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ABSTRACT

Despite intensive chemotherapy and surgery treat-

ment, lung and bone metastasis develop in about 30% of

patients with osteosarcoma. Mechanisms for this preferen-

tial metastatic behavior are largely unknown. We investi-

gated the role of the chemokine receptor 4 (CXCR4)/

stromal cell–derived factor 1 (SDF-1) system to drive the

homing of osteosarcoma cells. We analyzed the expression

of the CXCR4 and SDF-1 proteins on several osteosarco-

ma cell lines and the effects of SDF-1 on migration,

adhesion, and proliferation of these cancer cells. In vitro

assays showed that the migration of osteosarcoma cells

expressing CXCR4 receptor follows an SDF-1 gradient and

that their adhesion to endothelial and bone marrow

stromal cells is promoted by SDF-1 treatment. Moreover,

the production of matrix metalloproteinase-9 is increased

after SDF-1 exposure. We finally proved in a mouse model

our hypothesis of the CXCR4/SDF-1 axis involvement in

the metastatic process of osteosarcoma cells. Development

of lung metastasis after injection of osteosarcoma cells was

prevented by the administration of a CXCR4 inhibitor, the

T134 peptide. These data show a possible explanation for

the preferential osteosarcoma metastatic development into

the lung, where SDF-1 concentration is high, and suggest

that molecular strategies aimed at inhibiting the CXCR4/

SDF-1 pathway, such as small-molecule inhibitors or anti-

CXCR4 antibodies, might prevent the dissemination of

osteosarcoma cells.

INTRODUCTION

Osteosarcoma is the most common pediatric primary bone

tumor characterized by a high local aggressiveness with a

tendency to metastasize to the lung and to the bone. Without

adjuvant chemotherapy, more than half of the patients treated by

surgery alone develop metastases within 6 months and more than

80% develop recurrent disease within 2 years of diagnosis (1).

About 95% of the patients who died of metastatic disease has

lung involvement as indicated by autopsy (2). At the same time,

about 15% to 30% of the patients develop skeleton bone

metastases (3). Although integrated multimodal therapies gained

a great improvement on overall survival, 30% to 40% of the

patients will eventually develop pulmonary and skeletal metas-

tases (4). The reasons behind this peculiar metastatic tropism are

largely unknown. Nevertheless, their comprehension could

represent the starting point for innovative therapeutic strategies.

Metastasis development is a complex mechanism in which

many factors, such as properties of tumor cells as well as the

microenvironment in which they localize, can potentially

influence tumor dissemination (5). Recent studies indicate that

the metastatic process shares many similarities with leukocyte

trafficking (6).

Chemokines are a superfamily of cytokine-like proteins that

are grouped into CXC and CC chemokines that selectively

attract and activate different cell types. These secreted proteins

induce, through their interaction with G-protein-coupled recep-

tor, cytoskeleton rearrangement, firm adhesion to endothelial

cells and directional migration (7, 8).

The CXC chemokine stromal cell–derived factor 1 (SDF-1

or CXCL12; ref. 7) is expressed on the surface of vascular

endothelial cells and is secreted by stromal cells from a variety of

tissues such as bone marrow, lung, and liver (9). Its chemotactic

effect is mediated by interaction with the chemokine receptor 4

(CXCR4 or CD184; refs. 10–12). It has been shown that

endothelial cells expressing the CXCR4 receptor are strongly

chemoattracted by SDF-1 (13). Hematopoietic stem cells are

selective in their migratory response to SDF-1, which regulates

their specific homing in marrow microenvironment (14–16).

Involvement of the CXCR4/SDF-1 axis has been shown

during tumor progression of breast, prostate, and pancreatic

cancer as well as in rhabdomyosarcoma and lymphoma (17–20).

Owing to the importance of the CXCR4/SDF-1 axis in homing

and in promoting cell migration in different kinds of tumor, it is

possible that also osteosarcoma uses this system to produce

metastases.

Recent studies show that CXCR4 inhibition can affect

tumor cell dissemination in non-Hodgkin lymphoma, melanoma,

and breast cancer (21, 22). The polyphemusin II peptide T22 and

its derived T134 have shown in vitro the ability to prevent HIV
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type 1 (HIV-1) infection by blocking HIV-1 binding to its

coreceptor CXCR4. T134 peptide exhibits higher activity and

significantly less cytotoxicity in comparison with T22; it

competes with SDF-1 at much lower concentration and shows

a higher affinity than SDF-1 for the binding to CXCR4 (23–27).

Here we analyzed CXCR4 expression on some osteosar-

coma cell lines and evaluated in vivo the potency of T134

peptide to modulate SDF-1-mediated chemotaxis and migra-

tion of osteosarcoma cells. In this study, we showed the

ability of T134 to block CXCR4/SDF-1 interaction and to

prevent osteosarcoma cell dissemination in the metastatic

progression.

MATERIALS AND METHODS

Cell Cultures

Human osteosarcoma cell lines SJSA, U2-OS, and HOS

were maintained in DMEM (Invitrogen SRL, Milan, Italy)

supplemented with 10% FCS (EuroClone, Wetherby, West

York, United Kingdom); MG-63 cell line was maintained in

MEM (Invitrogen SRL) with 10% FCS. All cell lines derive

from primitive bone osteosarcoma; they are immortalized, but

not further transformed. Because in preliminary experiments

we observed a decrease of CXCR4 expression on confluent

cells, all the experiments were done during the exponential

growth phase in which CXCR4 expression is high and

reproducible.

Bone marrow stromal cells from normal donors were

obtained, after informed consent was given, by culturing 107

bone marrow mononuclear cells as previously described (28).

Human umbilical vein endothelial cells (HUVEC) were

isolated from umbilical cord, after informed consent was given,

by collagenase treatment and cultured in dishes precoated with

0.04% gelatin according to Jaffe et al. (29). Briefly, the cells

were maintained in M199 medium supplemented with 100

units/mL penicillin/streptomycin, 2 mmol/L L-glutamine (all

from Biochrom, Berlin, Germany), 20% FCS, 40 Ag/mL

endothelial cell growth factor (Boehringer Mannheim, Man-

nheim, Germany), and 50 Ag/mL heparin (Sigma-Aldrich,

Deisenhofen, Germany). Cells were subcultured after trypsini-

zation and used throughout passages 2 to 4. Bone marrow

stromal cells and HUVEC proved to be a constant and

reproducible source of SDF-1.

Flow Cytometric Analysis

Cells were washed in 1� PBS containing 0.1% bovine

serum albumin (Sigma-Aldrich, St. Louis, MO) and 0.01%

sodium azide. The cells were labeled for 45 minutes at 4jC
with mouse monoclonal antibody (mAb) R-phycoerythrin-

conjugated anti-human CXCR4 (clone 12G5, R&D Systems,

Minneapolis, MN). For intracellular CXCR4 staining we

blocked cell surface expression by incubating with 10 Ag/
mL of nonconjugated anti-human CXCR4 mAb for 1 hour at

4jC. The cells were than washed, fixed, and permeabilized to

stain the intracellular CXCR4 with anti-human CXCR4-PE

mAb. After an additional wash, the receptor expression on

10,000 cells was determined using a FACS Vantage (Becton

Dickinson, San Jose, CA). Cell acquisition and analysis were

done using CellQuest software program (Becton Dickinson).

Within the range of cell concentrations used [(1 to 5) � 105]

the cell density did not influence the result.

Western Blot Analysis

Five to 10 million cells were washed with 1� PBS and

lysed with lysis buffer (50 mmol/LTris-HCl pH 7.5, 250 mmol/L

NaCl, 2 mmol/L EDTA, 50 mmol/L NaF, 0.1 mmol/L Na3VO4,

0.5% Nonidet-P40, 1 mmol/L DTT) and a mixture of protease

inhibitors (Sigma-Aldrich) for 15 minutes at 4jC and centrifuged

at 14,000 rpm for 15 minutes. The protein concentration of cell

lysates was measured using the Bio-Rad DC protein assay kit

(Hercules, CA) and 20 Ag of proteins were resolved on 10%

SDS-PAGE and electrotransferred to 0.45-Am polyvinylidene

difluoride (Amersham Pharmacia Biotech, Piscataway, NJ) at

180 mA for 90 minutes at 4jC. Nonspecific sites were blocked

by incubating for 1 hour with 5% nonfat dry milk (Bio-Rad

Laboratories) in 1� TBST 20 mmol/L Tris-HCl pH 7.5, 500

mmol/L NaCl, 0.1% Tween 20. The membrane was first

incubated overnight with 1 Ag/mL of mouse mAb anti-CXCR4

(clone 12G5, BD PharMingen, San Diego, CA) and then with 1

Ag/mL horseradish peroxidase–conjugated secondary anti-

mouse antibody (Amersham Pharmacia Biotech) in 1� TBST

with 1% nonfat dry milk. After each incubation step, the

membrane was washed for 30 minutes with 1� TBST, revealed

with a chemiluminescence reagent (ECL, Amersham Pharmacia

Biotech) and exposed to autoradiography film.

Determination of SDF-1 Production by Reverse

Transcription–PCR

Total RNAwas isolated from 5� 106 to 10� 106 cells using

Trizol reagent (Invitrogen SRL) according to the manufacturer’s

instructions; 2.5 Ag of total RNAwere reverse transcribed for 45

minutes at 42jC with 100 pmol oligo(dT) primers (Roche

Diagnostics, Milan, Italy) and 200 units of cloned Moloney

murine leukemia virus reverse transcriptase in 1� reverse

transcription buffer supplemented with 0.01 mol/L DTT, 1

mmol/L of each deoxynucleotide triphosphate and 200 units of

RNase inhibitor (all from Invitrogen SRL) in a final volume of 25

AL. The resulting cDNA was subjected to a 50-AL PCR reaction

containing 1� PCR buffer (Invitrogen SRL) supplemented with

1.5 mmol/L MgCl2, 200 Amol/L deoxynucleotide triphosphates,

and 20 pmol of each primer. The primers for human SDF-1 were

5V-GGGGGAATTCCATGAACGCCAAGGTCGTGGTC-3V

(forward) and 5V-GGGGTCTAGAGGGCATGGATGAATA-

TAAGCTGC-3V (reverse). Thermal cycle conditions were 94jC
for 1 minute, 57jC for 1 minute, and 72jC for 1 minute for two

cycles followed by 41 cycles of 94jC for 1 minute, 65jC for

1 minute, and 72jC for 1minute. All PCR products were analyzed

on a 2% agarose gel with ethidium bromide staining.

SDF-1 ELISA

To determine SDF-1 secretion in conditioned medium,

primary human osteosarcoma cell lines were plated in medium

containing 10% FCS. The medium was changed on days 3

and 5. After the cells had reached confluence, the supernatants

were collected following the manufacturer’s instructions. The

media were then analyzed by antibody sandwich ELISA

(R&D Systems) with a detection range of 156 to 10,000 pg/

mL SDF-1.
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Modulation of CXCR4 Expression on Osteosarcoma Cells by

Exposure to Recombinant Human SDF-1

Modulation of CXCR4 was done on SJSA cells; 5 � 105

cells were incubated in a 24-well plate with serum-free

medium for 1 hour and were then cultured with or without

100 ng/mL of recombinant human SDF-1 (rhSDF-1, R&D

Systems) diluted in bovine serum albumin, and incubated at

37jC for 1 and 3 hours. They were then washed in 1� PBS

and stained to analyze CXCR4 expression by FACS analysis

as described above.

Zymographic Analysis

Gelatinolytic activities of matrix metalloproteinases

(MMPs) were assessed under nonreducing conditions using a

modified SDS-PAGE. The supernatants of osteosarcoma cell

lines were collected after 48 hours of standard culture

condition. Aliquots of supernatants for each cell line were

mixed with Laemmli buffer and applied onto an 8%

polyacrylamide gel copolymerized with 1 mg/mL gelatin

(Sigma-Aldrich). Electrophoresis was done under constant

voltage (150 V) for 2 hours. The gel was washed 3 � 20

minutes each with 2.5% Triton X-100 (Sigma-Aldrich) to

remove SDS and to allow the electrophoresed enzymes to

renature before incubation in zymography buffer (50 mmol/L

Tris-HCl, 200 mmol/L NaCl, 10 mmol/L CaCl2, 0.06% Brij

35 solution 30% pH 7.5) for 24 hours at 37jC. The gel was

then stained with 0.5% Coomassie brilliant blue G-250

(Sigma-Aldrich) in 1:3:6 acetic acid/methanol/water for

15 minutes and destained with 1:4.5:4.5 acetic acid/metha-

nol/water. Prestained standard high-range protein marker

(Amersham Pharmacia Biotech) was used to determine the

molecular weight of the gelatinase. The clear bands repre-

sented gelatinase activity. To determine whether zones of lysis

detected by zymography were produced by MMPs, one gel

was incubated with zymography buffer in the presence of 5

mmol/L EDTA. To evaluate the SDF-1 effect on MMPs

modulation, we cultured the MG-63 and SJSA cell lines for

24 hours with and without rhSDF-1 (100 ng/mL) and did the

zymographic assay on the supernatants as described above.

Migration Assay

The invasion potential was evaluated using Transwell

chambers (1 cm2 per well, Costar, Bodenheim Germany). The

upper and lower culture were separated by an 8-Am pore-size

polyvinylpyrrolidone-free polycarbonate filters (Nucleopore,

Corning Costar Corp., Cambridge, MA). Briefly, the lower

compartment of the chamber was loaded with aliquots of serum-

free medium plus rhSDF-1 (100 ng/mL). Before the invasion

assay, filters were coated with 100 Ag/well Matrigel (Becton

Dickinson) diluted in culture medium. Tumor cells were seeded

onto the reconstituted basement for 48 hours (5 � 104 cells per

well) at 37jC in humidified atmosphere with 5% CO2. Cells that

passed the synthetic basement were fixed with ethanol and

stained with Giemsa solution (Diff-Quik kit, Baxter Diagnostics,

Milan, Italy). Each experiment was done in triplicate. Cells

migrated to the underside of the filter were counted in five fields

(magnification �100) in each well by light microscopy. To

evaluate random migration, in one set of experiments rhSDF-1

was added to both upper and lower compartments.

Adhesion Assay

To evaluate the SDF-1 contribution on adhesion, bone

marrow stromal and HUVEC cells (5� 104 per well) were plated

for 24 hours in a 24-well plate at a density compatible with

monolayer confluence and were treated with 100 ng/mL rhSDF-1

for 1 hour at 37jC to produce the active form of SDF-1. SJSA

cells (1� 106 cells/mL), labeled before assay with the fluorescent

dye calcein-AM (Calbiochem, Darmstadt, Germany) for

5 minutes at 37jC, were detached and subsequently added to

bone marrow stromal or HUVEC cell monolayer for 30 and 60

minutes at 37jC in humidified atmosphere. Unattached cells were

removed, and the remaining cells were washed with PBS and

harvested to quantify the adherent cell fluorescence in a 96-well

fluorescent plate reader (HTS 7000 Bio Assay Reader, Perkin-

Elmer). To show CXCR4-dependent adhesion we pretreated

SJSA cells with 10 ng/mL neutralizing anti-CXCR4 antibody for

1 hour at 4jC before the adhesion to SDF-1-unstimulated bone

marrow stromal and HUVEC cells.

Blockade of CXCR4 Receptor

For CXCR4 neutralization in in vitro studies, the

interaction between CXCR4 and SDF-1 was blocked by

treating SJSA cells for 1 hour at 4jC with a nonconjugated

anti-human CXCR4 mAb (clone 12G5, 10 Ag/mL, R&D

Systems) before migration and adhesion assays.

For in vivo neutralization, CXCR4 receptor was blocked by

using T134 (150 Ag/kg), a small analogue of T22 peptide (14

amino acid residues, Sigma-Genosys, The Woodlands, Texas),

for 1 hour at 4jC before in vivo assays.

3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium

Bromide Assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT) assay was done according to the manufacturer’s

recommendation (Sigma-Aldrich). Briefly, 1 � 104 SJSA cells

were seeded in 96-well plate in 150 AL DMEM containing 10%

of FCS with or without rhSDF-1 stimulation (100 ng/mL). After

24 and 48 hours, MTT solution was added to each well and

plates were incubated for 3 to 4 hours; subsequently, DMSO

(Sigma-Aldrich) was added to the wells for 5 minutes. The

plates were then read at 595 nm using an automate plate reader

(Perkin-Elmer).

In vivo Metastasis Studies

Female BALB/c mice (6 to 8 weeks old) were supplied by

The Jackson Laboratory (Bar Harbor, ME), maintained at the

animal facilities of CIOS (Turin, Italy), and handled according to

institutional regulations under sterile conditions in cage micro-

isolators.

To investigate the involvement of the CXCR4/SDF-1 system

during osteosarcomametastatic process in vivo , one group of mice

was given an injection of 106 SJSA cells alone into the tail vein

and another group of mice was given an injection of SJSA cells

and T134 (150 Ag/kg) together. The animals were then given i.v.

injections of T134 peptide thrice per week at the same

concentration. No toxicity for the anti-human CXCR4 peptide

was observed during preliminary in vivo experiments.

All mice were sacrificed 5 weeks after injection and lungs

were examined macroscopically and microscopically for the
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presence of metastases. For histology and immunohistochemis-

try evaluation, lungs were collected and fixed in 10% formalin

and embedded in paraffin. Sections 4 Am thick were stained with

H&E for conventional histology.

Statistical Analysis

Each chemoinvasion and adhesion experiment was done in

triplicate. The results were analyzed using Student’s t test. All P

values are two tailed with a significance of P < 0.05. For in vivo

experiments, pulmonary metastasis development was compared

in different groups of treatment by using Student’s t test.

RESULTS

CXCR4 and SDF-1 Expression on Osteosarcoma Cell Lines

CXCR4 expression was evaluated by FACS and Western

blot analysis on four osteosarcoma cell lines SJSA, MG-63,

HOS, and U2-OS.

Flow cytometric analysis showed that cell surface receptor

expression was detectable on all tested cell lines, at different

levels and in each cell line with high variability of expression, as

shown in Fig. 1A . We observed that the CXCR4 level expression

was influenced by the culture condition of the cells. In confluent

cells the CXCR4 staining decreased compared with growing

cells. Because SJSA cells expressed the highest level of CXCR4,

we have chosen this cell line for our study.

The presence of CXCR4 receptor was confirmed by

Western blot analysis (Fig. 1B).

The expression of the SDF-1 mRNA on the four

osteosarcoma cell lines was evaluated by reverse transcrip-

tion–PCR. SDF-1 transcript was detected in all cell lines tested

with different levels of expression. High level of SDF-1

transcript was found in MG-63 and U2-OS (Fig. 2A).

To verify whether the presence of SDF-1 transcript

corresponds to SDF-1 protein secretion, osteosarcoma cell line

supernatants were analyzed by rhSDF-1 ELISA kit after the cells

had reached confluence. We found that only MG-63 cell line

secreted high levels of SDF-1 (60 ng/mL; Fig. 2B).

SDF-1 Induces Chemoinvasion and Adhesion in

Osteosarcoma Cells

SDF-1 stimulation induces a down-regulation of CXCR4

on SJSA cells; in a representative experiment shown in Fig. 3A ,

the expression of CXCR4 significantly decreased from 86%

(untreated cells) to 16% and 8% after 1 and 3 hours of SDF-1

treatment, respectively. In separated experiments we analyzed

modulation of CXCR4 also in confluent SJSA cells (about 20%

of CXCR4+ cells) and we obtained a significant down-regulation

(to 6%; data not shown). Down-regulation of the receptor is the

result of CXCR4 internalization as shown by the increase of

intracellular CXCR4 expression (Fig. 3B).

Tumor secretion of MMPs increases the metastatic potential

of malignant cells (30, 31). We analyzed the extracellular matrix–

degrading activity of osteosarcoma cells, evaluating MMP-2 (72

kDa) and pro-MMP-9 (92 kDa) expression on supernatants of

osteosarcoma cell lines. We observed pro-MMP-9 secretion in all

of the supernatants tested; moreover, we detected a band of 83 kDa

(Fig. 4A), corresponding to the active form of MMP-9 (32). We

did not find an MMP-2 band.

The highest level of pro-MMP-9 was found in MG-63

supernatant. This result could correlate to the SDF-1 endogenous

production byMG-63, according to previous studies showing that

pro-MMP-9 production increases after SDF-1 or growth factor

stimulation (33, 34).

To evaluate whether SDF-1 acts on MMPs modulation, with

consequent increase of the metastatic potential, MG-63 and SJSA

cell lines were stimulated for 24 hours with rhSDF-1 and then

checked for the change of gelatinolytic activity. We found an

increase on pro-MMP-9 secretion on MG-63 cell line supernatant

Fig. 1 CXCR4 expression on osteosarcoma cell lines. A, FACS
analysis of CXCR4 protein expression. Each symbol represents an
independent experiment. B, Western blot analysis.

Fig. 2 SDF-1 expression on osteosarcoma cell lines. A, expression of
SDF-1 mRNA by reverse transcription–PCR. Bone marrow (BM)
stromal cells were used as positive control. H2O, negative control of
PCR. B, SDF-1 protein levels measured by ELISA in conditioned
medium from osteosarcoma cell lines. NC, negative control (level of
SDF-1 in DMEM with 10% FCS, without cells).
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but no modulation in SJSA cell line. Moreover, after rhSDF-1

treatment we found an increased expression of the lower band (83

kDa) in both cell lines (Fig. 4B). By contrast, SDF-1 treatment did

not induce MMP-2 secretion on supernatants (data not shown).

To verify the involvement of CXCR4/SDF-1 complex during

osteosarcoma progression, we did aMatrigel migration assay with

osteosarcoma cells toward medium with or without rhSDF-1 (100

ng/mL). As shown in Fig. 5B , we observed a massive migration

of SJSA cells in response to rhSDF-1. On the contrary, MG-63

cell migration in response to rhSDF-1 was lower as compared to

SJSA cell locomotion (Fig. 5D).

CXCR4 down-regulation by treating SJSA cells with

rhSDF-1 for 1 hour before the migration assay reduced the

number of the migrating cells (Fig. 5E). The inhibition of

CXCR4/SDF-1 axis by treating the cells with neutralizing mAb

against CXCR4 significantly impaired osteosarcoma cell migra-

tion toward SDF-1 (Fig. 5F). These results suggest that the

phenomenon is dependent on CXCR4 levels.

Moreover, we analyzed the role of SDF-1 in osteosarcoma

cell adhesion. The rhSDF-1 pretreatment of the monolayer of

endothelial and bone marrow stromal cells was done to enhance

the biological activities of endogenous SDF-1 as described by

Amara et al. (35). Figure 6A shows that the adhesion of SJSA

cells to bone marrow stromal and endothelial cells significantly

increase in the presence of rhSDF-1. To show that this

phenomenon was CXCR4/SDF-1 system dependent, we blocked

the receptor on SJSA cells and showed that the adhesion to

HUVEC and to bone marrow stromal cells decreased at about

25% (Fig. 6B).

Although SDF-1 regulates migration/adhesion processes of

SJSA cells, MTT assay showed that rhSDF-1 treatment did not

significantly modify osteosarcoma cell proliferation (data not

shown).

T134 Inhibits Osteosarcoma Cell Metastases to the Lung

To further investigate whether CXCR4 is involved in in vivo

osteosarcoma progression, we blocked the chemokine receptor

with T134, a 14-amino-acid peptide, which has been shown to

specifically block CXCR4 receptor (24, 25).

Injection of SJSA cells into a tail vein of the mice

determined lung metastasis formation in 5 of 5 mice. Figure

7B shows a representative lung section of a mouse given an

injection of SJSA cells alone in which we can observe an

extensive metastasis of osteosarcoma cells. On the contrary,

coinjection of T134 with SJSA cells and the following peptide

treatment completely prevent lung metastasis formation, both

macroscopically and microscopically, in 6 of 6 mice (Fig. 7C;

P < 0.001).

DISCUSSION

Expression of the chemokine receptor CXCR4 can drive the

migration of tumor cells across lymphatic and vascular system

Fig. 3 Representative FACS analysis of CXCR4 modulation on SJSA
cells after rhSDF-1 treatment. A, the SJSA cell line was cultured with
rhSDF-1 (100 ng/mL) for 1 and 3 hours and stained with anti-CXCR4-
PE for extracellular CXCR4 expression analysis. The percentage in the
top left quadrant indicates CXCR4 positive cells. B, for intracellular
staining, CXCR4 cell surface expression was blocked by incubating the
cells with nonconjugated anti-human CXCR4 mAb and, after fixation
and permeabilization, the cells were stained with anti-human CXCR4-PE
mAb. NT, cells maintained in culture with DMEM + 10% FCS without
SDF-1 for 3 hours.

Fig. 4 Zymography assay on osteosarcoma cells supernatants. A,
MMPs secretion on supernatant osteosarcoma cell lines. B, pro-MMP-9
and MMP-9 modulation by SDF-1 on SJSA and MG-63 cells. Cells were
treated for 1 hour with rhSDF-1 (100 ng/mL) (SJSA + SDF-1 and MG-63
+ SDF-1) and the supernatants subjected to zymographic assay.
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and the arrest in SDF-1-rich organs. Osteosarcoma cells

metastasize to organs that produce high levels of SDF-1 such

as lung (5).

In the present study, we analyzed the possibility that

the metastatic process in osteosarcoma involves the CXCR4/

SDF-1 axis.

In vitro studies on osteosarcoma cell lines showed an

inverse correlation between ligand and receptor expression,

suggesting that CXCR4 expression is regulated by autocrine

production of SDF-1. The exposure of osteosarcoma CXCR4+

cells to exogenous rhSDF-1 caused a down-regulation of the

receptor. This down-regulation induced by SDF-1 is the result of

CXCR4 internalization, as occurs in hematopoietic cells (36).

MMPs have extracellular matrix–degrading activity and

they are involved during cancer progression; the increase of

MMPs activity contributes to acquisition of malignant properties

(30, 31). It was previously shown that endothelial, epithelial, and

hematopoietic cells express MMPs and that growth factors

and cytokines could induce MMP-2 and MMP-9 (gelatinase

A and B) secretion (33, 34). We detected pro-MMP-9 (92 kDa)

and MMP-9 (83 kDa), but not MMP-2 in osteosarcoma cell line

supernatants. We observed that rhSDF-1 treatment increased the

pro-MMP-9 release in the supernatant of the MG-63 cell line but

not in the SJSA cell line. Nevertheless, rhSDF-1 treatment

increased the gelatinolytic activity of MMP-9 (83 kDa)

corresponding to an active form of MMP-9, as described by

other authors (32), but had no effects on the MMP-2 secretion.

Chemoinvasion of SJSA cell line, which expresses high

levels of CXCR4, occurs following SDF-1 ligand gradient. On

the contrary, MG-63 cell migration toward rhSDF-1 was

significantly lower according to the level of CXCR4 expression.

We showed that migration is CXCR4 dependent: by blocking

CXCR4/SDF-1 interactions with a monoclonal neutralizing

antibody a-CXCR4 before assay, cell migration was significant-

ly impaired.

Different levels of CXCR4 on osteosarcoma cells might

explain the different behavior of tumor cells. Autocrine

regulation of CXCR4 by endogenous SDF-1, as occurs on

MG-63, might limit their metastatic potential but support local

invasion (30, 31), as shown by low migration capacity and high

MMP-9 production.

SDF-1 production might be involved in the localization of

CXCR4-positive cells to tissue compartments. It has been shown

that SDF-1 binding on cell membrane heparin and glycosami-

noglycans produces a biological active form of SDF-1 (37).

Adhesion of SJSA cells on a monolayer of endothelial or bone

marrow stromal cells was increased after rhSDF-1 treatment.

The blockade of the receptor with a mAb a-CXCR4 caused a

Fig. 5 Osteosarcoma cell migration toward medium with or without
rhSDF-1. A, SJSA cell migration toward medium. B, migration of SJSA
cells toward medium with rhSDF-1 (100 ng/mL). C, MG-63 cell
migration toward medium. D, MG-63 cell migration in response to
rhSDF-1. E, rhSDF-1-pretreated SJSA cell migration toward medium
plus rhSDF-1. F, migration of SJSA cells pretreated with a-CXCR4 mAb
toward medium with rhSDF-1.

Fig. 6 Adhesion of SJSA cells to endothelial (HUVEC) or to bone
marrow stromal cells. A, labeled SJSA cells were added to a SDF-1-
stimulated and unstimulated (NT cells) monolayer of HUVEC or bone
marrow stromal cells (100 ng/mL SDF-1 for 1 hour at 37jC), and
incubated for 30 (+ SDF-1 30V) and 60 (+ SDF-1 60V) minutes. B, SJSA
cell adhesion, after 1-hour incubation with a neutralizing mAb a-
CXCR4, to HUVEC or bone marrow stromal cells. The adhesion of
SJSA to the cell monolayer not treated with rhSDF-1 (NT cells) was
normalized as 100%.
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reduction of cell adhesion. The SDF-1 ligand promotes

migration and adhesion processes of osteosarcoma cells, but it

does not influence their proliferation and survival as described in

rhabdomyosarcoma and in lymphohematopoietic cells (19, 38);

however, SDF-1 might synergize in vivo with other growth

factors as previously described (39).

Osteosarcoma is characterized by a high local aggressive-

ness with a tendency to metastasize to the lung, one of the

preferential sites for SDF-1 production, so a specific regulation

of CXCR4 can occur at this level. These in vitro experiments

with stromal and endothelial cells cannot address the question of

tissue specificity; therefore we set up an in vivo model with T134

peptide that mimics the region of SDF-1 involved in binding to

CXCR4 and prevents receptor activation. It was shown that daily

treatment with T22 reduces pulmonary metastases in mice after

inoculation of CXCR4-transduced melanoma cells (22).

Here we reported that coinjection of osteosarcoma cells and

T134 peptide into BALB/c nu/nu mice strongly prevents lung

metastasis formation. Because T134 is CXCR4 specific and

other receptors might be involved in osteosarcoma progression,

such as CCR7 or CCR5 (40, 41), blockage of the CXCR4/SDF-1

pathway could not completely prevent metastasis formation. In

our model, T134 inhibits the osteosarcoma cell adhesion to the

pulmonary epithelium because at this level there is a stronger

interaction of T134 with CXCR4 than with SDF-1; this peptide

competes with SDF-1 at much lower concentration and its

smaller size confers higher affinity for CXCR4.

In conclusion, our results strongly suggest that the CXCR4/

SDF-1 pathway might have a role in osteosarcoma tumor

progression, supporting some of the sequential events that are

involved in metastasis formation. Small CXCR4 antagonists

such as T134 could represent the starting point for innovative

therapeutic strategies in osteosarcoma treatment.

REFERENCES

1. Meyers PA, Gorlick R. Osteosarcoma. Pediatr Clin North Am
1997;44:973–89.

2. Link M, Goerin AM, Mixer AW, et al. The effect of adjuvant
chemotherapy on relapse-free survival in patients with osteosarcoma of
the extremity. N Engl J Med 1986;314:1600–16.

3. Huth JF, Eilber FR. Patterns of recurrence after resection of
osteosarcoma of the extremity: strategies for treatment of metastasis.
Arch Surg 1989;124:122–6.

4. Fagioli F, Aglietta M, Tienghi A, et al. High-dose chemotherapy in
the treatment of relapsed osteosarcoma: an Italian Sarcoma Group study.
J Clin Oncol 2002;20:2150–6.

5. Murphy PM. Chemokines and the molecular basis of cancer
metastasis. N Engl J Med 2001;345:833–5.

6. Müller A, Homey B, Soto H, et al. Involvement of chemokine
receptors in breast cancer metastasis. Nature 2001;410:50–6.

7. Zlotnik A, Yoshie O. Chemokines: a new classification system and
their role in immunity. Immunity 2000;12:121–7.

8. Campbell JJ, Hedrick J, Zlotnik A, Siano MA, Thompson DA,
Butcher EC. Chemokines and the arrest of lymphocytes rolling under
flowing conditions. Science 1998;16:381–4.

9. Bleul CC, Fuhlbrigge RC, Casasnovas JM, Aiuti A, Springer T.
A highly efficacious lymphocyte chemoattractant, stromal cell-derived
factor 1 (SDF-1). J Exp Med 1996;184:1101–9.

10. Mason DY, Andre P, Bensussan A, et al. CD antigens 2001. Tissue
Antigens 2001;58:425–30.

11. Bleul CC, Farzan M, Choe H, et al. The lymphocyte chemoattractant
SDF-1 is a ligand for LESTR/fusin and blocks HIV-1 entry. Nature
1996;382:829–33.

12. Ma Q, Jones D, Borghesani PR, et al. Impaired B-lymphopoiesis,
myelopoiesis, and derailed cerebellar neuron migration in CXCR4- and
SDF-1-deficient mice. Proc Natl Acad Sci U S A 1998;95:9448–53.

13. Gupta SK, Lysko PG, Pillarisetti K, Ohlstein E, Stadel JM.
Chemokine receptor in human endothelial cells. Functional expression
of CXCR4 and its transcriptional regulation by inflammatory cytokines.
J Biol Chem 1998;273:4282–7.

14. Jo DY, Rafii S, Hamada T, Moore MA. Chemotaxis of primitive
hematopoietic cells in response to stromal cell-derived factor-1. J Clin
Invest 2000;105:101–1.

15. Peled A, Petit I, Kollet O, et al. Dependence of human stem cell
engraftment and repopulation of NOD/SCID mice on CXCR4. Science
1999;283:845–8.

16. Kollet O, Petit I, Kahn J, et al. Human CD34+CXCR4- sorted cells
harbor intracellular CXCR4, which can be functionally expressed and
provide NOD/SCID repopulation. Blood 2002;100:2778–86.

17. Taichman RS, Cooper C, Keller ET, Pienta KJ, Taichman NS,
McCauley LK. Use of the stromal cell-derived factor-1/CXCR4 pathway
in prostate cancer metastasis to bone. Cancer Res 2002;62:1832–7.

18. Koshiba T, Hosotani R, Miyamoto Y, et al. Expression of stromal
cell-derived factor-1 and CXCR4 ligand receptor system in pancreatic
cancer: a possible role for tumor progression. Clin Cancer Res 2000;
6:3530–5.

19. Libura J, Drukala J, Majka M, et al. CXCR4-SDF-1 signaling is
active in rhabdomyosarcoma cells and regulates locomotion, chemotaxis,
and adhesion. Blood 2002;100:2597–606.

20. Corcione A, Ottonello L, Tortolina G, et al. Stromal cell-derived
factor-1 as a chemoattractant for follicular center lymphoma B cells.
J Natl Cancer Inst 2000;92:628–35.

21. Bertolini F, Dell’Agnola C, Mancuso P, et al. CXCR4 neutralization,
a novel therapeutic approach for non-Hodgkin’s lymphoma. Cancer Res
2002;62:3106–12.

22. Murakami T, Maki W, Cardones AR, et al. Expression of CXC
chemokine receptor-4 enhances the pulmonary metastatic potential of
murine B16 melanoma cells. Cancer Res 2002;62:7328–34.

Fig. 7 Effect of CXCR4-neutralization on osteosarcoma metastases in vivo . Representative H&E staining of lungs from BALB/c nu/nu mice. A,
negative control, mouse not injected. B, lung section with osteosarcoma colony formation after i.v. injection of SJSA cells. C, lung section after SJSA
and T134 coinjection. *, tumor cells. Magnification �20.

CXCR4/SDF-1 and Metastases496



23. Tamamura H, Hori A, Kanzaki N, et al. T140 analogs as CXCR4
antagonists identified as anti-cancer agents in the treatment of breast
cancer. FEBS Lett 2003;550:79–83.

24. Arakaki R, Tamamura H, Premanathan M, et al. T134, a small-
molecule CXCR4 inhibitor, has no cross-drug resistance with AMD3100,
a CXCR4 antagonist with a different structure. J Virol 1999;73:1719–23.

25. Juarez J, Bradstock KF, Gottlieb DJ, Bendall LJ. Effects of inhibitors
of chemokine receptor CXCR4 on acute lymphoblastic leukemia cells
in vitro . Leukemia 2003;17:1294–300.

26. Nakashima H, Masuda M, Murakami T, et al. Anti-human
immunodeficiency virus activity of a novel synthetic peptide, T22
([Tyr-5,12, Lys-7] polyphemusin II): a possible inhibitor of virus-cell
fusion. Antimicrob Agents Chemother 1992;36:1249–55.

27. Tamamura H, Xu Y, Hattori T, et al. A low-molecular-weight
inhibitor against the chemokine receptor CXCR4: a strong anti-HIV
peptide T140. Biochem Biophys Res Commun 1998;253:877–81.

28. Piacibello W, Sanavio F, Garetto L, et al. Extensive amplification
and self-renewal of human primitive hemopoietic stem cells from cord
blood. Blood 1997;89:2644–53.

29. Jaffe EA, Nachman RL, Becker CG, Minutesick CR. Culture of
human endothelial cells derived from umbilical veins. Identification by
morphologic and immunologic criteria. J Clin Investig 1973;52:2745–56.

30. Coussens LM, Werb Z. Matrix metalloproteinases and the
development of cancer. Chem Biol 1996;3:895–904.

31. Westermarck J, Kahari VM. Regulation of matrix metalloproteinase
expression in tumor invasion. FASEB J 1999;13:781–92.

32. Okada Y, Gonoji Y, Naka K, et al. Matrix metalloproteinase 9
(92-kDa gelatinase/type IV collagenase) from HT 1080 human
fibrosarcoma cells. Purification and activation of the precursor and
enzymic properties. J Biol Chem 1992;267:21712–9.

33. Lane WJ, Dias S, Hattori K, et al. Stromal-derived factor 1-induced
megakaryocyte migration and platelet production is dependent on matrix
metalloproteinases. Blood 2000;96:4152–9.

34. Janowska-Wieczorek A, Marquez LA, Nabholtz JM, et al. Growth
factors and cytokines upregulate gelatinase expression in bone marrow
CD34 (+) cells and their transmigration through reconstituted basement
membrane. Blood 1999;93:3379–90.

35. Amara A, Lorthioir O, Valenzuela A, et al. Stromal cell-derived
factor-1a associates with heparan sulfates through the first h-strand of
the chemokine. J Biol Chem 1999;274:23916–25.

36. Signoret N, Oldridge J, Pelchen-Matthews A, et al. Phorbol esters
and SDF-1 induce rapid endocytosis and down modulation of the
chemokine receptor CXCR4. J Cell Biol 1997;139:651–64.

37. Mbemba E, Gluckman JC, Gattegno L. Glycan and glycosamino-
glycan binding properties of stromal cell-derived factor (SDF)-1a.
Glycobiology 2000;10:21–9.

38. Kijowski J, Baj-Krzyworzeka M, Majka M, et al. The SDF-1-
CXCR4 axis stimulates VEGF secretion and activates integrins but does
not affect proliferation and survival in lymphohematopoietic cells. Stem
Cells 2001;19:453–66.

39. Hodohara K, Fujii N, Yamamoto N, Kaushansky K. Stromal cell-
derived factor-1 (SDF-1) acts together with thrombopoietin to enhance
the development of megakaryocytic progenitor cells (CFU-MK). Blood
2000;95:769–75.

40. Ghobrial IM, Bone ND, Stenson MJ, et al. Expression of the
chemokine receptors CXCR4 and CCR7 and disease progression in B-
cell chronic lymphocytic leukemia/ small lymphocytic lymphoma. Mayo
Clin Proc 2004;79:318–25.

41. Manes S, Mira E, Colomer R, et al. CCR5 expression influences the
progression of human breast cancer in a p53-dependent manner. J Exp
Med 2003;198:1381–9.

Clinical Cancer Research 497


