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The involvement of stromal derived factor 1α in
homing and progression of multiple myeloma in
the 5TMM model 

Multiple myeloma (MM) is a lethal
plasma cell cancer characterized by
the monoclonal growth of cells in

the bone marrow, where they are capable of
inducing osteolysis and angiogenesis. The
bone marrow micro-environment provides
the MM cells with survival and growth sig-
nals.1-4 To be able to receive these signals the
MM cells must first enter and/or spread
through the bone marrow. This process of
extravasation from the vascular to the
extravascular compartment of the bone mar-
row is called homing and has been thoroughly
described for lymphocytes.5 Chemokines are
involved in this process by attracting and acti-
vating the cells. More recently however, sev-
eral chemokines have been shown to stimu-
late the growth of different cancer cell types.6 

The chemokine stromal cell derived factor 1
α (SDF1α) or CXCL12 was first cloned from
mouse bone marrow stromal cells and initially
identified as a growth factor for B-cell progen-
itors and as a chemotactic factor for T cells.7-9

SDF1α belongs to the CXC subfamily of
chemokines and binds to CXCR4, a seven-
transmembrane G protein-coupled receptor.9-10

SDF1α is produced by bone marrow stromal
cells9,11-13 while its receptor is expressed by
many different cell types. This chemokine
plays an important role in the homing and
accumulation of both hematopoietic progeni-
tor cells14-15 and mature plasma cells16 in the
bone marrow. Moreover, SDF1α has been

described to be an in vitro chemoattractant for
both human MM cell lines and human pri-
mary MM cells.12,17-20 Recently, it has been
demonstrated by both in vitro and in vivo
experiments that the SDF1α/CXCR4 axis also
plays a role in the survival and outgrowth of
both primary solid tumors21-24 and their metas-
tases.21,25

In this study we wanted to investigate the
in vitro (migration, invasion, proliferation and
survival) and in vivo (tumor promoting) role of
SDF1α in the 5T2MM and 5T33MM murine
models of MM. These models originated
spontaneously in aging C57BL/KaLwRij
mice26 and have been propagated in vivo by
transplanting bone marrow into young syn-
geneic recipients through intravenous injec-
tion. The clinical characteristics  of these
models (selective localization in the bone
marrow, associated with elevated serum M
component and bone marrow angiogenesis)
as well as their molecular characteristics
(adhesion, chemokine and protease profile
and growth factor dependency) closely resem-
ble those of the human disease.27-30

Design and Methods

Animals
C57BL/KaLwRij mice were purchased from

Harlan CPB (Horst, The Netherlands). Mice
were used at 8 to 10 weeks of age. They were

From the Dept. of Hematology
and Immunology, Vrije Universiteit
Brussel- VUB, Brussels, Belgium
(EM, IVR, EVV, IVB, BVC, KV);
Dept. of Pathobiology, Lerner
Research Institute, The Cleveland
Clinic Foundation, Cleveland, USA
(KA); Azienda Ospedaliera &
Department of Oncology and
Surgical Sciences, University
of Padua, Padua, Italy (SI);
Dept. of Pathology, University
of Antwerp, Antwerp, Belgium (HDR);
Graduate School of Pharmaceutical
Sciences, Kyoto University, Kyoto,
Japan (NF); Institute of Biomaterials
and Bioengineering, Tokyo Medical
and Dental University,
Tokyo, Japan (HT).

Correspondence: 
Karin Vanderkerken, PhD,
Vrije Universiteit Brussel-VUB,
Department of Hematology and
Immunology, Laarbeeklaan 103,
1090 Brussels, Belgium. E-mail:
Karin.Vanderkerken@vub.ac.be

Background and Objectives. Multiple myeloma (MM) is a lethal plasma cell cancer charac-
terized by the monoclonal growth of cells in the bone marrow. To reach the bone marrow,
MM cells need to be attracted by chemokines. Recently, it has been shown that
chemokines can also be involved in the growth of several cancer types. Stromal cell
derived factor 1α (SDF1α) or CXCL12 is known to play an important role as a chemokine
for hematopoietic progenitor cells and human MM cells. We studied the effects of SDF1α
in the 5TMM murine model. 

Design and Methods. The in vitro effects of SDF1α were analyzed by gelatin zymography,
adhesion, migration, proliferation, and chemoinvasion assays and by blockade with the
CXCR4 inhibitor, 4F-benzoyl-TN14003. In vivo, diseased mice were treated with either vehi-
cle or 4F-benzoyl-TN14003. 

Results. In vitro SDF1α was capable of attracting both 5T2MM and 5T33MM cells and
inducing a 1.6-fold increase in MMP9 production by the 5TMM cells, which was correlated
with an increased invasive capacity. In addition, SDF1α induced a 20% increase in DNA
synthesis in the 5TMM cells. All these effects could be blocked by the CXCR4 inhibitor, 4F-
benzoyl-TN14003. An in vivo study in the 5T33MM model showed that blocking CXCR4 led
to a 20% reduction in bone marrow tumor load. 

Interpretation and Conclusions. These data demonstrate that SDF1α/CXCR4 is involved in
the homing and the expansion of MM cells. Blocking CXCR4 could be useful in synergy
with other anti-neoplastic treatments targeting the bone marrow microenvironment.
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housed and treated according to conditions approved by
the Ethical Committee for Animal Experiments, VUB
(license no. LA1230281). The animal ethics meet the stan-
dards required by the UKCCCR Guidelines (UKCCCR,
1998).

MM models
The 5T33MM cells originated spontaneously in elderly

C57BL/KaLwRij mice and have since been propagated, in
vivo, by intravenous transfer of diseased marrow into
young syngeneic mice. The paraprotein was assessed by
protein electrophoresis of the serum samples. When the
serum concentration reached 10 mg/mL, the mice were
sacrificed and the bone marrow was flushed out of the
femora and tibiae and crushed out of the vertebrae. The
bone marrow cells were suspended in serum-free medium
(RPMI 1640 (GIBCO, Life Technologies, Ghent, Belgium),
supplemented with penicillin-streptomycin, glutamine,
and MEM NEAA-pyruvate (GIBCO). The cells were then
purified by Lympholyte M (Cedarlane, Hornby, Canada)
gradient centrifugation at 1000 g for 20 min. The cell band
on top of the gradient contained enriched 5T2MM or
5T33MM cells, with a purity reaching 85%, as measured
by flow cytometric analysis. More than 95% of the cells
were viable. 

Bone marrow stromal cells and endothelial cells
Bone marrow stromal cell cultures were established by

flushing out the content of the femora of the
C57BL/KaLwRij mice into Dulbecco’s modified Eagle’s
medium (DMEM), followed by preparation of a mononu-
clear cell suspension by Lympholyte M centrifugation.
The mononuclear cells were plated out at a concentration
of 1×106 cells/mL in RPMI 1640 (GIBCO) medium supple-
mented with 12.5% bovine serum (Fetal Clone I, Hyclone,
Logan, UT, USA), 12.5% horse serum (Global Pharm,
Surrey, UK), 10-6 mol/L hydrocortisone (Sigma, St. Louis,
MO, USA), penicillin-streptomycin, glutamine, and MEM.
The cells were incubated at 37°C in 5% CO2.  After three
trypsinizations, cells were cultured until confluence. For
conditioned medium, culture medium was removed and
the cells were held for 48 h in serum-free conditions in
complemented RPMI medium, when a monolayer was
formed.  This medium was harvested and concentrated
five times with Centriprep-3 (Millipore, Bedford, MA,
USA). The murine bone marrow sinusoidal endothelial
cell line STR4 (BEC STR4) was originally established by
transfecting primary endothelial cell cultures with SV40.
The cells of the BEC STR4 line were maintained in culture
in RPMI-1640 supplemented with 2 mM L-glutamine, 100
U/mL penicillin, 100 µg/mL streptomycin, MEM (GIBCO)
and 10% bovine serum (Fetal Clone I, Hyclone).
Conditioned medium was collected as described above.

Reagents
The inhibitor for CXCR4 (4F-benzoyl-TN14003) was

obtained from Dr. Tamamura, Japan.31,32 The inhibitor was
dissolved in MilliQ for in vitro use; for in vivo use, the
inhibitor was dissolved in saline (for use in Alzet pumps).
Dose-response experiments showed that the effective
dose of 4F-benzoyl-TN14003 for 5T2MM was higher than
that for 5T33MM, and higher for the migration experi-

ments than for the proliferation experiments. Recombi-
nant mouse SDF1α was obtained from R&D systems
(Abingdon, UK) and used at 200 ng/mL. 

Reverse transcriptase polymerase chain reaction
(RT-PCR)

Total RNA from 5×106 cells was isolated using the SV
total RNA isolation system (Promega, Madison, WI, USA)
according to the manufacturer’s instructions. The concen-
tration and purity of RNA were determined by spec-
trophotometric measurement (Gene Quant II: Pharmacia
Biotech, Cambridge, UK). Total RNA was converted into
cDNA by the superscript first-strand synthesis system
(GIBCO) using random hexamers as primers. The PCR
mix contained PCR buffer, 2 mM magnesium chloride, 0.2
mM dNTP, 0.5 µM of each primer and 0.625 U Taq poly-
merase. The sense and antisense primers used for the
amplification of mouse CXCR4 were: 5’-CATGGAACC-
GATCAGTGTGA-3’ and 5’-GGCAGAGCTTTTGAA-
CTTGG-3’. Amplification was performed, for 35 cycles,
as follows: denaturation at 94°C for 30 s, annealing at
60°C for 1 min, and polymerization at 72°C for 1 min. The
predicted size of the amplified product was 960bp. 

Flow cytometric analysis
CXCR4 expression on the 5TMM cells was assessed by

double staining with CXCR4-FITC (Becton Dickinson,
BD, CA, USA) and tumor-specific anti-idiotype mono-
clonal antibodies. Irrelevant isotype-matched antibodies
were used as negative controls. Samples were acquired on
a FACSCalibur flow cytometer (BD) and CellQuest soft-
ware was used for analysis.

Enzyme-linked immunosorbent assay (ELISA)
The SDF1α content in the serum and conditioned medi-

um of the several cell types was measured with an ELISA
kit for mouse SDF1α (R&D systems). The ELISA was per-
formed according to manufacturers’ instructions. The cut-
off value of the assay was 0.044 ng/mL.

Thymidine incorporation assays
Cells (1×106/mL) were pretreated with the CXCR4

inhibitor, 2 µM (5T2MM) or 1µM (5T33MM), and then
incubated in serum-free medium with or without SDF1α
for 17 hours. Sixteen hours before harvesting, cells were
pulsed with 1 µCi (methyl-3H) thymidine (Amersham,
Roosendaal, The Netherlands). Cells were harvested by a
cell harvester (Inotech, Wohlen, Switzerland) onto paper
filters (Filtermat A, Wallac, Turku, Finland). Filters were
dried for 1 hour in a 60°C oven and sealed in sample bags
(Wallac) containing 4 mL Optiscint Scintillation Liquid
(Wallac). Radioactivity was counted using a 1450
Microbeta Liquid Scintillation Counter (Wallac). Results
are expressed as the relative DNA synthesis in treated
cells compared to in untreated cells.

In vitro migration assay
The in vitro chemotactic activity of SDF1α was meas-

ured in an 8 µm (5T33MM) or a 5 µm (5T2MM) pore size
Transwell® system (Elscolab, Kruibeke, Belgium).
Fibroblast conditioned medium (5× concentrated) was
placed in the lower compartment of the system and 5×104
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5TMM cells in 200µL were added in the upper compart-
ment. When indicated, the cells were pre-incubated with
either 10 µM (5T2MM) or 5 µM (5T33MM) CXCR4
inhibitor for 30 min. The cells were allowed to migrate
for 2 hours. After the assay, the migrated cells were quan-
tified by flow cytometry. A known number of Sphero cal-
ibration beads (BD) was used as the internal standard.

Chemoinvasion assay
The in vitro chemoinvasion activity of SDF1α was meas-

ured in an 8 µm (5T33MM) or a 5 µm (5T2MM) pore size
Transwell® system. Transwells were coated with 32 µg
Matrigel (BD). SDF1α was placed in the lower compart-
ment of the system and 2×105 cells were added in 200 µL
in the upper compartment. The cells were allowed to
invade overnight. Quantification and pre-incubation with
inhibitor were performed in the same way as for the in
vitro migration assays.

Gelatin zymography
Cells were plated at 2×105/300µL serum-free medium.

The supernatant was harvested after 28 h and elec-
trophoresed under non-reducing conditions using 10%
sodium dodecylsulfate-polyacrylamide gels containing 1
mg/mL gelatine. After electrophoresis, the gel was
washed in 2% Triton X-100. After overnight incubation
in 0.05 M Tris buffer (pH 7.6) containing 10 mM CaCl2

and 3 mM NaN3, gels were stained with Coomassie bril-
liant blue and destained. Gelatinolytic activity was iden-
tified as a clear band on a blue background. Supernatant
from human fibrosarcoma HT1080 cells was used as a
positive control for the detection of the 92 kDa matrix
metalloproteinase (MMP9). The inactive form of mouse
MMP9 has a molecular weight of 110 kDa and is thus
located higher in the gel. The optical density of the
MMP9 band was measured with the NIH 1.62 image pro-
gram. This program has been explained extensively by
Leber et al.33 Briefly, a rectangle was drawn around the
MMP9 band and another around the background above
and below the band. Subsequently, the area and pixel
intensity were calculated for each rectangle (band) and
the background subtracted.

In vivo immediate homing
In vivo bone marrow homing was analyzed by tracing

radioactively-labeled cells. One group of four naive mice
was injected intravenously with either 5×105 51Cr-labeled
5T2MM27 or 5T33MM cells while the other group was
injected with MM cells pre-incubated with 10 µM
(5T2MM) or 5 µM (5T33MM) CXCR4 inhibitor. After 18
h, the animals were sacrificed and the radioactivity in the
ribs, vertebrae, hind legs and forelegs was measured and
related to injected radioactivity.

In vivo study 
Two days before injection with 5TMM cells, Alzet

osmotic pumps (duration 28 days; 0.25 µL/hr, model
2004, ALZA, Mountain View, CA, USA) containing
80mg/mL of 4F-benzoyl-TN14003 or vehicle were
implanted subcutaneously into the mice. Two groups of
eight mice were injected with 5T33MM and one group of
naive mice was added as a negative control. One group

was treated with the inhibitor, the other with the vehicle.
At week 3, when the vehicle controls showed signs of
morbidity, the mice were sacrificed. Bone marrow was
isolated from the hind legs to determine the proportion of
tumor cells (FACS staining) and one leg was fixed for
CD31 staining. The liver and spleen from all animals were
removed and weighed. Blood samples were also obtained
to determine serum paraprotein concentrations.

Assessment of microvessel density
Microvessel density (MVD) was determined by CD31

staining as previously described.34 Briefly, one leg was
fixed in zinc fixative for 48 h, decalcified for 48 h and
embedded in paraffin. After blocking with normal goat
serum, sections were incubated with a rat anti-CD31 anti-
body (PECAM-1, 1/10, Pharmingen, LA, USA) overnight
at 4°C. As a secondary antibody, a biotin-conjugated goat
anti-rat antibody was used (1/75, Pharmingen). A strepta-
vidin-horseradish peroxidase conjugate in combination
with tyramide signal amplification (NEN Life Science
Products, MA, USA) was used for detection. In the area
with the highest blood vessel density (hot spot), the num-
ber of blood vessels per 0.22 mm2 was counted.

Statistical analysis
The Mann Whitney test was used for statistical analy-

sis of the in vitro data, whereas Student’s T-test was used
for the in vivo data. p≤0.05 was considered statistically sig-
nificant.

Results

Expression of SDF1α and CXCR4
The expression of CXCR4/ SDF1α was determined in

the 5TMM models. We found by RT-PCR that both
5T2MM and 5T33MM cells express CXCR4; bone mar-
row stromal cells on the other hand, do not express
CXCR4 (Figure 1A). Flow cytometric analysis confirmed
the membrane expression of CXCR4 on the 5TMM cells
but not on the bone marrow stromal cells (Figure 1B).
Using an ELISA assay, we found that SDF1α was present
in the serum of both 5TMM models as well as in healthy
mice, reaching levels of up to 4 ng/mL (Figure 1C).
Furthermore, we determined that the cells of the bone
marrow micro-environment, namely the bone marrow
stromal cells and bone marrow endothelial cells secrete
SDF1α while the myeloma cells themselves do not. Bone
marrow stromal cells also secreted more SDF1α (3 ng/mL)
than STR4 bone marrow endothelial cells (1 ng/mL)
(Figure 1D). This demonstrates that there is a
CXCR4/SDF1α axis between the MM cells and the bone
marrow micro-environment.

In vitro effects of SDF1α
The effects of SDF1α on MM cells were determined in

vitro. We first examined the known chemotactic activity
of SDF1α. To study this, we let the cells migrate towards
fibroblast conditioned medium (5×), since this is, in addi-
tion to other chemokines, also a source of SDF1α (Figure
1D). Both 5T2MM and 5T33MM cells (Figure 2A and B)
showed a large migratory capacity (30× unstimulated
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migration) towards the conditioned medium. To demon-
strate that the SDF1α in the medium can attract MM cells,
the cells were pre-incubated with the CXCR4 inhibitor
4F-benzoyl-TN14003. In a first experimental set-up we
determined the dose-response curve for the inhibitor with
5T33MM cells (Figure 2A). The optimal dose proved to be
5 µM (as also determined in the invasion assays, Figure
3A). For 5T2MM cells, slightly higher doses (10 µM) were
needed (data not shown). Figure 2B illustrates that 50%
inhibition of the migration occurred with 10 µM
(5T2MM) and 5 µM (5T33MM) of the inhibitor, demon-
strating the functional role of CXCR4/SDF1α in the
migration of 5TMM cells towards fibroblast conditioned
medium.

We then performed chemoinvasion assays to address
the question of whether SDF1α could also stimulate the
invasive capacity of 5TMM cells. Both 5T2MM and
5T33MM cells (Figure 3A and B) were placed in Transwell
inserts coated with Matrigel and allowed to invade
overnight towards 200 ng/mL SDF1α. The invasion in the
negative control was between 5%-10%. SDF1α could
stimulate chemoinvasion in the 5T33MM cells up to
twice control levels, and in 5T2MM cells even up to four
times control levels (30%-40% invasion). The optimal
dose of the CXCR4 inhibitor was determined for

5T33MM cells (Figure 3). Again, 5 µM was an optimal
dose for 5T33MM cells, with higher doses becoming
aspecific. Blocking the CXCR4 receptor with 10 µM
(5T2MM) and 5 µM (5T33MM) of the inhibitor complete-
ly inhibited the chemoinvasion in both models (Figure
3B). Tests with the human MM cell line, Karpas, showed
similar results (data not shown). 

To make certain that this effect was due to stimulation
of invasion and not solely to the chemotactic response,
we analyzed the effect of SDF1α on the production of
MMP9 by the MM cells. MMP9 is known to be involved
in the invasion process of both 5T33MM cells (unpub-
lished data) and human cells.35 Using gelatin zymography
(Figure 3C) we found that SDF1α had no effect on MMP9
production by naive bone marrow cells, but that it could
induce a 1.6-fold increase in MMP9 production by
5T2MM cells and a 1.3-fold increase by 5T33MM cells.
These increases could be almost completely blocked by
the CXCR4 inhibitor, suggesting that the stimulatory
effect of SDF1α on the chemoinvasion of 5TMM cells is
due to both upregulation of MMP9 and increased migra-
tion. Finally, we examined the capacity of SDF1α to stim-
ulate proliferation and inhibit apoptosis in 5TMM cells.
When MM cells from both models (Figure 4) were incu-
bated with 200 ng/mL SDF1α, their DNA synthesis
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Figure 1. Expression of CXCR4 and SDF1α A. RT-PCR for CXCR4,
which can be detected as a band of 960bp. Both 5T2MM and
5T33MM are positive for CXCR4. Two different samples are
shown. B. Flow cytometric analysis for CXCR4. The gray filled his-
togram is the control, the black line CXCR4 staining. The CXCR4
staining is shown on gated α-idiotype positive cells. 5T2MM and
5T33MM stain positive for CXCR4, whereas bone marrow stromal
cells are negative. One experiment, representative of three, is
shown. C. Concentration of SDF1α in the sera of healthy and dis-
eased mice measured by ELISA. D. Concentrations of SDF1α in
the conditioned media of 5TMM cells, bone marrow endothelial
cells (STR4 EC) and bone marrow fibroblasts. The mean value ±
SD of three independent experiments is given.

Figure 2. In vitro migration of 5TMM cells towards fibroblast con-
ditioned medium. A. 5T33MM cells were pre-incubated with differ-
ent concentrations of the inhibitor for 30 min to determine opti-
mal concentrations (fibr cond med=fibroblast conditioned medi-
um). One experiment, representative of three, is shown. B. Cells
(5T2MM and 5T33MM) were pre-incubated with either 10 or 5 µM
CXCR4 inhibitor for 30 min. Migration was towards conditioned
medium, 5 times concentrated. The percentage migration is
shown as a relative value compared to the control value. The
mean value ± SD of three independent experiments is given,
*p< 0.05.
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increased by 20%, and this could be completely blocked
by 2 µM (5T2MM) or 1 µM (5T33MM) of the CXCR4
inhibitor, demonstrating that SDF1α does, indeed, have a
proliferative effect in MM, although this effect is more
modest than its chemotactic function. We also studied the
influence of SDF1α on apoptosis by caspase 3 staining but
found no significant effect in either mouse model (data not
shown).

Effect of SDF1α on immediate bone marrow homing
As SDF1α has a strong chemotactic effect in vitro, we

wanted to investigate whether it is involved in the hom-
ing of MM cells towards the bone marrow in vivo. We
injected 51Cr-labeled 5TMM cells, pre-incubated with
either 4F-benzoyl-TN14003 or vehicle, into naive mice.
After 18 h, the bone marrow homing of 5T2MM cells was
reduced by 40% and the homing of 5T33MM cells by
25% after incubation with the inhibitor (Figure 5). This
confirms that SDF1α is indeed involved in the bone mar-
row homing of MM cells.

In vivo effects of SDF1α in the 5T33MM model
Since SDF1α has multiple in vitro effects on both the

homing capacity and the proliferative capacity of 5TMM
cells, we investigated the role of the chemokine in the
development of MM in vivo. To this end, 16 mice were
treated with either 80mg/mL 4F-benzoyl-TN14003 or the
vehicle (saline) from injection with 5T33MM onward.
The mice treated with the inhibitor had a 20% reduction
in tumor load (Figure 6A), and a correlated 30% reduction
in paraprotein levels (Figure 6B), demonstrating that
SDF1α is indeed involved in MM development. Recently
it has been shown that SDF1α could be involved in neo-
vascularization in solid tumors.36,37 To study this, we
examined microvessel density. With this technique, we
have previously shown that 5T33MM cells induce angio-

The role of SDF1α in multiple myeloma

Figure 3. Chemoinvasion of 5TMM
cells towards SDF1α and their MMP9
secretion. A. 5T33MM cells were pre-
incubated with different concentra-
tions of the inhibitor for 30 min to
determine optimal concentrations.
Invasion was towards 200 ng/mL
SDF1α, overnight. One experiment,
representative of three, is shown. B.
Cells (5T2MM and 5T33MM) were pre-
incubated with either 10 or 5 µM
CXCR4 inhibitor for 30 min. Invasion
was towards 200 ng/mL SDF1α,
overnight. The percentage invasion is
shown as a relative value compared to
the control. The mean value± sd of
three independent experiments is
given, *p<0.05. C. The top panel
shows a gelatine zymography for
MMP9 while the bottom panel shows
the density of the MMP9 bands. The
positive control (supernatant from
human fibrosarcoma HT1080) for
human MMP9 is at 92 kDa, while
mouse MMP9 is 110 kDa. SDF1α
induces an increase in MMP9 activity.
One experiment, representative of
three, is shown, p>0.05 for naive cells
and p<0.03 for 5T2MM and 5T33MM.

Figure 4. Proliferation of 5TMM cells induced by SDF1α. Cells
(5T2MM and 5T33MM) were pre-incubated with either 2 or 1 µM
CXCR4 inhibitor for a half hour, followed by incubation with 200
ng/mL SDF1α. The percentage proliferation is shown as a relative
value compared to the control value. The mean value± SD of three
independent experiments is given, *p<0.05.

Figure 5. In vivo effect of SDF1α on the homing of 5TMM cells.
Cells (5T2MM and 5T33MM) were labeled with 51Cr and then pre-
incubated with either 10 or 5 µM CXCR4 inhibitor (CXCR4i) for a
half hour and then injected into naive mice (n=4). After 18 h the
radioactivity in the bone marrow was measured and related to the
total radioactivity; this percentage is shown. One experiment, rep-
resentative of two, is shown. *p<0.05.
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genesis in vivo.34 Here, immunohistochemical staining for
CD31 showed an almost 2-fold increase in tumor bearing
mice, compared to naïve mice. However, mice treated
with 4F-benzoyl-TN14003 had only a slight, but not sig-
nificant, reduction in microvessel density, suggesting that
SDF1α is not involved in MM-induced angiogenesis
(Figure 6C).

Discussion

MM still remains a deadly malignancy, despite emerg-
ing therapies and extensive research. One of the main
characteristics of the disease is the localization of the
malignant plasma cells in the bone marrow. This is most

likely due to a combination of selective homing and selec-
tive survival of the MM cells in the bone marrow.27 The
process of homing of MM cells is thus an important event
in the development of the disease and is dependent on
several different chemokines. SDF1α is a known
chemokine for hematopoietic progenitor cells and human
MM cells.14,17 Our group has recently found that in 80 bone
marrow samples from MM patients, 59% were positive
for CXCR4.38 Moreover, Pellegrino et al.39 demonstrated
that bone marrow endothelial cells of MM patients
secrete higher levels of SDF1α than do healthy human
umbilical vein endothelial cells. In the present study, we
wanted to determine both the in vitro and in vivo effects of
SDF1α in the 5T2MM and 5T33MM mouse models. We
first demonstrated the secretion of SDF1α by both the
bone marrow stromal cells and endothelial cells. We
found no SDF1α secretion by the 5TMM cells although
they were positive for SDF1α by RT-PCR analysis (data
not shown). It could be that 5TMM cells secrete amounts
of SDF1α that are lower than the detection limit of the
available ELISA or it could be that there was no transla-
tion of the SDF1α mRNA. On the other hand, 5TMM
cells did express CXCR4 on their membrane whereas
bone marrow stromal cells did not, creating an
SDF1α/CXCR4 axis.

We next investigated the in vitro effects of SDF1α on
5TMM cells. The adhesion to endothelial cells, the first
step in the process of homing, was studied first. Although
several studies in solid tumors and lymphocytes have
shown that SDF1α enhanced adhesion32,40-41 to extracellu-
lar matrix proteins, we found that SDF1α had no effect on
the adhesion of the 5TMM cells to STR4 bone marrow
endothelial cells (data not shown). We then performed
migration and chemoinvasion assays for the other
processes involved in homing. Migration of the 5TMM
cells towards bone marrow stromal cell conditioned
medium was reduced by 50% with the CXCR4 inhibitor,
4F-benzoyl-TN14003, and exogenously added SDF1α
could induce a 4-fold increase in invasion. Similar results
were obtained with the human MM cell line, Karpas (data
not shown). This increase in invasion was correlated to an
increased secretion of MMP9, showing that SDF1α is
capable of inducing MMP9 expression by MM cells.
These data confirm and extend work in the SCID/hu
model mentioned by J. Epstein.42 SDF1α has also been
described to induce MMP9 secretion in other tumor mod-
els.43,44 For the definitive test of whether SDF1α is really
involved in the process of homing of MM cells in vivo, we
performed an immediate homing analysis. 4F-benzoyl-
TN14003 blocked the immediate homing of 5T2MM cells
by 40% and that of 5T33MM cells by 25%, confirming
the important role of SDF1α in the homing of MM cells
to the bone marrow. The CXCR4 inhibitor 4F-benzoyl-
TN14003 has been shown to be specific for the CXCR4
receptor by Tamamura et al. in calcium fluorimetry exper-
iments with CXCR4-transfected and non-transfected
cells.45 Since it has recently been shown20,22,23 that SDF1α is
capable of inducing proliferation of cancer cells, we fur-
ther investigated the role of this chemokine on 5TMM
cell survival and proliferation. SDF1α induces a 20%
increase in DNA synthesis in 5TMM cells. Compared to
the increase caused by the known growth factor, IGF-1,46
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Figure 6. In vivo effect of inhibiting CXCR4. Pumps implanted in the
mice (n = 8) secreted 0.25 µL of a 80mg/L solution of 4F-benzoyl-
TN14003 daily. A. The effect of 4F-benzoyl-TN14003 on the tumor
load, measured as the number of idiotype positive cells in the bone
marrow. B. The effect on serum paraprotein concentration, measured
by electrophoresis. C. The effect on microvessel density (MVD) given
by the number of microvessels in the tibiae and femora of the mice,
counted by CD31 staining. The mean value ± SD is given, *p< 0,001,
**p< 0,03, ***p>0.05.
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this is only a modest increase, but is in agreement with
the study performed by Hideshima et al.20 on human MM
cells, which also demonstrated a modest SDF1α-induced
increase in proliferation. However, in contrast to others
(studies on stem cells47 and MM cells48) we found no sig-
nificant effect of SDF1α on basal or dexamethasone
induced apoptosis of 5TMM cells (data not shown). The
study by Hideshima20 also demonstrated only a modest
inhibition of dexamethasone-induced apoptosis by
SDF1α in human MM cells. These discrepancies between
the different studies are probably due to the different cell
lines used.

We used the 5T33MM model to study the effects of
blocking the SDF1α/CXCR4 axis in vivo on the develop-
ment of MM. This model develops bone marrow-restrict-
ed MM in 3-4 weeks and is thus suitable for studying the
direct effects of the CXCR4 inhibitor on the tumor load.
Mice that were continuously treated with 4F-benzoyl-
TN14003 showed a 20% lower tumor load compared to
that of vehicle-treated mice. This demonstrates for the
first time that SDF1α is indeed involved in MM develop-
ment. However, compared to treatment studies targeting
growth factors such as IGF-1,49 this effect is of a smaller
scale. Since the effects of SDF1α on migration and inva-
sion are more pronounced than its effects on prolifera-
tion, and since blocking SDF1α reduces immediate hom-
ing by 25%, SDF1α is probably more involved in the
homing of the MM cells toward the bone marrow than in
their survival within this compartment. Moreover, a
study from our group has previously shown that when
the immediate homing of 5TMM cells becomes impaired,
for example, by blocking an adhesion molecule
(CD44v10) involved in the adhesion of MM cells to bone
marrow endothelial cells, this leads to a similar decrease
in tumor load at the end stage of the disease.50

Recent studies36,37 have shown that SDF1α can also be
involved in angiogenesis in solid tumors. Martin et al.51

showed that SDF1α alone could not stimulate angiogene-

sis, but was able to do so in synergy with RANKL.
RANKL is also expressed in the 5T33MM model, making
this a suitable model for  studying such an interaction.52

We compared microvessel density between 4F-benzoyl-
TN14003-treated mice and vehicle-treated mice. We did
not, however, find any significant difference, suggesting
that SDF1α does not have a direct effect on the induction
of angiogenesis in the 5T33MM model. The fact that no
expression of CXCR4 on bone marrow stromal cells or
STR4 bone marrow endothelial cells (data not shown) was
found by RT-PCR supports this finding.

In summary, we conclude that SDF1α plays an impor-
tant role in the immediate homing and spreading of MM
cells through the bone marrow. In contrast to its role in
certain solid tumors, the role of SDF1α in tumor survival
of MM is less pronounced. Nonetheless, treating mice
with 4F-benzoyl-TN14003 in vivo did lead to a 20%
reduction in tumor load. Targeting CXCR4 in the treat-
ment of MM could thus be useful in synergy with other
anti-neoplastic treatments acting on the bone marrow
microenvironment.

EM: contributed to the design of the study, performed the exper-
iments, drafted the article; KA, IVR, BVC: revised the article for
intellectual content; SI, KV: contributed to the design of the study,
revised the article for intellectual content; HDR: performed CD31
stainings, revised the article for intellectual content. The work was
financially supported by the Fonds voor Wetenschappelijk
Onderzoek Vlaanderen (FWO-Vl), the Belgische Federatie tegen
Kanker, the International Myeloma Foundation (IMF-Jerome and
Francoise Prausky Research Grant) and the Onderzoeksraad Vrije
Universiteit Brussel (OZR-VUB). KV is a post-doctoral fellow and
EM a research assistant of FWO-Vl. 

All authors revised the final version of the manuscript. We would
like to thank J. Van Gompel, C. Seynaeve, A. Willems, L.
Moeneclaey, G. Vrolix and F. Rylant for technical assistance and
the laboratory of Prof. Gorus (AZ VUB, Brussels) for serum para-
protein analysis. The authors declare that they have no potential
conflict of interest.

Manuscript received September 22, 2005. Accepted February
24, 2006.

The role of SDF1α in multiple myeloma

References
1. Caligaris-Cappio F, Bergui L, Gregoretti

MG, Gaidano G, Gaboli M, Schena M,
et al. Role of bone marrow stromal cells
in the growth of human multiple
myeloma. Blood 1991;77:2688-93.

2. Lokhorst HM, Lamme T, de Smet M,
Klein S, de Weger RA, van Oers R, et al.
Primary tumor cells of myeloma
patients induce interleukin-6 secretion
in long-term bone marrow cultures.
Blood 1994;84:2269-77.

3. Uchiyama H, Barut BA, Mohrbacher
AF, Chauhan D, Anderson KC.
Adhesion of human myeloma-derived
cell lines to bone marrow stromal cells
stimulates interleukin-6 secretion.
Blood 1993;82:3712-20.

4. Van Riet I, Van Camp B. The involve-
ment of adhesion molecules in the biol-
ogy of multiple myeloma. Leuk
Lymphoma 1993;9:441-52.

5. Butcher EC, Picker LJ. Lymphocyte
homing and homeostasis. Science
1996;272:60-6.

6. Tanaka T, Bai Z, Srinoulprasert Y, Yang
B, Hayasaka H, Miyasaka M. Chemo-
kines in tumor progression and metas-
tasis. Cancer Sci 2005;96:317-22.

7. Nagasawa T, Kikutani H, Kishimoto T.
Molecular cloning and structure of a
pre-B-cell growth-stimulating factor.
Proc Natl Acad Sci USA 1994;91:2305-
9.

8. Oberlin E, Amara A, Bachelerie F,
Bessia C, Virelizier JL, Arenzana-Seis-
dedos F, et al. The CXC chemokine
SDF-1 is the ligand for LESTR/fusin
and prevents infection by T-cell-line-
adapted HIV-1. Nature 1996;382:833-5.
Erratum in: Nature 1996;384:288.

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

10. Rossi D, Zlotnik A. The biology of
chemokines and their receptors. Annu
Rev Immunol 2000;18:217-42.

11. Balkwill F. The significance of cancer
cell expression of the chemokine recep-
tor CXCR4. Semin Cancer Biol 2004;
14:171-9.

12. Nakayama T, Hieshima K, Izawa D,
Tatsumi Y, Kanamaru A, Yoshie O.
Cutting edge: profile of chemokine
receptor expression on human plasma
cells accounts for their efficient recruit-
ment to target tissues. J Immunol
2003;170:1136-40.

13. Pelletier AJ, van der Laan LJ, Hildbrand
P, Siani MA, Thompson DA, Dawson
PE, et al. Presentation of chemokine
SDF-1 α by fibronectin mediates direct-
ed migration of T cells. Blood 2000;96:
2682-90.

14. Aiuti A, Webb IJ, Bleul C, Springer T,
Gutierrez-Ramos JC. The chemokine
SDF-1 is a chemoattractant for human
CD34+ hematopoietic progenitor cells
and provides a new mechanism to
explain the mobilization of CD34+
progenitors to peripheral blood. J Exp
Med 1997;185:111-20.

15. Lataillade JJ, Clay D, Bourin P, Herodin
F, Dupuy C, Jasmin C, et al. Stromal
cell-derived factor 1 regulates primitive
hematopoiesis by suppressing apopto-
sis and by promoting G(0)/G(1) transi-
tion in CD34(+) cells: evidence for an
autocrine/paracrine mechanism. Blood
2002;99:1117-29.

16. Hargreaves DC, Hyman PL, Lu TT,
Ngo VN, Bidgol A, Suzuki G, et al. A
coordinated change in chemokine
responsiveness guides plasma cell mo-
vements. J Exp Med 2001;194:45-56.

17. Moller C, Stromberg T, Juremalm M,
Nilsson K, Nilsson G. Expression and
function of chemokine receptors in
human multiple myeloma. Leukemia



| 612 | haematologica/the hematology journal | 2006; 91(5)

2003;17:203-10.
18. Sanz-Rodriguez F, Hidalgo A, Teixido

J. Chemokine stromal cell-derived fac-
tor-1α modulates VLA-4 integrin-
mediated multiple myeloma cell adhe-
sion to CS-1/fibronectin and VCAM-1.
Blood 2001;97:346-51.

19. Parmo-Cabanas M, Bartolome RA,
Wright N, Hidalgo A, Drager AM,
Teixido J. Integrin α4β1 involvement
in stromal cell-derived factor-1α-pro-
moted myeloma cell transendothelial
migration and adhesion: role of cAMP
and the actin cytoskeleton in adhe-
sion. Exp Cell Res 2004;294:571-80.

20. Hideshima, T, Chauhan D, Hayashi T,
Podar K, Akiyama M, Gupta D, et al.
The biological sequelae of stromal cell-
derived factor-1α in multiple myelo-
ma. Mol Cancer Ther 2002;1: 539-44.

21. Darash-Yahana M, Pikarsky E, Abra-
movitch R, Zeira E, Pal B, Karplus R, et
al. Role of high expression levels of
CXCR4 in tumor growth, vasculariza-
tion, and metastasis. Faseb J 2004; 18:
1240-2.

22. Kijima, T, Maulik G, Ma PC, Tibaldi
EV, Turner RE, Rollins B, et al. Regu-
lation of cellular proliferation, cyto-
skeletal function, and signal transduc-
tion through CXCR4 and c-Kit in small
cell lung cancer cells. Cancer Res 2002;
62:6304-11.

23. Rubin JB, Kung AL, Klein RS, Chan JA,
Sun Y, Schmidt K, et al. A small-mole-
cule antagonist of CXCR4 inhibits
intracranial growth of primary brain
tumors. Proc Natl Acad Sci USA 2003;
100:13513-8.

24. Scotton, CJ, Wilson JL, Scott K, Stamp
G, Wilbanks GD, Fricker S, et al.
Multiple actions of the chemokine
CXCL12 on epithelial tumor cells in
human ovarian cancer. Cancer Res
2002;62:5930-8.

25. Zeelenberg IS, Ruuls-Van Stalle L,
Roos E. The chemokine receptor
CXCR4 is required for outgrowth of
colon carcinoma micrometastases.
Cancer Res 2003;63:3833-9.

26. Radl J, De Glopper E, Schuit HRE,
Zurcher C. Idiopathic paraproteinemia
II. Transplantation of the paraprotein-
producing clone from old to young
C57BL/KaLwRij mice. J Immunol
1979;122:609-13.

27. Vanderkerken K, De Greef C, Aso-
singh K, Arteta B, De Veerman M,
Vande Broek I, et al. Selective initial in
vivo homing pattern of 5T2 multiple
myeloma cells in the C57BL/KalwRij
mouse. Br J Cancer 2000;82:953-9.

28. Vanderkerken K, De Raeve H, Goes E,
Van Meirvenne S, Radl J, Van Riet I, et
al. Organ involvement and phenotypic
adhesion profile of 5T2 and 5T33
myeloma cells in the C57BL/KaLwRij
mouse. Br J Cancer 1997;76:451-60.

29. Asosingh K, Radl J, Van Riet I, Van
Camp B, Vanderkerken K. The 5TMM
series, a useful in vivo mouse model of
human multiple myeloma. The
Hematol J 2000;1:351-6.

30. Menu E, Asosingh K, Van Riet I,
Croucher P, Van Camp B, Vander-
kerken K. Myeloma cells (5TMM) and

their interactions with the marrow
microenvironment. Blood Cells Mol
Dis 2004;33:111-9.

31. Tamamura H, Hori A, Kanzaki N,
Hiramatsu K, Mizumoto M, Naka-
shima H, et al. T140 analogs as
CXCR4 antagonists identified as anti-
metastatic agents in the treatment of
breast cancer. FEBS Lett 2003;550:79-
83.

32. Piovan, E, Tosello V, Indraccolo S,
Cabrelle A, Baesso I, Trentin L, et al.
Chemokine receptor expression in
EBV-associated lymphoproliferation in
hu/SCID mice: implications for
CXCL12/CXCR4 axis in lymphoma
generation. Blood 2004;105:931-9.

33. Leber T, Balkwill F. Zymography: a
single-step staining method for quanti-
tation of proteolytic activity on sub-
strate gels. Anal Biochem 1997;249:
24-8.

34. Van Valckenborgh E, De Raeve H,
Devy L, Blacher S, Munaut C, Noel A,
et al. Murine 5T multiple myeloma
cells induce angiogenesis in vitro and
in vivo. Br J Cancer 2002;86:796-802.

35. Vande Broek I, Asosingh K, Allegaert
V, Leleu X, Facon T, Vanderkerken K,
et al. Bone marrow endothelial cells
increase the invasiveness of human
multiple myeloma cells through upreg-
ulation of MMP-9: evidence for a role
of hepatocyte growth factor. Leu-
kemia 2004;18:976-82.

36. Orimo A, Gupta PB, Sgroi DC, Aren-
zana-Seisdedos F, Delaunay T, Naeem
R, et al. Stromal fibroblasts present in
invasive human breast carcinomas
promote tumor growth and angiogen-
esis through elevated SDF-1/CXCL12
secretion. Cell 2005;121: 335-48.

37. Kryczek I, Lange A, Mottram P,
Alvarez X, Cheng P, Hogan M, et al.
CXCL12 and vascular endothelial
growth factor synergistically induce
neoangiogenesis in human ovarian
cancers. Cancer Res 2005;65:465-72.

38. Vande Broek I, Leleu X, Schots R,
Facon T, Vanderkerken K, Van Camp
B, et al. Clinical significance of che-
mokine receptor (CCR1, CCR2 and
CXCR4) expression in human MM
cells: a close association with disease
activity and survival. Submitted.

39. Pellegrino A, Ria R, Di Pietro G, Cirulli
T, Surico G, Pennisi A, et al. Bone mar-
row endothelial cells in multiple
myeloma secrete CXC-chemokines
that mediate interactions with plasma
cells. Br J Haematol 2005;129:248-56.

40. Wright N, Hidalgo A, Rodriguez-Frade
JM, Soriano SF, Mellado M, Parmo-
Cabanas M, et al. The chemokine stro-
mal cell-derived factor-1α modulates
α4β7 integrin-mediated lymphocyte
adhesion to mucosal addressin cell
adhesion molecule-1 and fibronectin. J
Immunol 2002;168: 5268-77.

41. Hartmann TN, Burger JA, Glodek A,
Fujii N, Burger M. CXCR4 chemokine
receptor and integrin signaling co-
operate in mediating adhesion and
chemoresistance in small cell lung can-
cer (SCLC) cells. Oncogene 2005;24:
4462-71.

42. Epstein J. Myeloma cell homing and
reciprocal cultivation of the bone
microenvironment in the SCID-hu
system. Abstract of 2nd scientific meet-
ing on bone disease in MM 2001;
UKMF.

43. Samara GJ, Lawrence DM, Chiarelli
CJ, Valentino MD, Lyubsky S, Zucker
S, et al. CXCR4-mediated adhesion
and MMP-9 secretion in head and
neck squamous cell carcinoma. Cancer
Lett 2004;214:231-41.

44. Yu X, Collin-Osdoby P, Osdoby P.
SDF-1 increases recruitment of osteo-
clast precursors by upregulation of
matrix metalloproteinase-9 activity.
Connect Tissue Res 2003; 44 Suppl 1:
79-84.

45. Tamamura H, Hiramatsu K, Mizumo-
to M, Ueda S, Kusano S, Terakubo S, et
al. Enhancement of the T140-based
pharmacophores leads to the develop-
ment of more potent and bio-stable
CXCR4 antagonists. Org Biomol
Chem 2003;1:3663-9.

46. Menu E, Kooijman R, Van Valcken-
borgh E, Asosingh K, Bakkus M, Van
Camp B, et al. Specific roles for the
PI3K and the MEK-ERK pathway in
IGF-1-stimulated chemotaxis, VEGF
secretion and proliferation of multiple
myeloma cells: study in the 5T33MM
model. Br J Cancer 2004;90:1076-83.

47. Kortesidis A, Zannettino A, Isenmann
S, Shi S, Lapidot T, Gronthos S.
Stromal-derived factor-1 promotes the
growth, survival, and development of
human bone marrow stromal stem
cells. Blood 2005;105:3793-801.

48. Lentzsch S, Chatterjee M, Gries M,
Bommert K, Gollasch H, Dorken B, et
al. PI3-K/AKT/FKHR and MAPK sig-
naling cascades are redundantly stimu-
lated by a variety of cytokines and
contribute independently to prolifera-
tion and survival of multiple myelo-
macells. Leukemia 2004;18:1883-90.

49. Menu E, Jernberg Wiklund H,
Stromberg T, De Raeve H, Girnita L,
Larsson O, et al. Inhibiting the IGF-1
receptor tyrosine kinase with the
cycloligand PPP: an in vitro and in vivo
study in the 5T33MM mouse model.
Blood 200;107:655-60.

50. Asosingh K, Gunthert U, De Raeve H,
Van Riet I, Van Camp B, Vanderkerken
K. A unique pathway in the homing of
murine multiple myeloma cells:
CD44v10 mediates binding to bone
marrow endothelium. Cancer Res
2001; 61:2862-5.

51. Martin SK, Farrugia AN, Diamond P,
Gronthos S, Horvath N, Gamble J, et
al. Myeloma plasma cell derived
SDF1α and RANKL act synergistically
to stimulate neo angiogenesis. The
Hematology J 2005;90:sP911.

52. Vanderkerken K, De Leenheer E,
Shipman C, Asosingh K, Willems A,
Van Camp B, et al. Recombinant
osteoprotegerin decreases tumor bur-
den and increases survival in a murine
model of multiple myeloma. Cancer
Res 2003;63:287-9.

E. Menu et al.


