leof (Mayo Clinic

College of Medicine, Rochester, MN). Secondary antimouse and antirabbit
horseradish peroxidase–conjugated antibodies were from Santa Cruz

Biotechnology Inc. (Santa Cruz, CA).

Generation of Melanoma Cell Conditioned Medium
Cells (3� 106) of each cell type were plated in a 150-mm tissue culture dish

and cultured in 16 mLW489 medium without FCS for 72 h. Supernatants were
then collected and floating cells were removed by centrifugation (420 g , 5 min).
The corresponding cell layers were lysed and total protein concentration was
determined to normalize each conditioned medium.

Cells Transfections and Luciferase Assays
Melanoma cells were seeded in 24-well plates and transfected at

approximately 70% to 80% confluency with the polycationic compound
Fugene (Roche Diagnostics, Indianapolis, IN) in fresh medium containing
1% FCS. TGF-h was added 4 h post-transfection. WI-26 fibroblasts were
seeded in 24-well plates and transfected at approximately 70% to 80%
confluency with Jet-PEI (Polyplus-Transfection, Illkirch, France) in fresh
W489 medium without FCS. Conditioned media were added 4 h post-
transfection. Following a 16-h incubation, cells were rinsed twice with PBS
and lysed in passive lysis buffer (Promega). Luciferase activities were
determined with a Dual-Glo luciferase assay kit according to the
manufacturer’s protocol (Promega).

Animal Experiments
The animal protocols for bone metastasis experiments were approved

by the Institutional Animal Care and Use Committee at the University of

Virginia (Charlottesville, VA) and were in accordance with the NIH Guide
for the Care and Use of Laboratory Animals. Athymic female nude mice

4 weeks of age were housed in laminar flow isolated hoods. Water

supplemented with vitamin K and autoclaved mouse chow were provided

ad libitum . Radiographs were taken under mouse anesthesia mixture (30%
ketamine and 20% xylazine in 0.9% NaCl). Tumor inoculation into the left

cardiac ventricle was done on anesthetized mice positioned ventral side

up as described previously (26). Briefly, the left cardiac ventricle was
punctured percutaneously using a 26-gauge needle attached to a 1-mL

syringe containing suspended tumor cells. Visualization of bright red
blood entering the hub of the needle in a pulsatile fashion indicated a

correct position in the left cardiac ventricle. Tumor cells (105 in 0.1 mL

PBS) were inoculated slowly over 1 min. Mice were followed by radio-

graphy for the development of bone lesions throughout the experiments.
Mice were X-rayed in a prone and lateral position using a Digital Faxitron

MX-20 with digital camera (Faxitron X-ray, Wheeling, IL) as described

previously (26). Radiographs where taken at �1 magnification and when a
lesion was suspected, additional images with higher magnification (�4)
were taken. Images were saved and lesion areas were measured and ana-

lyzed using MetaMorph software (Molecular Devices, Downingtown. PA).

Bone histology. Forelimb and hind limb bones were removed from mice

at the time of experimental termination. Tissues were fixed in 10% neutral
buffered formalin for 48 h, decalcified in 10% EDTA for 2 weeks, processed

Figure 1. A, total protein extracts (60 Ag) from unstimulated cultured melanoma
cell lines were analyzed by Western blotting for phospho-Smad3 content.
An anti–h-actin antibody was used for normalization. B, subconfluent melanoma
cell cultures were incubated for 6 h in medium containing 1% serum. TGF-h1
(10 ng/mL) was added to the cultures 20 min before cell lysis for Western
analysis (30 Ag/lane) with specific antibodies directed against phospho-Smad3,
Smad3, or h-actin. C, subconfluent melanoma cell cultures were transfected
with 0.4 Ag (CAGA)9-luc vector together with 0.2 Ag pRL-TK Renilla luciferase
expression vector. Four hours post-transfection, cultures were left untreated
or stimulated with TGF-h (10 ng/mL). Luciferase activities were measured in
cell extracts 16 h post-transfection. Columns, mean of three independent
experiments; bars, SE.
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using an automated tissue processor (Excelsior, Thermoelectric), and
embedded in paraffin. The sections were stained with H&E with orange G

and phloxine to visualize new bone.

RNA Extraction and Gene Expression Analysis
In vitro experiments. Total RNA was isolated using an RNeasy kit

(Qiagen GmbH, Hilden Germany).

In vivo experiments. The femur and tibiae from mice were dissected

and cleaned from adhering tissues. The cartilage ends were cut off and the

tumor cells in the marrow cavity were flushed out using cold PBS in a
syringe with a sterile needle. After centrifugation, cells were resuspended in

RNAlater (Qiagen) and total RNA was isolated with Trizol (Invitrogen, San

Diego, CA) according to the manufacturer’s instructions. Genomic DNA

contaminations were eliminated by DNase I treatment. One microgram of
RNA from each sample was reverse transcribed using the Thermoscript kit

(Invitrogen) following the manufacturer’s instructions. The resulting cDNAs

were then processed for real-time PCR using SYBR Green technology.
Reactions were carried out in a 7300 Real-time PCR System (Applied

Biosystems) for 40 cycles (95jC for 15 sec/60jC for 1 min) after an initial 10-
min incubation at 95jC.
Primers used for in vitro experiments were as follows TGF-b1 (sense, 5¶-

ctctccgacctgccacaga-3¶; antisense, 5¶-aacctagatgggcgcgatct-3¶); TGF-b2
(sense, 5¶-ccfcccactttctacagaccc-3¶; antisense, 5¶-gcgctgggtgggagatgttaa-3¶);
TGF-b3 (sense, 5¶-ctggccctgctgaactttg-3¶; antisense, 5¶-aaggtggtgcaagtgga-
caga-3¶); CXCR4 (sense, 5¶-cagtggccgacctcctctt-3¶; antisense, 5¶-cagtttgc-
cacggcatca-3¶); interleukin-11 (IL-11 ; sense, 5¶-actgctgctgctgaagactc-3¶;
antisense, 5¶-ccacccctgctcctgaaata-3¶); PTHrP (sense, 5¶-tttacggcgac-
gattcttcc-3¶; antisense, 5¶-ttcttcccaggtgtcttgag-3¶); and osteopontin (sense,
5¶-aggcagagcacagcatcgt-3¶; 5¶-ttggctgagaaggctgcaa-3¶). Primers used for

in vivo experiments were as follows: IL-11 (sense, 5¶-tgaagactcggctgtgacc-
3¶; antisense, 5¶-cctcacggaaggactgtctc-3¶); PTHrP (sense, 5¶-actcgctctgcctggt-
taga-3¶; antisense, 5¶-ggaggtgtcagacaggtggt-3¶); and connective tissue growth
factor (CTGF ; sense, 5¶-gctaccacatttcctacctagaaatca-3¶; antisense, 5¶-
gacagtccgtcaaaacagattgtt-3¶).
Target gene expression was normalized against the endogenous control

genes cyclophylin A (sense, 5¶-caaatgctggacccaacaca-3¶; antisense, 5¶-tgccatc-
caaccactcagtct-3¶) or glyceraldehyde-3-phosphate dehydrogenase (GAPDH ;

sense, 5¶-gctcctcctgttcgacagtca-3¶; antisense, 5¶-accttccccatggtgtctga-3¶). Data
were analyzed using Applied Biosystems Sequence Detections Software
(version 1.2.1).

Statistical Analyses
Differences in osteolytic lesion areas between groups were determined by

one-way ANOVA and two-way ANOVA. Kaplan-Meier survival curve data
were analyzed by log-rank test. All results were expressed as mean F SE,

and P < 0.05 was considered significant (GraphPad prism).

Results and Discussion

The role of TGF-h in melanoma progression and metastasis is
controversial. Using a specific Smad-dependent transcription
assay as well as Smad/DNA interaction assays based on our
original characterization of hCOL7A1 as a Smad3/Smad4 gene
target (27), we showed previously that human melanoma cells
secrete active TGF-h and exhibit both high constitutive, ligand-
induced, Smad signaling (14). Subsequently, others have shown
that TGF-h that is produced by melanoma cells contributes to
peritumoral stroma remodeling, providing a survival advantage to
melanoma cells (28). Contrasting with these results, it has also
been proposed that the oncoproteins c-Ski and SnoN, known
to interfere with Smad signaling (29), are expressed at high levels
in melanoma cells and may be responsible for the lack of growth-
inhibitory activity of TGF-h in these cells (30, 31). Recently, we
showed that overexpression of Smad7 in melanoma cells inhibits
endogenous constitutive Smad signaling, reduces MMP secretion,
and delays tumorigenicity both in vitro and in a model of

Figure 2. Subconfluent melanoma cell cultures were preincubated for 6 h in
medium containing 1% serum before stimulation with TGF-h1 (10 ng/mL) in the
absence or presence of 5 Amol/L SB431542 (or DMSO) added 1 h before addition
of the growth factor. Total RNAwas analyzed by quantitative RT-PCRwith primers
specific for TGF-b1 (A ) or TGF-b2 (B ). Values are corrected for cyclophilin A
mRNA levels in the same samples. C, subconfluent WI-26 human lung fibroblast
cultures were incubated for 24 h in medium containing 0% serum, following which
an equivalent volume of either W489 unconditioned or 1205Lu melanoma cell
conditioned medium was added. WI-26 cell layers were then lysed for Western
analysis with specific antibodies directed against phospho-Smad3 and Smad3.
D, subconfluent WI-26 fibroblast cultures were transfected with 0.4 Ag
(CAGA)9-luc vector together with 0.2 Ag pRL-TK Renilla luciferase expression
vector in W489 medium without serum. Four hours post-transfection, cultures
were left untreated (�) or stimulated with TGF-h (10 ng/mL) (+) or an equivalent
volume of various melanoma cell conditioned medium. Luciferase activities were
measured in cell extracts 20 h later. Results are expressed as relative reporter
activation. Columns, mean of three independent experiments; bars, SE.
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subcutaneous tumor formation in nude mice (15). These
apparently contradictory results about the role of autocrine
TGF-h signaling in melanoma cells led us to reevaluate the
activation status of Smad signaling obtained in several available
melanoma cell lines. Most transcriptional responses to TGF-h in
the adult are mediated by Smad3/Smad4, although it is generally
accepted that Smad2 is critical during embryonic life (9). We thus
focused our attention on Smad3/Smad4 status and activation. As
shown in Fig. 1A , the various cell lines tested exhibited variable
basal levels of P-Smad3, a marker of TGF-h receptor activation
(Fig. 1A). In all cases, exogenously added TGF-h further induced a
dramatic elevation of P-Smad3 levels, indicative of functional
TGF-h receptor complexes (Fig. 1B). Transient cell transfection
experiments with the Smad3/Smad4–specific reporter construct
(CAGA)9-lux (23) indicated that most cell lines responded to
exogenous TGF-h with a robust transcriptional response (Fig. 1C),
indicative of functional TGF-h/Smad signal transduction cascade
all the way from the cell membrane to the nucleus. These results
are in full agreement with our initial observations (14) and
consistent with the accepted concept of an autocrine and
oncogenic role for TGF-h in late-stage carcinogenesis (reviewed
in refs. 32, 33).
TGF-h expression is often increased in tumor cells and has

been correlated with the advanced stage of melanoma progres-
sion (34). We thus wanted to determine whether an autoregula-
tory loop controlled TGF-h expression in melanoma cells. First,
using quantitative real-time PCR, we determined that all
melanoma cell lines available in the laboratory expressed the
three TGF-h isoforms (data not shown). TGF-b1 expression was
predominant, with relative expression levels 10- to 20-fold higher
than those for TGF-b3 (data not shown). TGF-b2 was expressed
at very low levels (100- to 1,000-fold less than TGF-h1). These
results are consistent with previously published observations (35).
Incubation of some of these cell lines, selected based on their
robust Smad-specific transcriptional response to TGF-h (see Fig.
1C) with exogenous TGF-h1 for 24 h led to a consistently
observed increase in the expression of TGF-b1, which was totally
abrogated by the ALK5 inhibitor SB431542 (Fig. 2A). Expression of
TGF-b2 mRNA was also induced by TGF-h1 treatment (Fig. 2B);
however, it only occurred in 50% of the cell lines tested (data not
shown). Again, incubation with the ALK5 inhibitor SB431542 led
to a complete abrogation of TGF-b2 induction by exogenous TGF-
h1. Of note, no modulation of TGF-b3 expression was observed
after either TGF-h1 or SB431542 treatment in any of the cell lines
tested (data not shown), suggesting its independence from Smad
signaling.
To determine whether melanoma cells secrete active TGF-h that

could induce stroma activation, melanoma cell culture super-
natants were studied for their capacity to activate the Smad
pathway in fibroblasts in culture. Incubation of WI-26 human lung
fibroblasts with conditioned medium from four distinct melanoma
cell lines exhibiting constitutive Smad3/Smad4 activation and TGF-
h1 expression induced both rapid and sustained Smad3 phosphor-
ylation in WI-26 cells (Fig. 2C) and potent transactivation of the
transfected (CAGA)9-lux construct (Fig. 2D). Incubation with W489
unconditioned medium did not induce any of these TGF-h–specific
responses. Together, these results emphasize the fact that ligand-
dependent constitutive activation of the Smad pathway in
melanoma cells translates into production of active TGF-h that
is highly capable of inducing both autocrine and paracrine
(stromal) responses.

It is expected from our data on the expression of the three TGF-
h isoforms (see above) that TGF-h1 and TGF-h3 represent the
majority of constitutively produced isoforms capable of driving
Smad signaling in melanoma cells even in the presence of a ThRI
inhibitor. Furthermore, TGF-h1 and TGF-h2 are likely to be

Figure 3. A, representative X-ray radiography of the hind limbs of mice, 5 wks
(parental, n = 6) or 14 wks (clones S7.a and S7.b, seven mice each) post-tumor
cell inoculation. Osteolytic lesions are highlighted with white lines. Note the
dramatic difference in both size and number of lesions generated by parental
1205Lu cells versus Smad7-overexpressing clones. B, survival of mice
bearing S7.a (w) and S7.c (o) tumors was significantly longer than that of
mice bearing parental 1205Lu cells (E). C, osteolytic lesion area (mm2) on
radiographs was measured by computerized image analysis of forelimbs and
hind limbs at the time of death: 5 wks postinoculation for parental 1205Lu
cells, 16 and 20 wks postinoculation for S7.a and S7.c clones, respectively.
Columns, mean (n = 7); bars, SE. D, osteolytic lesion area (mm2) on
radiographs was measured by computerized image analysis of forelimbs and
hind limbs at 4 and 6 wks postinoculation for both pcDNA transfected 1205Lu
cells (n = 11; n) and clones overexpressing Smad7 (12 mice for each clone;
E and !). Points, mean; bars, SE. Note that lesion area was so small in
both Smad7-overexpressing 1205Lu-bearing mice that the data lines are
indistinguishable from the X axis.
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induced further in tissue environments rich in TGF-h, such as in
late-stage cancer progression.
We showed previously that TGF-h promotes bonemetastases from

solid tumors, such as breast cancer (16, 17, 19). Thus, given our recent
data linking autocrine TGF-h signaling to melanoma aggressiveness
(15), we decided to test the role of autocrine TGF-h signaling in
melanoma metastases to bone by overexpressing the inhibitory
Smad7 in a cell line with high endogenous Smad activity. For this
purpose, we used 1205Lu cells as (a) they exhibit high autonomous,
ligand-induced, constitutive TGF-h/Smad signaling; (b) they exhibit
a strong transcriptional response to exogenous TGF-h; (c) they are
highly invasive in a Matrigel assay; and (d) they are highly
tumorigenic in vivo (15). Furthermore, we showed previously that
Smad7 overexpression in 1205Lumelanoma cells reducesMMP-2 and
MMP-9 production as well as their capacity to invade Matrigel and to
establish subcutaneous tumors in nude mice (15).
In a proof-of-concept experiment, parental 1205Lu cells rapidly

established bone metastases in a model of bone metastasis
whereby tumor cells are inoculated into the left cardiac ventricle

of nude mice. Reasons for using the model include the facts that (a)
no model exists whereby primary melanoma tumors metastasize to
bone; (b) the left cardiac ventricle model was established with
melanoma lines (36); and (c) the relevance to bone metastases has
been consistently shown in the literature (37, 38). Specifically, this
model addresses the process of metastasis from entry of tumor
cells into the arterial circulation to the establishment of bone
metastasis and tumor-bone interactions.
Bone metastases seemed to be mostly osteolytic, but some

osteoblastic lesions were also found (Supplementary Fig. S1). In
addition, soft tissue metastases to various organs, adrenal glands,
lungs, liver, and skin, appeared in all test mice (n = 6) 5 to 10 weeks
post-tumor inoculation (data not shown).
Next, 1205Lu melanoma cells were stably transfected with

pcDNA-Smad7. In the first experiment, Smad7-overexpressing
clones were compared with parental 1205Lu. All mice (n = 6)
inoculated with parental 1205Lu cells developed osteolytic bone
metastases 5 weeks post-tumor inoculation (Fig. 3A, left) as well as
metastases to adrenal glands and kidney (data not shown). All mice

Table 1. Modulation of osteolytic factor gene expression by TGF-h in melanoma cells

Cell DMSO SB431542

UT TGF-h UT TGF-h

IL-11 1205Lu 0.55 F 0.03 19.28 F 2.06 0.32 0.46 F 0.07

Fold induction 35 1.1

WM983A 0.02 1.36 F 0.01 0.02 F 0.005 0.02 F 0.01
Fold induction 68 1

WM983B 0.05 F 0.03 1.66 F 0.15 0.52 F 0.14 0.46 F 0.13

Fold induction 31.9 0.9

WM852 2.7 F 0.41 11.9 F 3.5 1.6 F 0.1 0.4 F 0.1
Fold induction 4.4 0.25

PTHrP *1205Lu 0.41 F 0.005 1.12 F 0.2 0.41 F 0.01 0.33 F 0.25

Fold induction 2.69 0.8

WM983A 0.08 0.41 F 0.01 0.03 F 0.005 NA
Fold induction 5.1

WM983B 0.08 F 0.005 0.31 F 0.03 0.12 F 0.02 0.13 F 0.01

Fold induction 3.9 1.1
WM852 2.98 8.91 1.62 1.98

Fold induction 3 1.22

CXCR4 *1205Lu 0.04 0.43 0.01 NA

Fold induction
WM983A 1.47 F 0.03 35.4 F 9.1 2.12 F 0.015 2.01 F 0.35

Fold induction 24.1 0.9

WM983B 1.38 14.37 0.78 1.49

Fold induction 10.4 1.9
WM852 0.26 F 0.03 0.59 F 0.04 0.37 F 0.03 0.33 F 0.07

Fold induction 2.2 0.9

OPN 1205Lu 0.65 F 0,0.8 4.65 F 0.19 0.67 F 0.03 1.04 F 0.03

Fold induction 7.1 1.5
WM983B 69.9 F 2.4 155.3 F 7.5 92.6 F 2.9 88.8 F 1.3

Fold induction 2.2 0.9

WM852 0.64 11.09 F 0.16 0.38 F 0.01 0.25 F 0.02
Fold induction 1.7 0.65

NOTE: Subconfluent melanoma cell cultures were preincubated for 6 h in W489 medium without serum before stimulation with TGF-h1 (10 ng/mL) in
the absence or presence of 5 Amol/L SB431542 (or DMSO) added 1 h before addition of the growth factor. Total RNA was analyzed by quantitative
RT-PCR with primers specific for IL-11, PTHrP, CXCR4 , and osteopontin. Values are corrected for cyclophilin A mRNA levels in the same samples and

expressed as fold induction relative to untreated cultures, after 8 (*) or 24 h of incubation, depending on the peak of gene expression induced by TGF-h.
Abbreviations: UT, untreated; OPN, osteopontin; NA, not amplified.
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bearing parental tumor cells had to be euthanized by week 5. In
contrast, only 1 of 14 mice bearing Smad7-transfected 1205Lu cells
(2 different clones, 7 mice for each group) had osteolytic bone
lesions on radiographs 10 weeks post-tumor inoculation (Fig. 3A,
middle and right), and only 5 of 14 had been euthanized after
15 weeks. The remaining animals were euthanized after 19 weeks
because they all exhibited severe cachexia. Together, mice bearing
Smad7-overexpressing 1205Lu tumors had significantly longer
survival compared with mice bearing parental 1205Lu (Fig. 3B).
Quantitative computerized image analysis of osteolytic lesion area
on radiographs indicated that at time of experiment termination
(19 weeks), mice bearing Smad7-overexpressing 1205Lu had
markedly less bone destruction than the mice inoculated with
parental 1205Lu tumor cells after only 5 weeks (Fig. 3C). This was
remarkable in light of the fact that the mice bearing Smad7-
overexpressing 1205Lu melanoma were euthanized 16 to 20 weeks
following tumor inoculation compared with 5 weeks for mice
bearing parental 1205Lu melanoma.
In a separate experiment, mice inoculated with Smad7-over-

expressing 1205Lu melanoma cells (12 mice for each Smad7-
overexpressing 1205Lu clone) were compared with mice inoculated
with an empty vector-transfected control 1205Lu clone (11 mice)
for the early establishment of bone metastases. For this purpose,
the osteolytic lesion area was measured by X-ray 4 and 6 weeks
following intracardiac injection of the tumor cells. As shown in Fig.
3D , whereas 10 of 11 mice injected with pcDNA-transfected tumor
cells (EV) developed osteolytic metastases clearly detectable by
X-ray as early as 4 weeks postinoculation, none of the 24 mice
inoculated with either of the Smad7-transfected clones had
detectable bone lesions after 6 weeks.
Taken together, these experiments show (a) that 1205Lu-Smad7

tumors cause significantly less and delayed bone metastases than
parental and mock-transfected cells and (b) that mice bearing
these Smad7 tumors live longer.
The contribution of TGF-h to bone metastasis of breast cancer

cells has been ascribed to what has been viewed as a vicious cycle

whereby tumors homing favorably to bone secrete osteolytic
factors, such as PTHrP and IL-11. The latter activate osteoblasts
and osteoclasts to cause the degradation of the bone matrix and
subsequent release of soluble factors, including TGF-h, which in
turn exacerbates tumor cells to produce more osteoclast-activating
factors (19). A signature of TGF-h–inducible genes was identified,
comprising CTGF, CXCR4 and IL-11, which, when overexpressed in
nonmetastatic cells, induced them to metastasize to bone (17, 39).
We thus screened several melanoma cell lines for their expression
of TGF-h–dependent target genes known to enhance metastases to
bone from breast cancer cells (i.e., the osteolytic factors PTHrP and
IL-11, the chemotactic receptor CXCR4, as well as CTGF and
osteopontin). Quantitative reverse transcription-PCR (RT-PCR)
analysis indicated that PTHrP, IL-11, CXCR4, and osteopontin
mRNA steady-state levels were robustly increased in all cell lines
treated with TGF-h in vitro (Table 1). The small-molecule inhibitor
ALK5/ThRI, SB431542, efficiently prevented the induction of
PTHrP, IL-11, CXCR4, and osteopontin by TGF-h in all cell lines
tested and inhibited the basal expression levels of those genes,
suggesting a role for autocrine TGF-h signaling in controlling their
basal level of expression.
Next, we examined whether Smad7 overexpression modulated the

expression of bone metastasis–specific genes in 1205Lu cells
in vitro and in vivo . As shown in Fig. 4, stable Smad7 over-
expression significantly reduced the extent of activation of IL-11
(Fig. 4A), CXCR4 (Fig. 4B), OPN (Fig. 4C) and, to a lesser extent,
PTHrP (Fig. 4D) gene expression by TGF-h in two distinct clones.
To determine whether such down-regulation of bone metastasis–
specific genes by Smad7 occurred in vivo , RNA was extracted from
bone and s.c. metastases that developed in mice after intracardiac
inoculation of either mock- or Smad7-transfected 1205Lumelanoma
cells. Semiquantitative RT-PCRwas used to determine the respective
steady-state mRNA levels for IL-11, PTHrP, CTGF, and GAPDH using
primers specific for the human orthologue of each gene. Gene

Figure 4. Subconfluent melanoma cell cultures (mock transfected and clones
S7.a and S7.c) were preincubated for 6 h in medium containing 1% serum before
stimulation with TGF-h1. Twenty-four hours later, RNA was extracted and
analyzed by quantitative RT-PCR with primers specific for IL-11 (A ), PTHrP (B),
CXCR4 (C ), and osteopontin (OPN; D ). Values are corrected for cyclophilin A
mRNA levels in the same samples.

Figure 5. RNA was extracted from either bone or soft tissue (s.c.) metastatic
lesions derived from mock and Smad7 (S7 ) inoculated tumor cells and
analyzed by semiquantitative RT-PCR with primers specific for human IL-11
(hIL-11 ), human PTHrP (hPTHrP ), human CTGF (hCTGF ), or human GAPDH
(hGAPDH ). Left lane, PCRs run without cDNA templates. As a positive
control, we used mRNA from cultured human breast adenocarcinoma cell line
MDA-MB-231, known to express the genes of interest. Mouse bone marrow RNA
was used as a negative control to ascertain the species specificity of the primers.
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expression of bonemetastases genes IL-11, PTHrP, and CTGF in RNA
derived from melanoma tumors differed depending on the
metastatic site and whether the tumors expressed Smad7. As shown
in Fig. 5, bone metastases from both Smad7 clones expressed little or
no IL-11, PTHrP, and CTGF, whereas a bone metastasis from mock-
transfected 1205Lu cells expressed these genes, all shown previously
to drive the capacity of the latter to form bone metastases by MDA-
MB-231 breast cancer (17). In contrast, IL-11, PTHrP, and CTGF were
expressed in s.c. metastases regardless of whether the tumors
overexpressed Smad7. One explanation for this differential expres-
sion may be due to different concentrations of TGF-h in the
respective microenvironments. In bone, where TGF-h concentra-
tions are high, Smad7 blocks the induction of bonemetastases genes.
In the s.c. site, PTHrP and CTGF may be induced by growth factors,
which do not signal through the TGF-h/Smad pathway. Thus, Smad7
does not block their induction. Together, these data suggest that
attenuation of TGF-h signaling by Smad7 results in tissue-specific
regulation of genes involved in the process of bone metastasis by
melanoma cells. It is thus likely that the pathophysiology of
melanoma metastases to bone is similar to breast cancer and that
extinguished IL-11, CTGF, and PTHrP expression likely contributes
to the reduced capacity of Smad7-expressing clones to form bone
metastases.
We showed previously that expression of a dominant-negative

ThRII by MDA-MB-231 resulted in a reduced capacity for these
aggressive breast cancer cells to form bone metastases due to lesser
bone destruction, less tumor with fewer associated osteoclasts, and
prolonged animal survival compared with controls (26). PTHrP,
produced by tumor cell under the control of TGF-h signaling, was
identified as critical for bone destruction. More recently, using both
functional imaging of the Smad pathway in a mouse xenograft
model and immunohistochemical analysis of human breast cancer
bone metastases, Kang et al. (40) provided evidence for active Smad
signaling in both human and mouse bone metastatic lesions.
Depletion of Smad4 using RNA interference showed that the Smad
pathway contributes to the formation of osteolytic bone metastases
by MDA-MB-231 breast cancer cells by controlling the expression of
IL-11, CXCR4, and CTGF (41), thus reinforcing previous observa-
tions (40). Together, these studies suggest that a limited, yet highly
significant gene signature is indicative of the bone metastasis
potential of breast cancer cells. Many of these genes are regulated

by TGF-h via the Smad signaling pathway. Consistent with these
collective findings, our results show that targeting endogenous
TGF-h/Smad signaling in melanoma cells by mean of Smad7
overexpression is sufficient to dramatically delay bone metastasis
formation in a mouse model of tumor cell inoculation in the left
cardiac ventricle. Smad7 overexpression was shown to reduce the
expression of the TGF-h/Smad–dependent bone metastasis signa-
ture genes, PTHrP, IL-11, CTGF, osteopontin , or CXCR4 . We do not
provide functional evidence for a causal role for each of these target
genes in the melanoma metastatic process to bone. Yet, our results
are consistent with the hypothesis that TGF-h may promote
melanoma bone metastases via mechanisms similar to those
identified in breast cancer metastasis.
The TGF-h/Smad pathway has also been implicated in other

aspects of metastases. For example, Smad4 knockdown has
reduced bone metastases due to MDA-MB-231 via interference
with epithelial to mesenchymal transition (41). Moreover, it was
shown recently that adenoviral delivery of Smad7 to JygMC(A)
breast cancer cells significantly impairs their capacity to metasta-
size to lung and liver, possibly by altering their adhesive and
migratory properties (42). TGF-h blockade has been effective to
reduce breast cancer metastases to bone and other sites in mouse
models (41, 43–47). In concordance, our results support the notion
that blockade, or attenuation, of intracellular TGF-h signaling may
be beneficial for the treatment of melanoma, another aggressive
solid tumor able to generate bone metastases.
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The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

We thank Drs. Meenhard Herlyn (Wistar Institute, Philadelphia, PA), Sylviane
Dennler (Institut National de la Sante et de la Recherche Medicale U697, Paris, France),
Jean-Michel Gauthier (Glaxo-Wellcome, Les Ulis, France), Edward Leof (Mayo Clinic,
Rochester, MN), and Peter ten Dijke (Leiden University Medical Center, Leiden, the
Netherlands) for providing us with reagents essential for these studies.

Autocrine TGF-b and Melanoma Metastasis

www.aacrjournals.org 2323 Cancer Res 2007; 67: (5). March 1, 2007

References
1. Roberts AB, Russo A, Felici A, Flanders KC. Smad3: a
key player in pathogenetic mechanisms dependent on
TGF-h. Ann N Y Acad Sci 2003;995:1–10.
2. Cohen MM Jr. TGF h/Smad signaling system and its
pathologic correlates. Am J Med Genet 2003;116A:1–10.
3. Verrecchia F, Mauviel A. Transforming growth factor-h
signaling through the Smad pathway: role in extracel-
lular matrix gene expression and regulation. J Invest
Dermatol 2002;118:211–5.
4. Chen W, Wahl SM. TGF-h: receptors, signaling path-
ways, and autoimmunity. Curr Dir Autoimmun 2002;5:
62–91.
5. Javelaud D, Mauviel A. Mammalian transforming
growth factor-hs: Smad signaling and physio-patholog-
ical roles. Int J Biochem Cell Biol 2004;36:1161–5.
6. Akhurst RJ. TGF-h antagonists: why suppress a tumor
suppressor? J Clin Invest 2002;109:1533–6.
7. Siegel PM, Massague J. Cytostatic and apoptotic
actions of TGF-h in homeostasis and cancer. Nat Rev
Cancer 2003;3:807–21.

8. Wakefield LM, Roberts AB. TGF-h signaling: positive
and negative effects on tumorigenesis. Curr Opin Genet
Dev 2002;12:22–9.
9. Shi Y, Massague J. Mechanisms of TGF-h signaling from
cell membrane to the nucleus. Cell 2003;113:685–700.
10. Nakao A, Okumura K, Ogawa H. Smad7: a new key
player in TGF-h-associated disease. Trends Mol Med
2002;8:361–3.
11. Shi W, Sun C, He B, et al. GADD34-PP1c recruited by
Smad7 dephosphorylates TGFh type I receptor. J Cell
Biol 2004;164:291–300.
12. Komuro A, Imamura T, Saitoh M, et al. Negative
regulation of transforming growth factor-h (TGF-h)
signaling by WW domain-containing protein 1 (WWP1).
Oncogene 2004;23:6914–23.
13. Krasagakis K, Garbe C, Zouboulis CC, Orfanos CE.
Growth control of melanoma cells and melanocytes by
cytokines. Recent Results Cancer Res 1995;139:169–82.
14. Rodeck U, Nishiyama T, Mauviel A. Independent
regulation of growth and SMAD-mediated transcription
by transforming growth factor h in human melanoma
cells. Cancer Res 1999;59:547–50.

15. Javelaud D, Delmas V, Moller M, et al. Stable
overexpression of Smad7 in human melanoma cells
inhibits their tumorigenicity in vitro and in vivo .
Oncogene 2005;24:7624–9.
16. Yin JJ, Selander K, Chirgwin JM, et al. TGF-h signaling
blockade inhibits PTHrP secretion by breast cancer cells
and bone metastases development. J Clin Invest 1999;
103:197–206.
17. Kang Y, Siegel PM, Shu W, et al. A multigenic
program mediating breast cancer metastasis to bone.
Cancer Cell 2003;3:537–49.
18. Mundy GR. Metastasis to bone: causes, consequences,
and therapeutic opportunities. Nat Rev Cancer 2002;2:
584–93.
19. Kozlow W, Guise TA. Breast cancer metastasis to bone:
mechanisms of osteolysis and implications for therapy.
J Mammary Gland Biol Neoplasia 2005;10:169–80.
20. Rodeck U, Melber K, Kath R, et al. Constitutive
expression of multiple growth factor genes by melano-
ma cells but not normal melanocytes. J Invest Dermatol
1991;97:20–6.
21. MacDougall JR, KobayashiH, Kerbel RS. Responsiveness

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/67/5/2317/2867359/2317.pdf by guest on 19 M

ay 2023



Cancer Research

Cancer Res 2007; 67: (5). March 1, 2007 2324 www.aacrjournals.org

of normal, dysplastic melanocytes and melanoma cells
from different lesional stages of disease progression to
the growth inhibitory effects of TGF-h. Mol Cell Diff
1993;1:21–40.
22. Moore R, Champeval D, Denat L, et al. Involvement
of cadherins 7 and 20 in mouse embryogenesis and
melanocyte transformation. Oncogene 2004;23:6726–35.
23. Dennler S, Itoh S, Vivien D, ten Dijke P, Huet S,
Gauthier JM. Direct binding of Smad3 and Smad4 to
critical TGF h-inducible elements in the promoter of
human plasminogen activator inhibitor-type 1 gene.
EMBO J 1998;17:3091–100.
24. Javelaud D, Laboureau J, Gabison E, Verrecchia F,
Mauviel A. Disruption of basal JNK activity differentially
affects key fibroblast functions important for wound
healing. J Biol Chem 2003;278:24624–8.
25. Daniels CE, Wilkes MC, Edens M, et al. Imatinib
mesylate inhibits the profibrogenic activity of TGF-h
and prevents bleomycin-mediated lung fibrosis. J Clin
Invest 2004;114:1308–16.
26. Guise TA, Yin JJ, Taylor SD, et al. Evidence for a causal
role of parathyroid hormone-related protein in the
pathogenesis of human breast cancer-mediated osteol-
ysis. J Clin Invest 1996;98:1544–9.
27. Vindevoghel L, Lechleider RJ, Kon A, et al. SMAD3/4-
dependent transcriptional activation of the human type VII
collagen gene (COL7A1) promoter by transforming growth
factor h. Proc Natl Acad Sci U S A 1998;95:14769–74.
28. Berking C, Takemoto R, Schaider H, et al. Trans-
forming growth factor-h1 increases survival of human
melanoma through stroma remodeling. Cancer Res
2001;61:8306–16.
29. Xu W, Angelis K, Danielpour D, et al. Ski acts as a co-

repressor with Smad2 and Smad3 to regulate the
response to type h transforming growth factor. Proc
Natl Acad Sci U S A 2000;97:5924–9.
30. Reed JA, Bales E, Xu W, Okan NA, Bandyopadhyay D,
Medrano EE. Cytoplasmic localization of the oncogenic
protein ski in human cutaneous melanomas in vivo :
functional implications for transforming growth factor
h signaling. Cancer Res 2001;61:8074–8.
31. Medrano EE. Repression of TGF-h signaling by the
oncogenic protein SKI in human melanomas: conse-
quences for proliferation, survival, and metastasis.
Oncogene 2003;22:3123–9.
32. Gold LI. The role for transforming growth factor-h
(TGF-h) in human cancer. Crit Rev Oncog 1999;10:303–60.
33. Derynck R, Akhurst RJ, Balmain A. TGF-h signaling
in tumor suppression and cancer progression. Nat Genet
2001;29:117–29.
34. Krasagakis K, Tholke D, Farthmann B, Eberle J,
Mansmann U, Orfanos CE. Elevated plasma levels of
transforming growth factor (TGF)-h1 and TGF-h2 in
patients with disseminated malignant melanoma. Br J
Cancer 1998;77:1492–4.
35. Krasagakis K, Kruger-Krasagakes S, Fimmel S, et al.
Desensitization of melanoma cells to autocrine TGF-h
isoforms. J Cell Physiol 1999;178:179–87.
36. Arguello F, Baggs RB, Frantz CN. A murine model of
experimental metastasis to bone and bone marrow.
Cancer Res 1988;48:6876–81.
37. Bakewell SJ, Nestor P, Prasad S, et al. Platelet and
osteoclast h3 integrins are critical for bone metastasis.
Proc Natl Acad Sci U S A 2003;100:14205–10.
38. Ohno H, Kubo K, Murooka H, et al. A c-fms tyrosine
kinase inhibitor, Ki20227, suppresses osteoclast differ-

entiation and osteolytic bone destruction in a bone
metastasis model. Mol Cancer Ther 2006;5:2634–43.
39. Minn AJ, Kang Y, Serganova I, et al. Distinct organ-
specific metastatic potential of individual breast cancer
cells and primary tumors. J Clin Invest 2005;115:44–55.
40. Kang Y, He W, Tulley S, et al. Breast cancer bone
metastasis mediated by the Smad tumor suppressor
pathway. Proc Natl Acad Sci U S A 2005;102:13909–14.
41. Deckers M, van Dinther M, Buijs J, et al. The tumor
suppressor Smad4 is required for transforming growth
factor h-induced epithelial to mesenchymal transition
and bone metastasis of breast cancer cells. Cancer Res
2006;66:2202–9.
42. Azuma H, Ehata S, Miyazaki H, et al. Effect of Smad7
expression on metastasis of mouse mammary carcino-
ma JygMC(A) cells. J Natl Cancer Inst 2005;97:1734–46.
43. Yang YA, Dukhanina O, Tang B, et al. Lifetime
exposure to a soluble TGF-h antagonist protects mice
against metastasis without adverse side effects. J Clin
Invest 2002;109:1607–15.
44. Bandyopadhyay A, Agyin JK, Wang L, et al. Inhibition
of pulmonary and skeletal metastasis by a transforming
growth factor-h type I receptor kinase inhibitor. Cancer
Res 2006;66:6714–21.
45. Nam JS, Suchar AM, Kang MJ, et al. Bone sialoprotein
mediates the tumor cell-targeted prometastatic activity
of transforming growth factor h in a mouse model of
breast cancer. Cancer Res 2006;66:6327–35.
46. Muraoka RS, Dumont N, Ritter CA, et al. Blockade of
TGF-h inhibits mammary tumor cell viability, migration,
and metastases. J Clin Invest 2002;109:1551–9.
47. Arteaga CL. Inhibition of TGFh signaling in cancer
therapy. Curr Opin Genet Dev 2006;16:30–7.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/67/5/2317/2867359/2317.pdf by guest on 19 M

ay 2023


