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Elevated Serum Levels of Stromal-Derived Factor-1A Are Associated
with Increased Osteoclast Activity and Osteolytic Bone Disease in
Multiple Myeloma Patients
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Abstract

Introduction

Multiple myeloma (MM) is an incurable plasma cell (PC)
malignancy able to mediate massive destruction of the
axial and craniofacial skeleton. The aim of this study was
to investigate the role of the potent chemokine, stromalderived factor-1A (SDF-1A) in the recruitment of osteoclast precursors to the bone marrow. Our studies show
that MM PC produce significant levels of SDF-1A protein
and exhibit elevated plasma levels of SDF-1A when
compared with normal, age-matched subjects. The level
of SDF-1A positively correlated with the presence of
multiple radiological bone lesions in individuals with
MM, suggesting a potential role for SDF-1A in osteoclast
precursor recruitment and activation. To examine this
further, peripheral blood–derived CD14+ osteoclast precursors were cultured in an in vitro osteoclast-potentiating
culture system in the presence of recombinant human
SDF-1A. Although failing to stimulate an increase in
TRAP+, multinucleated osteoclast formation, our studies
show that SDF-1A mediated a dramatic increase in both
the number and the size of the resorption lacunae formed.
The increased osteoclast motility and activation in
response to SDF-1A was associated with an increase in
the expression of a number of osteoclast activation–
related genes, including RANKL, RANK, TRAP, MMP-9,
CA-II, and Cathepsin K. Importantly, the small-molecule
CXCR4-specific inhibitor, 4F-Benzoyl-TE14011 (T140), effectively blocked osteoclast formation stimulated by the
myeloma cell line, RPMI-8226. Based on these findings, we
believe that the synthesis of high levels of SDF-1A by MM
PC may serve to recruit osteoclast precursors to local sites
within the bone marrow and enhance their motility and
bone-resorbing activity. Therefore, we propose that inhibition of the CXCR4-SDF-1A axis may provide an effective
means of treatment for MM-induced osteolysis. (Cancer Res
2005; 65(5): 1700-9)

Osteoclast-mediated bone resorption is an essential component
of bone development, growth, and remodeling. However, in a
variety of pathologic conditions, including the plasma cell (PC)
malignancy multiple myeloma (MM), osteoclast recruitment and
activity exceed osteoblast-mediated bone formation, leading to
focal bone loss throughout the axial and craniofacial skeleton. This
osteolytic bone disease is responsible for the most debilitating
clinical symptoms of MM, which include bone pain, pathologic
fractures, spinal cord compression, hypercalcemia, renal failure,
and death (1).
In MM, it is well recognized that osteoclast precursors from the
peripheral blood (PB) are recruited to and amass on the endosteal
surface of the bone marrow (BM), at sites of MM cell infiltration.
Under the influence of a variety of BM- and PC-derived hormones,
growth factors, and cytokines, the preosteoclasts differentiate
into multinucleated osteoclasts capable of bone resorption.
These osteoclast-activating factors include tumor necrosis factor
a (TNF-a), interleukin-1h, interleukin-6, macrophage colonystimulating factor, PTHrP (2–5), and the recently discovered TNFligand family member, receptor activator of nuclear factor-nB
ligand (RANKL; reviewed in ref. 6). RANKL, in its membraneassociated or soluble form (7, 8), binds to a TNF receptor family
member expressed by osteoclast precursors, termed RANK (9)
and activates NF-nB via TNF receptor-associated factors 2, 5,
and 6 (10). A soluble TNF receptor family member, termed
osteoprotegerin, acts as a decoy receptor for RANKL (11).
Significantly, osteoclast formation is determined principally by the
ratio of RANKL to osteoprotegerin in the BM. Our recent studies
(12) show that CD38+++ human MM PC express transmembrane
and soluble isoforms of RANKL mRNA and protein, respectively.
Moreover, these cells lack expression of detectable osteoprotegerin,
at either the protein or the transcriptional level (12). When cultured
in vitro with PB-derived osteoclast precursors, MM cells are capable
of directly supporting the formation of bone-resorbing osteoclast in
a RANKL-dependent manner, as shown by inhibition studies using
recombinant osteoprotegerin (12). Furthermore, our studies and
those of others (13, 14) show that in most instances, transmembrane
RANKL expression by MM PC correlates with the presence of
osteolytic bone lesions in patients with MM.
The mechanisms by which osteoclast precursors migrate from
the PB to the BM remains to be fully elucidated. Although a
number of potential candidates have been suggested, recent studies
by Yu et al. (15) point to a significant role for the well-characterized
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chemokine, stromal derived factor-1 a (SDF-1a). SDF-1a (also
termed CXCL12 or B-cell stimulating factor), was originally
identified as a BM stromal and endothelial cell–derived, soluble
mediator of B cell proliferation, belonging to the CXC chemokine
family. Unlike other chemokines of this family, SDF-1a binds
monogamously to its receptor CXCR4, which is widely expressed
on leukocytes, mature dendritic cells, osteoclast precursors, and
MM PC and plays key roles in cell homing to and retention in the
BM (16–18). In the context of osteoclast biology, Yu et al. (15) have
shown that SDF-1a increases the recruitment and migration of the
murine osteoclast cell line, RAW264.7, by up-regulating the
expression of the matrix degrading enzyme, matrix metalloprotease-9 (MMP-9; ref. 15). Similarly, studies by Grassi et al. (19) also
show that elevated levels of SDF-1a in the synovial and bone tissue
of patients with rheumatoid arthritis may promote pathologic bone
loss by recruiting and activating osteoclast (19).
Although Nakayama et al. (20) recently showed that tissues
enriched with plasma cells express SDF-1a mRNA, to the best of
our knowledge, our study represents the first to show that purified
PC and PC lines express detectable levels of SDF-1a protein.
Furthermore, we show that patients with MM exhibit an elevated
plasma level of MM PC–derived SDF-1a protein compared with
age-matched control subjects. Importantly, this elevated level of
SDF-1a is positively correlated with the presence of multiple
radiological bone lesions, implicating SDF-1a in the process of
osteoclast precursor recruitment and activation seen in MM.
The development of successful therapies designed to treat the
skeletal destruction seen in patients with MM requires a
comprehensive knowledge of the factors, which play a direct role
in stimulating the migration, recruitment, and activation of
osteoclasts. This study points to a potential role for SDF-1a in
this process and suggests that it may provide a suitable therapeutic
target for MM-mediated osteolysis. Furthermore, the measurement
of serum levels of SDF-1a may ultimately enable us to predict
which patients will go on to develop bone disease and may allow us
to monitor the efficacy of treatment protocols directed against
bone destruction.

Materials and Methods
Patients and Control Subjects. A total of 25 newly diagnosed patients,
who fulfilled the diagnostic criteria for MM (21, 22), were examined in this
study (Table 1). Of these, 19 exhibited X-ray-detectable osteolytic lesions. A
further 12 patients, defined as monoclonal gammopathy of uncertain
significance (MGUS; refs. 21, 22) and 19 normal healthy, approximately agematched subjects were also examined. All studies were carried out with the
approval of the Institutional Ethics Review Committee of the University of
Adelaide, Institute of Medical and Veterinary Science and the Royal
Adelaide Hospital, following written informed consent.
Cell Peripheral Blood Plasma Preparation. Human peripheral blood
mononuclear cells (PBMC) were obtained from normal volunteers and

isolated using Lymphoprep (Nycomed Pharma, Oslo, Norway) as previously
described (23). The PBMC were washed thrice in ‘‘HHF,’’ composed of HBSS
(Life Technologies, Gaithersburg, MD), containing 5% FCS (CSL Limited,
Victoria, Australia). Isolated PBMC were used as a source of osteoclast
precursors as described below. Cryopreserved PBMC and BM mononuclear
cell samples from MM and MGUS patients were collected by the
Therapeutic Product Facility, Institute of Medical and Veterinary Science,
South Australia and prepared as previously described (12).
To prepare PB plasma for SDF-1a detection, 10 mL of PB was collected
into lithium/heparin–containing tubes. Samples were centrifuged for 10
minutes at 1,000  g and the plasma recovered and stored at 80jC until
required. To minimize loss of detectable SDF-1a, human PB plasma was
prepared within 30 minutes of PB collection.
Determination of SDF-1A Levels in Normal Subjects and PatientDerived Plasma. PB plasma SDF-1a levels were determined using a commercial SDF-1a immunoassay (Human SDF-1a, Quantikine Colorimetric
Sandwich ELISA, R&D Systems, New South Wales, Australia) according to
the manufacturer’s recommendations. Briefly, 100 AL of ‘‘assay diluent’’ and
100 AL of PB plasma were added to each well and incubated for 2 hours at
room temperature. The wells were washed four times with ‘‘wash buffer,’’
after which time, 200 AL of ‘‘anti-SDF-1a conjugate’’ were added to each
well and incubated for a further 2 hours at room temperature. The plate was
washed as above, and 200 AL of ‘‘substrate solution’’ were added for a
further 30 minutes at room temperature. The reaction was terminated by
the addition of 50 AL of ‘‘stop solution,’’ and the absorbance of each well
determined using a microplate reader at 450 nm (Bio-Rad Model 3550
microplate reader, Richmond, CA). The absolute SDF-1a concentration was
determined using a standard curve for SDF-1a according to the
manufacturer’s recommendations.
Isolation of CD14+-- from PBMCs. PBMCs from healthy donors were
isolated as described above. CD14 positive (CD14+) cells were isolated using
magnetic-activated cell sorting (MACS). PBMC were incubated in blocking
buffer, consisting of 10% (v/v) normal rabbit serum in HHF for 20 minutes
on ice. The cells were incubated with the mouse monoclonal antibody to
human CD14, FMC-17 (kindly provided by Prof. Peter McCardle, Flinders
Medical Centre, Bedford Park, South Australia, Australia) for 1 hour and
washed twice in HHF by centrifugation at 400  g. A 1:50 dilution of goat
anti-mouse g-biotin (Southern Biotechnology Associates, Birmingham,
United Kingdom) in HHF buffer was added and the cells incubated for 1
hour on ice. Cells were washed twice in MACS buffer (Ca2+- and Mn2+-free
PBS supplemented with 1% bovine serum albumin, 5 mmol/L EDTA, and
0.01% sodium azide) as above and resuspended in a final volume of 0.9 mL
MACS buffer. Streptavidin (100 AL) microbeads (Miltenyi Biotec, Bergisch
Gladbach, Germany) were added to the cell suspension and incubated on
ice for 15 minutes. The cell suspension was washed twice and resuspended
in 0.5 mL of MACS buffer and subsequently loaded onto a mini MACS
column (MS Columns, Miltenyi Biotec), and the column was washed thrice
with 0.5 mL MACS buffer to retrieve the CD14 negative (CD14 ) cells. After
addition of a further 1 mL MACS buffer, the column was removed from the
magnet and the CD14+ cells were isolated by positive pressure. An aliquot of
cells from each fraction was stained with streptavidin-FITC and the purity
assessed by flow cytometry as described below.
Osteoclast Culture Assay. Normal CD14+ PBMC were isolated by MACS
and plated onto 150-Am slices of elephant tusk dentine (4  104 cells per

Table 1. Patient and control subject information

MM with osteolysis
MM without osteolysis
MGUS
Normal
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Number of
Subjects

Mean age F SE
(range)

Female/male

Mean SDF-1a
concentration F SE (range)

19
6
12
19

68.3 (44-83)
69.6 (73-81)
68.9 (52-84)
60.26 (47-67)

8/11
3/3
4/8
9/10

3,114.6
2,776
2,717.3
2,192.8

1701

F
F
F
F

143.3 (2,325-4,255.5)
212.9 (2,055.5-3,360)
110.9 (1,945.5-3,225)
76.4 (1,499-2,950)
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slice) in 96-well plates in 0.2 mL of medium consisting of a-MEM
supplemented with 10% (v/v) heat inactivated (D) FCS, 10 nmol/L
dexamethasone, 2 mmol/L L-glutamine, 20 nmol/L 1,25 (OH)2 vitamin D3
(Wako Pure Chemical Industries, Osaka, Japan), and 25 ng/mL recombinant
human macrophage colony-stimulating factor (Chemicon International,
Temecula, CA). The CD14+ monocytes were allowed to adhere overnight at
37jC in 5% CO2 in a humidified incubator, whereupon the media was
aspirated and replaced with fresh complete growth medium. The media was
changed every 3 days until day 7, at which time, 50 ng/mL soluble
recombinant human RANKL (rh-RANKL, Roche Applied Science, New South
Wales, Australia) were added to all wells. Where indicated, 30 ng/mL
recombinant human SDF-1a (rh-SDF-1a; PeproTech, Canton, MA) were
added on either day 0 or day 7 and for every subsequent media change
thereafter. Cultures were allowed to proceed for 14 days, after which
tartrate-resistant acid phosphatase positive (TRAP+), bone-resorbing
osteoclast formation was assessed as described below.
In studies examining the effect of myeloma cell-derived SDF-1a, 50% (v/v)
RPMI-8226 conditioned medium (CM) was added to the osteoclast
precursors at day 0. RPMI-8226 cells were obtained from American Type
Culture Collection (Rockville, MD) and cultured in a-MEM supplemented
with 10% (v/v) DFCS, 2 mmol/L L-glutamine, 50 IU/mL penicillin/
streptomycin (JRH, Lenexa, KS). Conditioned medium was harvested at a
cell density of 1  106 cells/mL. To block the effects of RPMI-8226-derived
and rh-SDF-1a, osteoclast precursors were incubated overnight with
5 Amol/L 4F-Benzoyl-TE14011 (T140)–truncated polyphemusin analogue,
T140 (24), before the addition of fresh medium containing 50% CM or
recombinant SDF-1a in combination with 5 Amol/L T140. At day 7 of culture,
50 ng/mL rh-RANKL were added to all wells to facilitate osteoclast formation
and activation as described above.
In all cases, the media was changed every 3 days for the duration of the
assay. Fresh T140 was added at every subsequent medium change. In
contrast to the assays described above, in which osteoclast formation/
activity was stimulated with rh-SDF-1a and rh-RANKL, osteoclast assays in
which RPMI-8226 CM and T140 were used were allowed to proceed for a
period of 21 days.
TRAP Staining of Multinucleated Osteoclast-Like Cells. Cultures on
slices of dentine were fixed and stained for TRAP as recommended by the
manufacturer (Sigma Chemical Co., St. Louis, MO) and as previously
described (12). TRAP+ cells were visualized by light microscopy and images
taken with a Nikon DIH digital camera. The numbers of TRAP+ cells were
scored by light microscopic analysis and TRAP+ cells with three or more
nuclei were scored as positive. Results were enumerated in triplicate wells
F SE and the significant differences between treatments determined using
Student’s t tests (two tailed, paired), as described below.
Identification of Resorption Pit Formation. To assess bone resorption
by osteoclasts following culture, dentine slices were treated with 6 mol/L
ammonium hydroxide for 2 hours, ultrasonicated for 30 minutes to remove
cell debris, washed in 70% ethanol, and dried overnight. The dentine slices
were then mounted on stubs, carbon coated, and visualized on a Philips
XL-20 scanning electron microscope, as previously described (12, 25). The
number of identifiable contiguous resorption pits (resorption sites) were
determined for each dentine slice. The area and/or the length of the each
resorption lacunae were quantitated from scanning electron microscopic
images, using SCION image analysis software (Scion Co., Frederick, MD).
This software is freely available from the Scion Website (http://
www.scioncorp.com) and allows the user to accurately measure the
dimensions/area of resorption.
Immunohistochemical Detection of SDF-1A in Sections of BM
Trephine. Five-micrometer sections of paraffin-embedded normal or MM
BM trephine tissue were cut onto 3-aminopropyl-triethoxysilane–coated
slides and endogenous peroxidase activity blocked by incubation with 3%
H2O2/methanol. Microwave antigen retrieval was then done in the
presence of 1 mmol/L EDTA (pH 8.0) buffer. The slides were allowed to
cool to 40jC and nonspecific binding blocked by incubating sections with
3% normal horse serum for 1 hour at room temperature. The slides were
then incubated overnight with either an isotype-matched, nonbinding
control monoclonal antibody (1B5, IgG1) or the anti-SDF monoclonal

Cancer Res 2005; 65: (5). March 1, 2005

antibody (MAB350, R&D Systems). Bound antibody was revealed using a
three-step immunoperoxidase method (26) in which slides were sequentially incubated with (a) affinity-purified horseradish peroxidase–conjugated goat anti-mouse antibody (Dako, Botany, New South Wales,
Australia), followed by (b) affinity-purified horseradish peroxidase–
conjugated swine anti-goat immunoglobulin (Tago, Burlingame, CA), and
(c) hydrogen peroxide as substrate and amino ethylcarbazole (Sigma) as
the dye. Slides were counterstained briefly with hematoxylin solution and
mounted in Gurr Aquamount (BDH, Poole, United Kingdom).
Reverse Transcription-PCR. Due to limiting cell numbers, gene
expression studies were performed using either semiquantitative reverse
transcription-PCR as previously described (12) or by real-time PCR as
described below. Briefly, total RNA from cultured osteoclasts was prepared
using the Trizol reagent (Life Technologies) as per manufacturer’s
instructions. RNA was reverse transcribed from up to 1 Ag of total RNA
from each sample, using a cDNA synthesis kit, as per manufacturer’s
recommendations (Promega Co., Madison, WI). cDNA was amplified by
PCR to generate products corresponding to mRNA encoding human
MMP-9, carbonic anhydrase II, cathepsin K, and TRAP using the following
primer sets: human MMP-9 forward 5V-CAATCTCACCGACAGGCAGC-3V,
reverse 5V-ACCGAGTTGGAACCACGAC-3V (536-bp product); CA II forward
5V-ATGTCCCATCACTGGGGGTACG-3V, reverse 5V-GAAGTTAGTGAAGTCAGCACT-3V (514-bp product); cathepsin K forward 5V-CTGTGGTGAGCTTTGCTCTGTA-3V, reverse 5V-TCTTCTGCACATATTGGAAGGC-3V
(546-bp product); TRAP forward 5V-CTGGCTGATGGTGCCACCCCTG-3V
and reverse 5V-CTCTCAGGCTGCAGGCTGAGG-3V (496-bp product). The
h-actin forward 5V-AGCCATGTACGTTGCTA-3V and reverse 5V-AGTCCGCCTAGAAGCA-3V primers were used to amplify h-actin, which was used
as an internal control of RNA integrity and efficiency of the reverse
transcription process. The PCR amplification products were resolved by
electrophoresis on a 2% (w/v) agarose gel and visualized by SYBR Gold
(Molecular Probes, Eugene, OR) staining at 570 nm. The relative amounts
of PCR products were determined by quantitating the intensity of the
bands using a Fluorimager and ImageQuant software (Molecular
Dynamics, Sunnyvale, CA), as previously described (12). Negative controls,
which had no cDNA added to the reaction mixture, were done with all
PCR reactions.
Real-time PCR was employed to examine the expression of RANK,
RANKL, and SDF-1a and was achieved using the IQ SYBR Green Supermix
(Bio-Rad, New South Wales, Australia) on the Rotor-Gene 3000 (Corbett
Research, Mortlake, New South Wales, Australia) instrument, as per
manufacturers’ instructions. Oligonucleotide primer sequences used were
RANK forward 5V-GCTGTAACAAATGTGAACCAGGA-3V, reverse 5V-GCCTTGCCTGTATCACAAACT-3V (154-bp product); RANKL forward 5V-TCAGCCTTTTGCTCATCTCACTAT-3V, reverse 5V-CCACCCCCGATCATGGT-3V
(96-bp product); SDF-1a forward 5V-TGCCTTCACCTCCTCTTTCA-3V,
reverse 5V-AGCATGCTCTCGGAGTCG-3V (132-bp product); and h-Actin
for ward 5V-GATCATTGCTCCTCCTGAGC-3V, reverse 5V-GTCATAGTCCGCCTAGAAGCAT-3V (157-bp product). h-Actin was used as an
internal control for each sample, with the relative change in mRNA levels
normalized against h-actin mRNA levels. All PCRs were validated by the
presence of a single peak in the melt curve analysis and amplification of a
single specific product was further confirmed by electrophoresis on a 2.5%
(w/v) agarose gel.
Immunofluorescence Staining of Cell Surface Antigens. Expression of
CD14 and CXCR4 was determined by flow cytometry. PBMC were blocked
in blocking buffer comprised of HBSS supplemented with 20 mmol/L
HEPES (pH 7.35) and 5% (v/v) FCS, 2% (v/v) normal human serum, and 0.4%
(v/v) bovine serum albumin, and stained with a mouse anti-CD14 (Dako,
IgG1) and mouse anti-CXCR4 (Chemicon, IgG2b) for 1 hour on ice. After
washing twice in HHF, cells were incubated with a 1:50 dilution of goat antimouse IgG2b-FITC and IgG1-PE antibodies (Southern Biotechnology
Associates, Inc., Birmingham, AL) for 45 minutes on ice. Purified mouse
isotype-matched negative control antibodies, 1B5 (IgG1) and 1A6.11 (IgG2b)
were a kind gift from Prof. L.K. Ashman (University of Newcastle, Australia).
Following washing, all samples were analyzed on a Epics-XL-MCL flow
cytometer (Beckman Coulter, Hialeah, FL) based on their forward and side
light scatter properties and their FITC and PE fluorescence.
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Figure 1. Myeloma plasma cells are a major source
of plasma SDF-1a and elevated levels of PB plasma
SDF-1a in MM patients correlates with osteolytic
bone disease. A, level of SDF-1a in samples of
peripheral blood plasma was determined using a
commercial SDF-1a ELISA as described in Materials
and Methods. The concentration of SDF-1a was
assessed in 25 MM patients, 12 MGUS patients, and
19 normal, approximately age-matched control
subjects. B, sections of paraffin-embedded normal
(a and c ) or MM BM trephine tissue (b and d ) were
stained with a control antibody (a and b) or an
anti-SDF monoclonal antibody (c and d). All sections
were counter stained with hematoxylin. In sections
of normal BM tissue, large vascular structures
stained positive for SDF-1a (black arrow , c ), while in
sections of myeloma BM tissue, essentially all
identifiable myeloma plasma cells expressed
appreciable levels of SDF-1a protein (white arrow ,
d). Original magnification 200. C, real-time PCR
was used to examine the expression of SDF-1a in a
panel of myeloma plasma cell lines (OPM-2, U266,
WL2, JIMI, LP-1, NCI-H929, and RPMI-8266), EBV
transformed B cell lines (Balm and ARH-77), and
purified MM patient-derived CD38+++ PC. Most
myeloma cell lines and patient-derived PC tested
expressed detectable levels of SDF-1a transcripts.
D, correlation analysis revealed a positive correlation
(r s = 0.391, P = 0.017, n = 37) between plasma cell
number and SDF-1a plasma levels in patients with
MM. E, correlation analysis revealed no significant
relationship (r s = 0.0213, P = 0.899, n = 37)
between SDF-1a plasma levels and the age of the
subjects examined. F, MM and MGUS patients were
stratified into two groups including those who
exhibited no radiographic lesions (n = 18) and those
who possessed one or more lesions in one or more
sites (n = 19). Elevated levels of plasma SDF-1a
were found to be associated with the presence of
radiographically detectable osteolytic lesions
(P < 0.05, Student’s t test).

Cell Permeabilization for Immunofluorescence Staining of Intracellular Antigens. Cells were blocked in blocking buffer, washed twice in
PBS, and fixed for 20 minutes in 1% paraformaldehyde at room temperature.
Cells were then washed twice in HHF and 0.1% saponin (Sigma Diagnostics,
Inc., St. Louis, MO) to permeabilize the membrane. Cells were immunostained as described above, with all washes and antibody dilutions in HHF
and 0.1% saponin. Intracellular CXCR4 expression was detected with a
mouse anti-CXCR4 monoclonal Ab (MAB170, R&D Systems).
Radiographic Identification of Skeletal Lesions. Femora, tibiae, skull,
lumbar vertebrae, and pelvis were radiographed using a Faxitron X-ray
system (Hewlett-Packard, McMinnville, OR), as part of routine diagnostic
skeletal survey. Patients were scored as either ‘‘+’’ or ‘‘ ’’ depending on the
presence or absence of osteolytic lesions, respectively. Significant differences between groups were determined using the Mann-Whitney U test as
described below.
Data Analysis. All experiments were done in triplicate, and the data is
presented as mean F SE. All statistical analysis was done using SigmaStat

www.aacrjournals.org

for Windows version 3.0 (SPSS, Inc., Chicago, IL). For parametric and
nonparametric data sets, statistical analysis was done using the MannWhitney U test and the Students’ t test, respectively. Measures of
association between two variables were assessed using the Spearman Rank
correlation coefficient. In all cases, P < 0.05 was considered significant.

Results
Elevated Levels of Plasma SDF-1A in Myeloma Patients Is
Associated with the Presence of Radiographically Detectable
Osteolytic Lesions. Using a commercially available ELISA kit, the
level of plasma SDF-1a was determined in a cohort of individuals
with MM, MGUS, and normal, approximately aged-matched
controls (Table 1). As seen in Fig. 1A, the concentration of plasma
SDF-1a was found to be significantly elevated (P < 0.00001,
Student’s t test) in patients with MM (3,033.4 F 123.7) when

1703

Cancer Res 2005; 65: (5). March 1, 2005

Downloaded from cancerres.aacrjournals.org on October 14, 2019. © 2005 American Association for Cancer
Research.

Cancer Research

compared with plasma derived from normal control subjects
(2,192.8 F 76.4). Although not exhibiting a significant difference
(P = 0.1, Student’s t test) to patients with MM, individuals
diagnosed with MGUS exhibited higher levels (P = 0.0005) of
plasma SDF-1a levels (2,717.3 F 110.9) when compared with
normal controls.
To identify the source of the elevated SDF-1a in patients with
MM, immunohistochemical paraffin-embedded BM trephines were
examined by immunohistochemical staining. As seen in sections of
normal tissue, SDF-1a expression was localized to stromal cells
and the endothelial cells of large vessels [Fig. 1B (c)]. Interestingly,
in sections of MM BM, SDF-1a was also expressed at high levels by

myeloma PC [Fig. 1B (d)]. Consistent with this finding, real-time
PCR analysis of primary human CD38+++ PC and a number of well
characterized human MM cell lines including LP-1, RPMI-8226,
WL2, JIMI, NCI-H929, and OPM-2, confirmed expression of SDF-1a
by plasma cells (Fig. 1C).
Importantly, a positive correlation (correlation coefficient, r s =
0.391, P = 0.017, Spearman Rank test), was observed when the
plasma SDF-1a level and PC number were compared (Fig. 1D),
suggesting that the elevated levels of SDF-1a present within plasma
of MM patients was in large part, PC derived. Although in general
males displayed higher levels of SDF-1a than females irrespective
of disease status (2303 +/- 125 versus 2070+/- 58 for normal male

Figure 2. SDF-1a mediates enhanced bone resorption
without increasing the number of TRAP+ osteoclasts. CD14+
MACS selected peripheral blood monocytes were cultured in
the presence of rh-M-CSF (25 ng/mL) and rh-RANKL
(50 ng/mL) for 14 days. SDF-1a, at 1, 3, 10, 30, and
100 ng/mL was added at day 0 or day 7 of culture.
The number of TRAP+ osteoclast-like cells, with three or
more nuclei, was scored as positive by light microscopic
analysis of stained wells after 14 days of culture. A, no
significant differences were observed in the number of
TRAP+ cells generated in the presence of any of the SDF-1a
concentrations used. B, area of the resorption, defined as
regions of contiguous resorption pits, was assessed by Scion
image analysis of scanning electron microscope images as
described in the Materials and Methods. Area of resorption
plotted as a % total area of the dentine surface per individual
dentine slice F SE for four bone slices per treatment.
Notably, a significant increase in resorbed area was seen
following the addition of 3 ng/mL (P = 0.02, Student’s t test),
10 ng/mL (P = 0.001, Student’s t test), and 30 ng/mL
(P = 0.0001, Student’s t test) of recombinant SDF-1a.
All subsequent experiments were done with an optimal
concentration of 30 ng/mL SDF-1a. Scanning electron
micrographs showing the dentine resorption mediated by
multinucleated TRAP+ osteoclast generated following culture
with RANKL alone (C ) or RANKL with 30 ng/mL SDF-1a (D ).
Notably, although the number of TRAP+ cells remained
approximately the same, the area of resorbed dentine
surface was greatly enhanced following the addition of
30 ng/mL SDF-1a at day 0. Bars, 500 Am.
E, SDF-1a-mediated increase in bone resorption was
assessed by (E) the number and (F ) length of the resorption
lacunae formed per individual osteoclast. The addition of
SDF-1a resulted in the generation of significantly more
(P = 0.0001, Student’s t test) osteoclast-mediated resorption
tracks. In addition, SDF-1a seemed to enhance the motility of
the osteoclast, as measured by a significant (P < 0.002,
Student’s t test) increase in the length of the contiguous
resorption lacunae (resorption track). G, area of resorption is
plotted as % total area of the dentine surface per individual
dentine slice F SE for four bone slices per treatment. The
experiments were repeated five times with three different
sources of PB-derived osteoclast precursors, with similar
results being obtained in all cases. Notably, no significant
increase in resorbed area was seen following the addition of
30 ng/mL SDF-1a at day 7 of culture. Moreover,
supplementation of media with recombinant Fc-OPG at day 7
resulted in the abolition of large TRAP+ cell formation and
resorption of the dentine surface, indicating that SDF-1a acts
to enhance the effects of RANKL.
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and females, respectively and 3382 +/- 158 versus 2684+/- 114 for
MM male and females, respectively), no correlation was observed
between plasma SDF-1a levels and patient age (Fig. 1E).
To further examine the likely in vivo relevance of heightened
expression of SDF-1a in MM patients, we conducted a blind study
to correlate SDF-1a expression with variables of bone loss in MM
and MGUS patients. Radiographs of multiple bones ( femora, tibiae,
skull, lumbar vertebrae, and pelvis) were assessed for the presence
of radiologically detectable bone lesions as part of routine
diagnostic skeletal survey. Patients were subsequently stratified
according to those who possessed no radiographic lesions (score =
no lytic lesions, n = 18) and those who possessed one or more
lesions in one or more sites (score = lytic lesions, n = 19).
Correlations were then sought between osteolytic score and the
level of plasma SDF-1a from the same patients as described above
(Fig. 1F). Statistically higher levels of SDF-1a (P < 0.05, Student’s t
test) were associated with the presence of osteolytic bone lesions,
suggesting that SDF-1a may have a functional role in the osteolysis
observed in MM.
SDF-1A Mediates Enhanced Bone Resorption without
Increasing the Number of TRAP+ Osteoclasts. In light of our
finding that elevated SDF-1a levels correlate with osteolytic disease
in MM, we next wished to examine the potential of rh-SDF-1a to
stimulate the recruitment of osteoclast precursors or osteoclast
function. Normal CD14+ human PBMC were cultured in conditions
previously shown to induce osteoclastogenesis (12) in the presence
or absence of a range of SDF-1a concentrations. Although not
significantly influencing the number of TRAP+ multinucleated
osteoclast formed (Fig. 2A), SDF-1a was found to dose-dependently
stimulate an increase in osteoclastic bone resorption (Fig. 2B). This
effect was most significant (P = 0.0001, Student’s t test) when SDF1a was used at a concentration of 30 ng/mL, and resulted in a 2- to
4-fold increase in the area of resorbed dentine substrate, when
compared with cultures treated with RANKL alone (Fig. 2D
compared with C). Consistent with the recent findings of Grassi
et al. (19), we also found that concentrations of SDF-1a in excess of
30 ng/mL did not elicit a stimulatory effect on osteoclastic bone
resorption (Fig. 2B).
The addition of SDF-1A at day 0 was associated with the
generation of more than three times as many independent
resorption lacunae per bone slice (P = 0.0001, Student’s t test)
when compared with untreated osteoclast (Fig. 2E). Furthermore,
the osteoclast formed in the presence of SDF-1a were on average,
30% (P < 0.002, Student’s t test) more motile and generated long,
contiguous resorption lacunae (resorption tracks, Fig. 2F). As
illustrated in Fig. 2G, both of these phenomena resulted in a
significant increase (P = 0.027, Student’s t test) in the area of
dentine resorbed by CD14+ monocytes treated with both SDF-1a
and RANKL (6 F 1.2%, n = 3) as compared with cultures treated
with RANKL alone (3 F 1.1%, n = 3).
Interestingly, the addition of SDF-1a seemed to be required at an
early time point during osteoclast formation, before stimulation
with RANKL on day 7, as simultaneous addition of both RANKL
and SDF-1a at day 7 failed to elicit any increased osteoclast activity
(Fig. 2G). Moreover, the addition of the RANKL antagonist
osteoprotegerin (Fc-osteoprotegerin) at day 7 of culture (i.e., at
the time of rh-RANKL addition), abolished the formation of
identifiable osteoclasts, suggesting that although SDF-1a was able
to positively stimulate bone resorption, the process was still
RANKL dependent. It should be noted that whereas SDF-1a was
able to augment the effects of exogenous RANKL, it alone was
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insufficient for the generation of bone-resorbing osteoclasts (data
not shown).
The SDF-1A Receptor, CXCR4, Is Down-regulated during
Osteoclast Differentiation. Flow cytometry and immunohistochemical methods were used to determine if the limited temporal
effectiveness of SDF-1a was related to the changes in osteoclast
expression of CXCR4 following in vitro culture. As seen in Fig. 3B,
our studies showed that essentially all CD14+ monocytes expressed
high levels of the SDF-1a receptor, CXCR4 at day 0. Cultures were
established in the presence or absence of SDF-1a and CXCR4
expression subsequently examined using immunohistochemical
methods. CXCR4 was found to be expressed by <20% of the
mononuclear cell fraction at day 7 (Fig. 3C), and was undetectable
in multinucleated osteoclasts by day 14 of culture (Fig. 3D). This
diminution of CXCR4, although RANKL dependent, seemed to
occur independent of whether cultures were supplemented with
SDF-1a (data not shown). However, omission of RANKL on day 7 of
culture, resulted in little or no detectable multinucleation of the
osteoclast precursors by day 14 and was associated with the
retention of CXCR4 expression in f10% of the cells in culture (data
not shown).
SDF-1A Stimulates Resorption-Related Gene and Protein
Expression. To examine the notion that SDF-1a mediated its
effects by enhancing the functional activity of the osteoclast
precursors and their progeny, we next did a series of experiments
examining the expression of a range of osteoclast activation–
related genes, using real-time PCR. We found that treatment of
osteoclast precursors from day 0 with SDF-1a resulted in 7-fold
increase in preosteoclast-derived expression of the RANKL at day 7

Figure 3. The SDF-1a receptor, CXCR4, is down-regulated during osteoclast
differentiation. Cell-surface CXCR4 expression by peripheral blood monocytes
was assessed by two-color flow cytometry. A, PBMC stained with
isotype-matched, nonbinding control antibodies; B, PBMC stained with a a-CD14
monoclonal antibody and an antibody to CXCR4. Essentially all CD14 monocytes
express high levels of CXCR4. The CD14-selected cells were cultured in
osteoclast-inductive culture conditions as described above, and the level of
CXCR4 determined using immunohistochemical methods at day 7 (C ) and day
14 (D ) of culture. Although most CD14+ monocytes expressed high levels of
CXCR4 at day 0 (B), <20% of the preosteoclasts expressed measurable levels of
CXCR4 at day 7 of culture (black arrow ). Moreover, at day 14 of culture, CXCR4
was detectable on very few cells (<5%) and undetectable in multinucleated
osteoclast-like cells.
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Figure 4. SDF-1a modulates the expression of osteoclast
activation factors. To examine the possibility that SDF-1a
mediates its effects by enhancing the functional activity of the
osteoclast precursors and their progeny, a range of osteoclast
activation-related genes were examined using real-time PCR.
RANKL (A) and (B) RANK mRNA expression was examined in
CD14+ monocytes cultured in the absence (NT) or presence of
SDF-1a at day 7 of culture. SDF-1a treatment also resulted in
an elevation of RANKL and RANK expression. C, expression of
the resorption-related markers, Cath K, CA-II, MMP-9, and
TRAP were examined at day 14 by semiquantitative reverse
transcription-PCR as described in Materials and Methods. In all
cases, cultures grown in the presence of RANKL + SDF-1a
(shaded columns ) compared with RANKL alone (open
columns ) exhibited an elevation in the expression of all the
genes examined. D and E, consistent with the gene expression
analysis, cells cultured in the presence of SDF-1a stained more
intensely for the resorption-related enzyme TRAP [compare
RANKL (D ) only with RANKL + SDF (E )].

(Fig. 4A). Similarly, we found that the addition of SDF-1a from day
0, was also associated with a 3-fold increase in RANK expression by
the osteoclast precursors (Fig. 4B), suggesting that SDF-1a may
serve to ‘‘prime’’ the preosteoclast population to the effects of
rh-RANKL which was added at day 7.
Moreover, using semiquantiative reverse transcription-PCR, we
also examined the effect of SDF-1a on the osteoclast expression of
the resorption-related markers, MMP-9, carbonic anhydrase II,
cathepsin K, and TRAP following SDF-1a treatment for 7 and 14
days. Interestingly and consistent with the findings of Yu et al. (15)
and Grassi et al. (19), our studies showed that SDF-1a stimulated an
up-regulation of all osteoclast-associated genes at both day 7 (data
not shown) and day 14 (Fig. 4C). Consistent with these findings,
SDF-1a treatment was associated with the generation of osteoclasts
which expressed elevated levels of the TRAP enzyme in comparison
with cells treated with RANKL alone (Fig. 4D versus E).
The CXCR4 Inhibitor, T140, Partially Inhibits MyelomaInduced Osteoclastic Resorption. To show a direct ‘‘link’’ between myeloma cell–derived SDF-1a and the development of MM
bone disease, we used the biostable, specific CXCR4 blocking agent
4F-Benzoyl-TE14011 (T140; refs. 24, 27–29) in experiments where
osteoclast formation and activation was stimulated with CM from
the myeloma PC line, RPMI-8226. In contrast to other MM PC lines,
RPMI-8226 secrete comparatively high levels of SDF-1a (>4 ng/mL
when RPMI-8226 were at a cell density of 1  106 cells/mL) and
was therefore chosen to stimulate osteoclast formation in vitro.
Consistent with its effects in other systems (27, 30), T140 was found
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to significantly inhibit both rh-SDF-1a-stimulated (P < 0.0001,
Student’s t test) and RPMI-8226 CM-stimulated (P < 0.005,
Student’s t test) osteoclast activity, as evidenced by a significant
diminution of the area of resorption on the dentine slices (Fig. 5).
It should be noted, that although 5 Amol/L T140 represents a
relatively high concentration, we found no evidence of toxicity in
control wells in which osteoclast formation was stimulated by
RANKL alone.

Discussion
The a-chemokine, SDF-1a and its G protein-coupled receptor,
CXCR4 regulate hematopoietic stem cell homing and anchoring in
the BM and leukocyte trafficking during inflammation (16, 31–35).
The critical nature of this interaction is highlighted by gene
knockout studies which show that either SDF-1 or CXCR4 null mice
are both lethal in utero due to disruptions in hematopoietic,
circulatory, and nervous systems (36, 37). In addition to its role in
normal physiology, other studies also implicate SDF-1/CXCR4
interactions in pathology. Various metastatic and inflammatory
diseases, including the pathologic bone destruction seen in breast
and prostate cancers and rheumatoid arthritis are dependent upon
this critical receptor-ligand interaction (19, 38–42).
Studies from our laboratory and those of others show that
primary human MM PC can directly support osteoclast development and function in vitro, due in large part to their synthesis of
the principal osteoclastogenic factor, RANKL. This finding adds to
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the growing list of myeloma PC-derived osteoclast activating
factors, which include interleukin-6, interleukin-1h, TNF-a, PTHrP,
and the chemokine macrophage inflammatory protein-1a. Recently,
studies by Yu et al. (15, 43) suggested a role SDF-1a in normal
physiologic bone remodeling by increasing osteoclast recruitment
and migration to the BM. Their studies showed that the SDF-1a
enhanced the migratory capacity of the osteoclast cell line,
RAW264.7 by up-regulating the expression of the matrix-degrading
enzyme, MMP-9 (15, 43). Whereas these studies failed to show any
effect of SDF-1a on RANKL-mediated osteoclast differentiation or
resorption, a more recent study by Grassi et al. (19) showed that in
addition to elevating MMP-9 expression, SDF-1a also induced an
increase in osteoclast activity.
We now present data showing that MM patients exhibit elevated
plasma levels of SDF-1a, in comparison to normal age/sexmatched control subjects. Significantly, the plasma concentration
of SDF-1a in MM patients positively correlated with the presence
of osteolytic bone disease. Examination of MM BM trephines
identified PC as a significant source of SDF-1a production in the
BM microenvironment. These findings were confirmed using both
immunohistochemical staining of PC in situ and by real-time PCR
analysis of highly purified fluorescence-activated cell sorting–
sorted CD38+++ MM PC.

Figure 5. The CXCR4 inhibitor, T140, partially inhibits myeloma-induced
osteoclastic resorption. As described in Materials and Methods, assays were
established in which osteoclast formation and activation was stimulated with CM
from the myeloma PC line, RPMI-8226. RPMI-8226 was selected due to its
comparatively high levels of SDF-1a production (>4 ng/mL when RPMI-8226
were at a cell density of 1  106 cells/mL). To show a direct association between
myeloma cell-derived SDF-1a and the development of MM bone disease, the
polyphemusin T140 was used. At a concentration of 5 Amol/L, T140 was found to
significantly inhibit both rh-SDF-1a-stimulated (P < 0.0001, Student’s t test) and
RPMI-8226 CM-stimulated (P < 0.005, Student’s t test) osteoclast activity, as
shown by a significant decrease in the area of resorption on the dentine slices.
T140 (5 Amol/L) displayed no toxicity in control wells in which osteoclast
formation was stimulated by RANKL alone. In control wells, which received no
osteoclastogenic stimuli (NT ), no detectable osteoclast-mediated resorption
occurred, highlighting the importance of RANKL and/or SDF-1 in this process.
The experiments were repeated thrice with different sources of PB-derived
osteoclast precursors, with similar results being obtained in all cases.
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In accordance with previous reports, we also found SDF-1a
protein expression in BM endothelial cells comprising large blood
vessels (36, 41, 44, 45). Numerous studies show that MM patients
with active disease have an increased BM angiogenesis as
compared with those in remission or to subjects with MGUS, a
precursor of clinical MM (46, 47). In fact, increased BM microvessel
density is correlated with decreased overall survival in patients
with MM (48). Surprisingly, and unlike the endothelium of large
vessels, the endothelium comprising the microvessels lacked
measurable SDF-1a expression7 and was therefore unlikely to be
major source of the elevated plasma levels of SDF-1a. Although
these studies in no way rule out the possibility that other cells in
the BM may secrete SDF-1a in response to the MM PC, our data
strongly support the notion that the MM PC are the major source
of plasma SDF-1a, as the PC number was found to positively
correlate with PB plasma SDF-1a concentration.
Considering that SDF-1a was first identified as a B-cell
stimulating growth factor (36, 37, 49), and that we and others
show that MM PC also express a variety of chemokine receptors,
including CXCR4 (50–53), it is plausible that SDF-1a may also act
as both an autocrine stimulator of MM tumor growth in situ, and
as a mediator of MM PC migration to the BM from a secondary
lymphoid organ (37, 49). Consequently, the production of excess
levels of SDF-1 by MM PC may cause aberrant osteoclastogenesis
in the confines of the BM microenvironment. This secondary effect
of MM PC–secreted SDF-1, therefore, may represent a useful
potential target for designing strategies to combat the progression
of osteolytic destruction in MM patients.
To confirm the effect of SDF-1a on osteoclastogenesis directly, we
cultured CD14+ human PB-derived osteoclast precursors with
rhSDF-1a in the presence or absence of RANKL. Consistent with
the studies of Grassi et al. (19), we also found that the addition of
SDF-1a to the cultures failed to stimulate an increase in the number
of TRAP+ multinucleated cells. Despite this, SDF-1a mediated a
dramatic increase in both the number and the length of resorption
lacunae formed on slices of dentine substrate, confirming that SDF1a is a positive regulator of osteoclast function and motility. The
addition of SDF-1a seemed to be required at the initiation of
osteoclast culture formation, prior to stimulation with RANKL,
because the addition of both SDF-1a and RANKL to CD14+ PBMC
cultures at day 7 failed to show any increase in osteoclast activity,
when compared with RANKL alone. This could be accounted for by
the rapid down-regulation of CXCR4 expression during culture, with
or without the addition of SDF-1a. The lack of CXCR4 cell surface
expression on differentiated osteoclasts has also previously been
observed in RAW264.7 cells (15), following osteoclast induction
in vitro, suggesting that SDF-1a/CXCR4 interactions are critical at
the initial stages of osteoclast activation. Collectively, these studies
indicate that MM PC contribute to local bone resorption due, in
part, to their high production of SDF-1a. Our data are consistent
with other reports showing that the affect of SDF-1a on osteoclast
precursor cell migration and activation is mediated through the
induction of various osteoclast-associated genes, including RANK,
RANKL, TRAP, MMP-9 (15, 19, 43, 54), CA-II, and Cath K.
Previous reports have identified several agents with the ability to
selectively block SDF-1/CXCR4 interactions both in vitro and in vivo
(55–59). In particular, two molecules, the bicyclam AMD-3100 and

1707

7

Zannettino and Gronthos, unpublished results.

Cancer Res 2005; 65: (5). March 1, 2005

Downloaded from cancerres.aacrjournals.org on October 14, 2019. © 2005 American Association for Cancer
Research.

Cancer Research

the synthetic peptide polyphemusin II (T22) and its analogues were
first described as specific and potent CXCR4 antagonists due to
their ability to inhibit CXCR4-dependent HIV-1 entry and
replication into T-cell lines. We now report, for the first time, that
the novel small molecule CXCR4 inhibitor, T140 (24), is able to
inhibit the osteoclast activating effects of rh-SDF-1a. Using T140,
we also provide compelling data showing the importance of MM
PC-derived SDF-1a in the osteoclasts activation process. These
findings indicate that the CXCR4-SDF-1a axis plays a significant
role in stimulating the resorptive activity of human osteoclasts.
Because T140 is well tolerated in vivo (27, 28), we suggest that it
may represent an effective inhibitor of the heightened osteoclastic
bone resorption mediated by MM PC–derived SDF-1a. To this end,
we are currently testing this hypothesis in an in vivo murine model
of human myeloma.
Whereas consistent with the recent work of Nakayama et al. (20),
our studies contrast those of Hideshima et al. (60). Despite being
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