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Abstract The interaction of multiple myeloma (MM)
cells and bone marrow stromal cells (BMSCs) induces
profound changes in the bone marrow environment,
influencing osteoclastogenesis and MM cell survival. Dif-
ferences in receptor activator of NF-kB ligand (RANKL)
and osteoprotegerin (OPG) production in BMSCs derived
from MM patients and control subjects and the apoptosis of
BMSCs and MM cells in co-cultures of both cell types were
examined. RANKL and OPG expressions were examined
by ELISA and semiquantitative RT-PCR. Apoptosis of
BMSC:s after contact with RPMI8226 and U266 cells was
measured by flow cytometry and the level of ALP activity
by the spectrophotometric method. OPG production by
BMSCs was significantly inhibited after direct contact with
RPMI8226 cells. Production of soluble RANKL was
enhanced and the increase was more significant in the
BMSC:s of the MM patients than in those of the controls. In
co-cultures of BMSCs and MM cells, significant apoptosis
was detected with a concomitant decrease in ALP activity.
This apoptosis decreased significantly in the presence of
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RANK-Fc, an antagonist of RANKL. Disturbances in the
RANKL/OPG system are more profound in the BMSCs of
MM patients than in those of control subjects after direct
contact with RPMI8226 cells. Moreover, direct contact with
RPMI8226 and U266 cells induces apoptosis of BMSCs
which is mediated by an overproduction of RANKL.
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Introduction

Multiple myeloma (MM) is a plasma cell malignancy
characterized by an accumulation of monoclonal plasma
cells in the bone marrow (BM) and the capacity to induce
osteolytic bone lesions. Increased bone resorption, a
major characteristic of MM, is due to interactions of
myeloma cells with the BM microenvironment and
osteoclast stimulation. An essential cytokine system for
osteoclast biology has already been identified (Heider
et al. 2006; Hofbauer et al. 1998; Hofbauer and Heufelder
1998; Sezer et al. 2003). It consists of the receptor acti-
vator of NF-xB ligand (RANKL), its specific receptor
(receptor activator of NF-xB, RANK), and its decoy
receptor antagonist osteoprotegerin (OPG). RANKL is a
member of the tumor necrosis factor (TNF) family and is
produced mainly by osteoblastic lineage cells and stromal
cells (Nakashima et al. 2000). It exists both as a cell
membrane-bound isoform, which is a secondary soluble
variant cleaved from the cellular form by metallopro-
teinases and TNF-o converting enzyme, and as a primary
secreted isoform (Nagai et al. 2000). The cellular receptor
for RANKL, RANK, is expressed by osteoclast precursors
and mature osteoclasts. The osteoclast receptor RANK
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has also been detected on bone marrow stromal cells
(BMSCs), but not on myeloma cells (Giuliani et al. 2004).
Farrugia et al. (2003) in contrast, found that myeloma
cells expressed RANK mRNA. OPG acts as a decoy
receptor antagonist for RANKL. It is secreted mainly
by osteoblastic lineage and stromal cells (Hofbauer
and Heufelder 1998). A balanced RANKL/OPG ratio is
essential for normal bone turnover.

Several studies have investigated the role of the
RANKL/RANK/OPG system in myeloma bone disease. It
has been shown that myeloma cells induce RANKL
expression by stromal cells and endothelial cells within
the BM through direct cell-to-cell contact (Okada et al.
2003). However, there is controversy as to whether
myeloma cells express RANKL directly. While some
authors found that RANKL was not expressed in the
plasma cells of myeloma patients (Roux et al. 2002) or in
different myeloma cell lines (Giuliani et al. 2005a), others
detected RANKL in both types of these cells (Farrugia
et al. 2003; Fiumara et al. 2001; Lai et al. 2004) on the
protein level and by reverse transcriptase-polymerase
chain reaction (RT-PCR). In addition to their effect on
RANKL, myeloma cells decrease OPG availability within
the BM microenvironment. They lead to reduced OPG
secretion by osteoblasts and stromal cells (Giuliani et al.
2001). Moreover, myeloma cells produce and shed
syndecan-1 (CD138), which binds OPG and mediates its
internalization and lysosomal degradation (Standal et al.
2002).

Several studies have demonstrated that co-culture of
myeloma cells and BMSCs leads to a marked induction of
RANKL expression by both cell types and a concomitant
downregulation of OPG expression by BMSCs (Giuliani
et al. 2001; Roux et al. 2002; Sezer et al. 2003). These
changes were abrogated by a neutralizing antibody to the
o4 integrin receptor subunit, indicating that cell-to-cell
interactions are necessary for the upregulation of RANKL
and the downregulation of OPG (Oyajobi et al. 1998).

As the differences in soluble RANKL (sRANKL) and
spontaneous OPG production in BMSCs derived from
patients with MM and from healthy subjects have not yet
been examined, we decided to study these differences after
direct cell-to-cell contact of the BMSCs with RPMI8226
myeloma cells and after indirect contact in which the two
types of cells were separated by a transwell. The expres-
sions of RANKL and OPG in BMSCs and RPMI8226 cells
were examined by ELISA and semiquantitative RT-PCR.
Apoptosis of BMSCs after contact with two different
myeloma cell lines, RPMI8226 and U266, in the presence
or absence of RANK-Fc chimeric antibodies against
RANKL, was measured by flow cytometry. The level of
ALP (a marker of osteoblast activity) was measured by the
spectrophotometric method.

Materials and Methods
Patients

Bone marrow samples were obtained from 17 patients
(49-76 years of age, mean 62.7 years, 8§ men and 9
women) with newly diagnosed MM and 11 control subjects
(41-67 years of age, mean 57.2 years, 6 men and 5
women; healthy volunteers and patients from whom BM
samples were taken for diagnostic reasons and in whom no
tumor cells were detected) with their written informed
consent. The MM patients had not received any type of
therapy before the experiments. The disease stages of the
patients according to Durie and Salmon were four with
stage I, six with stage II, and seven with stage III of the
disease (Durie and Salmon 1975). The study was approved
by the local ethics committee.

Cells

The RPMI8226 (ECACC 87012702) and U266 (ATCC,
Rockville, MD, USA) myeloma cell lines were grown in
RPMI 1640 medium (Sigma, St. Louis, MO, USA) sup-
plemented with 10% fetal bovine serum (FBS; Gibco,
BRL, UK). BM nuclear cells separated by 0.2% methyl-
cellulose (Sigma,) were cultured in Iscove’s Modified
Dulbecco’s medium (IMDM; Gibco) supplemented with
10% FBS, 10% horse serum (Gibco), 1 pM hydrocortisone
(Sigma), and 1% antibiotic—antimycotic solution (Gibco)
for 3—4 weeks to generate BMSCs, as described previously
(Zdzisinska et al. 2008). BMSCs were detached by tryp-
sinization and frozen at liquid nitrogen temperature until
use.

Cytokine Induction

After thawing, BMSCs were propagated in T75 flasks in
IMDM medium supplemented with 10% FBS. Then the
cells were suspended in IMDM medium with 10% FBS and
seeded at a density of 2 x 10° cells/ml into six-well plastic
plates (Nunc; 3 ml/well). After 24 h of incubation, the
supernatants were removed and new IMDM medium sup-
plemented with 2% FBS was added. The cultures were
divided into three batches. The first batch consisted
of BMSCs seeded on six-well plastic plates (6 x
10> BMSCs/well) and served as a control of spontaneous
cytokine production by BMSCs. To the second batch of
BMSCs, myeloma RPMI8226 cells were added at a density
of 1 x 10° cells/ml in 3 ml of IMDM medium supple-
mented with 2% FBS (direct cell-to-cell contact) to a final
density of 3 x 10° cells/well. In the third batch of wells
with a monolayer of BMSCs, RPMI8226 cells were seeded
onto tissue culture inserts (Transwell; Costar, Cambridge,
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MA, USA) of 0.4 um pore diameter. Supernatants of the
cultures and co-cultures were collected after 18 and 72 h,
centrifuged, and stored at —80°C until cytokine measure-
ment by ELISA.

Assay for Cytokines

The concentrations of OPG and sSRANKL were measured
by ELISA using kits from Biomedica GmbH, Vienna,
Austria (detection limits: 0.14 pmol/l for OPG and
0.08 pmol/l for sSRANKL) and from BioVendor, Modrice,
Czech Republic (detection limits: 0.13 pmol/l for OPG and
0.2 pmol/l for total SRANKL).

PCR-Analysis

After 18 h of monoculture or co-culture incubation, the
BMSCs and myeloma cells were separated by gentle
washing or, in the case of the transwell co-culture, the
RPMI8226 cells were aspirated from the transwells and
adherent cells were detached by trypsinization.

For the RT-PCR, total RNA was isolated from the
cells using TRIZOL® LS Reagent (Invitrogen; Germany
Life Technologies, Inc., Carlsbad, CA, USA) according
to the manufacturer’s instructions. The amount of RNA
was measured using a spectrophotometer. RNA was tran-
scribed into cDNA using the Advantage® RT-for-PCR
Kit (Clontech Laboratories, Inc. USA) according to the
manufacturer’s protocol. The Advantage 2 PCR Enzyme
Kit (Clontech, USA) was used for PCR analyses performed
on a DNA Engine PTC-200 thermocycler (MJ Research,
USA). The housekeeping gene glyceraldehyde-3-phosphate
dehydrogenase (G3PDH) was amplified as a control for the
amount of template used in the RT-PCR (Clontech). Dis-
tilled water was used as a negative control. Primer Express
3.0 software was used to designate the primers for RANKL
and OPG.

DNA was amplified under the following cycling con-
ditions: denaturation at 94°C for 45 s, annealing at 60°C
(for RANKL and OPG) for 45 s, and extension at 68°C for
2 min for 30 cycles (for G3PDH) or 40 cycles (for the other
primer pairs). This was followed by a final extension step at

68°C for 7 min. The primer sequences used to amplify and
detect RANKL and OPG are shown in Table 1. PCR
fragments were separated on 2% agarose gels and visual-
ized under UV light after ethidium bromide staining. The
predicted size of each fragment was 400 bp for RANKL,
300 bp for OPG, and 983 bp for G3PDH. The primers were
synthesized by Proligo (UK). The relative amounts of the
PCR product were determined by quantifying the intensity
of bands using the FluorImager and ImageQuant software
(Molecular Dynamics, USA).

Determination of ALP-ase Activity

Alkaline phosphatase activity was measured after 3 and
11 days in the monocultures of BMSCs and in the co-
cultures with RPMI8226 cells. The cell layers were lysed in
a buffer consisting of 50 mmol/l Tris, pH 7.5, containing
300 mmol/l NaCl, 10 ml/1 Igepal CA-630 detergent,
1 mmol/l phenylmethylsulfonyl fluoride, and 1 mg/l each
of aprotinin and leupeptin. ALP-ase activity in the cell
lysates was determined by a rapid colorimetric microplate
assay. One hundred fifty microliters of an enzyme solution
(8 mM p-nitrophenyl phosphate, 12 mM MgCl, in 0.1 M
glycine—NaOH buffer, pH 10.5) was added to 50 pl of the
cell lysate and the plate was incubated for 15 min at 37°C.
The enzyme reaction was terminated by addition of 50 pl
of 0.5 M NaOH. The amount of p-nitrophenol released by
the enzyme reaction was determined by measuring the
absorbance at 405 nm using a microplate reader. The
p-nitrophenol curve was prepared separately and the molar
concentrations of the resulting products were read from the
curve.

An Apoptosis Assay in BMSCs after Contact
with Myeloma Cells

BMSCs were plated on six-well tissue culture plates at a
density of 6 x 10° cells/well/3 ml and cultured in IMDM
with 10% FBS. After 24 h of incubation, supernatants were
removed and fresh IMDM medium supplemented with
2% FBS was added. Then RPMI8226 or U266 cells
(3 x 10° cells/well) were added directly into the wells
with a monolayer of BMSCs or seeded into tissue culture

Table 1 RT-PCR primers and

- ; , .
conditions for the amplifications Name Primer sequence (5’ to 3') Annealing Cycle no.
temp. (°C)
RANKL F: CAGCATCAAAATCCCAAGTTCTC 60 40
R: ATCTCCCACTGGCTGTAAATACG
OPG F: GCAACACAGCTCACAAGAACAGA 60 40

R: AAGGTGTCTTGGTCGCCATT

F forward, R reverse
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inserts. RANK-Fc chimeric antibodies (Sigma) at a con-
centration 200 ng/ml were added to the wells with the
direct co-culture. BMSCs in monoculture served as a
control for spontaneous apoptosis. After 72 h of mono-
culture and co-culture incubation, supernatants were
removed, the cells were detached by trypsinization, and
apoptosis was measured.

The samples were analyzed by flow cytometry directly
after preparation. A FACS Calibur instrument (Becton-
Dickinson) and CellQuest software were used. For each
analysis, 10,000 events were acquired and analyzed. The
percentage of positive cells was measured from a cut-off
set using isotype-matched nonspecific antibodies.

The number of apoptotic cells was measured by the
Annexin V technique (TACS Annexin V-FITC; R&D
Systems, MN, USA), which enables one to investigate
plasma membrane alterations at two different steps: phos-
phatidylserine (PS) redistribution from the inner plasma
membrane leaflet to the outer leaflet is detected by Annexin
V (FITC-conjugated) binding to PS and the loss of plasma
membrane integrity is revealed by propidium iodide (PI),
which permeates into necrotic cells. The cells were incu-
bated with Annexin V-FITC and PI for 15 min at room
temperature and for a further 15 min with anti-CD166 (a
marker for human BM stromal fibroblasts) or anti-CD138
(a marker for myeloma cells) PE antibodies at room
temperature.

The degree of apoptosis was also measured by chloro-
methyl-X-rosamine staining (Miro Tracker Red CMXRos;
Molecular Probes, USA). CMXRos is a cationic lipophilic
fluorochrome that does not accumulate in depolarized
mitochondria and can be used to detect disruptions in the
mitochondrial membrane potential (A¥m). CMXRos was
used in combination with monoclonal anti-CD166 FITC
antibodies. The cells were incubated with CMXRos
for 30 min at 37°C and, after 15 min of incubation with
anti-CD166 monoclonal antibodies, were analyzed in
FACSCalibur. Cells considered to be apoptotic displayed
a decreased staining of the mitochondrial membrane
(A¥m'") with CMXRos.

Data Analysis

The results were reported as the mean &+ SD. The signifi-
cance of differences was determined by analysis of
variance (STATISTICA computer package). A number of
statistical tests were performed, including two-way
ANOVA with the post-hoc Tukey test to measure differ-
ences within a group and the Mann—Whitney U test to
measure differences between groups. The concentrations of
cytokines below the detection level were considered to be 0
for the purpose of the analysis. p Values of 0.05 or less
were considered significant.

Results

Decreased Production of OPG in Co-Cultures
of BMSCs of MM Patients and Controls
after Direct Contact with RPMI8226 Cells

RPMI8226 cells were chosen for the experiments because
they were reported to have slight adherent properties to
BMSC:s and to be free of Epstein-Barr virus (Lokhorst et al.
1994). The OPG level was examined by ELISA in the
supernatants of monocultures of BMSCs of MM patients
and healthy controls and in co-cultures of BMSCs with
RPMI8226 cells under cell-to-cell contact conditions and
when the two types of cells were separated by a porous
membrane (transwell). As can be seen from Fig. 1a, the
level of OPG released by the BMSCs of the MM patients
was comparable to that of the controls. The RPMI8226
cells did not produce any detectable levels of OPG. In co-
cultures of BMSCs with RPMI8226 cells, the level of OPG
decreased under cell-to-cell contact conditions. The dif-
ferences were, however, not statistically significant
because of the high standard deviations resulting from the
large differences in OPG production (both spontaneous and
in response to RPMI8226 cells) among the patients. Nev-
ertheless, when OPG release was examined in two patients,
the decreased OPG production was significantly dependent
on the ratio of BMSCs to RPMI8226 cells. An increased
number of RPMI8226 cells caused a more pronounced
decrease in the OPG level (Fig. 1b). Semiquantitative RT-
PCR revealed lowered expression of OPG in direct co-
cultures of BMSCs with RPMI8226 cells compared with
the control. PCR analysis also confirmed that RPMI8226
cells did not express OPG (Fig. 2). In this experiment, the
two types of cells were separated by gentle washing.
A preliminary cytometric analysis showed that after
washing, BMSCs were only 1-3% contaminated with
RPMI8226 cells.

Increased Production of RANKL in BMSCs of MM
Patients after Direct Contact with RPMI8226 Cells

As can be seen from Fig. 3a and b, the level of SRANKL
released into the culture medium of the co-cultures of
BMSCs with RPMI8226 cells was significantly higher than
that released by the monocultures of BMSCs. Moreover,
the increase was detected only when the BMSCs of the
MM patients were in close contact with the myeloma cells.
The level of sRANKL released spontaneously by the
BMSCs of the MM patients was comparable to that of the
control subjects; however, the BMSCs of the MM patients
produced significantly more sRANKL after direct contact
with the MM cells than those of the control subjects.
RPMI8226 cells in monocultures also released sSRANKL
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Fig. 1 RPMI8226 cells down- A
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OPG (pmol/l)
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significant at p < 0.05
compared with monoculture of
BMSCs

7

MM patient 1

into the culture medium. Treatment of RPMI8226 and
U266 cells with LPS from E. coli (1 pg/ml) significantly
increased SRANKL production by these myeloma cells
(Fig. 3c). The increase in SRANKL production was
detected by two different kits. Semiquantitative RT-PCR
revealed increased expression of RANKL in the co-cultures
of the BMSCs of the MM patients and controls with
RPMI8226 cells (Fig. 4). Because the primers were
selected to detect all the isoforms of RANKL, it seems
likely that not only the expression of SRANKL, but also of
its membrane-bound forms was enhanced. RANKL was
also expressed in the monocultures of RPMI8226 cells and
in the cells which were removed from the co-cultures with
BMSCs.

Increased Number of Apoptotic Cells and Decreased
ALP Activity in BMSCs after Co-Culture
with Myeloma Cells

After 3 days of co-culture of BMSCs with RPMI8226 cells,
flow cytometry was used to measure the number of
Annexin V-binding and CD166-positive cells; disruption of
the mitochondrial membrane potential (ROS low) was also

MM patient 2

determined. The number of BMSCs which underwent
apoptosis was significantly higher in the direct co-cultures
than in the monocultures of BMSCs and in the co-cultures
in which the cells were separated by a transwell.
RPMI8226 cells did not undergo apoptosis (Fig. 5a, b).
When RANK-Fc chimera antibodies were added to the co-
cultures of the BMSCs of the MM patients and RPMI8226
cells or the other myeloma cell line, U266, their presence
canceled the inhibition of myeloma cell-induced apoptosis
of BMSCs. This inhibition was statistically significant and
independent of the myeloma cell line used (Fig. 6a, b).
When ALP activity was measured after 3 and 11 days of
co-culture, a significant decrease in ALP activity as a
marker for osteoblasts was detected. It seems likely that
osteoblast precursors were among the cells which under-
went apoptosis after direct contact of BMSCs with
RPMI8226 cells (Fig. 7).

Discussion

The interaction of myeloma cells with BM stroma is
thought to influence both osteoclastogenesis and malignant
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Fig. 2 RPMI8226 cells decrease OPG mRNA expression. The effect
of RPMI8226 cells on the level of OPG mRNA was examined by
semiquantitative RT-PCR in monocultures of cells and in a co-culture
system under cell-to-cell contact and non-contact conditions. The
graphs represent the mean optical density (OD) of OPG normalized to
G3PDH (=OD ratio) + SD of seven experiments. Lane [ control
BMSCs of a healthy subject, lane 2 control BMSCs of an MM patient,
lane 3 co-culture of BMSCs of a healthy subject with RPMI8226 cells
in direct cell-to-cell contact, lane 4 co-culture of BMSCs of an MM
patient with RPMI8226 cells in direct cell-to-cell contact, lane 5 co-
culture of BMSC:s of a healthy subject with RPMI8226 cells separated
by a transwell, lane 6 co-culture of BMSCs of an MM patient with
RPMI8226 cells separated by transwell, lanes 7 and 8 control of
RPMIB226 cells, lane 9 RPMI8226 cells after cell-to-cell contact with
BMSC:s of a healthy subject, lane 10 RPMI8226 cells after cell-to-cell
contact with BMSCs of an MM patient, lane 11 RPMI8226 cells after
contact with BMSCs of a healthy subject under non-contact
conditions, lane 12 RPMI8226 cells after contact with BMSCs of
an MM patient under non-contact conditions. *Statistically significant
at p < 0.05 compared with monoculture of BMSCs

cell survival (Heider et al. 2006). In this article we pre-
sented evidence that the interaction of RPMI8226 cells
with the BMSCs of MM patients resulted in a more pro-
found dysregulation of the RANKL/OPG cytokine axis
than in the control subjects, which means that in co-cul-
tures of BMSCs of MM patients with RPMI8226 cells,
RANKL production was more significantly enhanced than
in controls. Moreover, we found that RPMI8226 cells
expressed RANKL and participated in the dysregulation of
the RANKL/OPG axis. We also found that BMSCs in co-
cultures with myeloma cells underwent accelerated apop-
tosis and that in such co-cultures there was a significant
decrease in ALP activity. Moreover, we detected that
BMSC apoptosis may be reversed by the addition of
RANK-Fc, which is known to bind to RANKL.

The literature presents conflicting results as to whether
myeloma cells express RANKL. Heider et al. (2003) uti-
lizing flow cytometric analysis of BM-derived plasma
cells, found RANKL expression by myeloma cells, the
level of which correlated with osteolytic bone disease.
Similarly, Sezer et al. (2002) utilizing immunohistochem-
ical analysis, detected RANKL production in MM cell
lines. In contrast, Giuliani et al. (2001) failed to detect
RANKL in any of 10 human myeloma cell lines or in MM
cells isolated from 26 patients with MM. Roux et al. (2002)
reported similar negative findings in MM cells from the
BM of 15 MM patients. However, Lai et al. (2004) using
specific primers for the membrane-bound RANKL iso-
forms 1 and 2, detected mRNA for RANKL in several
human myeloma cell lines, among others in RPMI8226
cells and in 17 out of 19 samples prepared from CD138"
cells from the BM of MM patients. They also confirmed
these findings using indirect immunofluorescence. In the
present study, RANKL was produced in RPMI8226 cells
on the protein and mRNA levels. The results obtained by
Heider et al. (2003) also provide evidence of correlations
between RANKL expression on BM myeloma cells and
osteolytic bone disease in patients with MM. Our obser-
vations, on the other hand, strongly support the argument
that RANKL produced by MM cells contributes to osteo-
lytic lesions in MM patients.

These discrepancies in the results can be explained by
the findings reported in a paper by Calvani et al., who
reported that myeloma cell lines (U266 and MCC-2), when
adhering to plastic surfaces, underwent a transformation to
osteoclast-like cells which exhibited a multinuclear mor-
phology with deregulated expression of RANK and
RANKL (Calvani et al. 2005). The transformation was
dependent on RANKL stimulation. In the present experi-
ments, RANKL expression was found rather late, after 72 h
of incubation on plastic plates (at the protein level, by
ELISA) or after co-culture with BMSCs (at the mRNA
level, by PCR). An additional signal of increased RANKL
production was generated by the treatment of myeloma
cells with LPS, which can mimic bacterial infection in
vivo. It seems likely that in the organisms of MM patients,
myeloma cells may initiate bone resorption by acting as
functional osteoclasts, as observed in mouse plasmacytoma
(McDonald et al. 1983).

Accumulating data suggest that a disruption of the bal-
ance between RANKL and OPG is of major importance in
MM. Histological examinations of BM biopsies from
patients with MM have shown enhanced RANKL expres-
sion as well as reduced OPG expression (Pearse et al.
2001). Serum OPG levels are also lower in MM patients
than in healthy controls (Seidel et al. 2001; Terpos et al.
2003). Independent research groups (Giuliani et al. 2001;
Pearse et al. 2001) have reported reduced expression of



Arch. Immunol. Ther. Exp. (2010) 58:153-163

159

Fig. 3 The induction of A 06
sRANKL expression in
co-cultures of BMSCs with 05 18h
RPMI8226 cells. Supernatants ' [ control of BMSCs
from monocultures of BMSCs s Il direct contact
and RPMI8226 cells and from o 04 ;
co-cultures under cell-to-cell g non-contact
contact and non-contact - 03 %
conditions (transwell) (BMSCs/ § #
RPMI8226 1:5) were assessed é 0.2 T
by ELISA. RPMI8226 cells L
significantly increased the level -
of RANKL in cell-to-cell 01
contact co-cultures with BMSCs
of MM patients compared with 0
the co-cultures with BMSCs of c MM
control subjects after 18 h group
(a) and 72 h (b) of incubation.
(¢) RPMI8226 cells in B o6 79h
monoculture after 48 h of
incubation produced sSRANKL. 05 Ul control of BMSCs
The level of sSRANKL increased direct contact
in culture of RPMI8226 and = #* non-contact
U266 cells after LPS % 0.4 control of RPMI8226
stimulation. *Statistically g_
significant compared with = 03
BMSCs of the control group at § ’
p < 0.05. *Statistically &t 4
significant within the group o 0.2 T
compared with the appropriate
control (monoculture of 0.4
BMSCs) ’
0 -
C MM
group
C os 48 h
05 Il BVSCs
[] BMSCs + RPMI8226
% 04 BMSCs + RPMI8226 + LPS
£ RPMI8226
= 03 B rPMmIg226 + LPS
X ] u266
g 02 5] U266 + LPS
’ =
0.1 1 —
0 |

OPG by stromal cells in the BM of myeloma patients
compared with non-myeloma patients. Furthermore, it has
been shown that myeloma cells reduce stromal cell OPG
production in vitro. In a co-culture system, the presence of
a tissue insert completely blunted the effect of MM cells on
OPG and RANKL production, indicating that this effect
was mediated by cell-to-cell contact between MM cells
and BMSCs rather than by the release of a soluble factor
(Giuliani et al. 2001).

In the present experiments we found decreased pro-
duction of OPG in the co-cultures of BMSCs with
RPMI8226 cells compared with the monoculture of
BMSCs and decreased OPG expression measured at the
mRNA level. These results confirm observations of other
authors (Giuliani et al. 2001; Pearse et al. 2001). Moreover,
our experiments seem to imply that in vivo suppression of
OPG expression may depend on the tumor burden. In the
present study the reduction in OPG level was dependent on
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Fig. 4 The induction of RANKL mRNA expression in co-culture of
BMSCs with RPMI8226 cells. Semiquantitative RT-PCR analysis of
RANKL and G3PDH mRNA in monocultures of BMSCs and
RPMI8226 cells and in co-cultures under cell-to-cell contact and
non-contact conditions (transwell). The graphs represent the mean
optical density (OD) of RANKL normalized to OD of G3PDH (=OD
ratio) of seven experiments. Lane I control BMSCs of a healthy
subject, lane 2 control BMSCs of an MM patient, lane 3 co-culture of
BMSCs of a healthy subject with RPMI8226 cells in direct cell-to-cell
contact, lane 4 co-culture of BMSCs of an MM patient with
RPMI8226 cells in direct cell-to-cell contact, lane 5 co-culture of
BMSCs of a healthy subject with RPMI8226 cells separated by a
transwell, lane 6 co-culture of BMSCs of an MM patient with
RPMI8226 cells separated by transwell, lanes 7 and 8 control of
RPMI8226 cells, lane 9 RPMIB226 cells after cell-to-cell contact with
BMSC:s of a healthy subject, lane 10 RPMI8226 cells after cell-to-cell
contact with BMSCs of an MM patient, lane 11 RPMI8226 cells after
contact with BMSCs of a healthy subject under non-contact
conditions, lane 12 RPMI8226 cells after contact with BMSCs of
an MM patient under non-contact conditions. *Statistically significant
at p < 0.05 in comparison to monoculture of BMSCs

the number of RPMI&226 cells in direct contact with
BMSCs.

On the other hand, it was discovered that recombinant
OPG can, in a dose-dependent manner, inhibit TRAIL/
Apo2L-induced apoptosis of RPMI8226 cells, which sug-
gests that OPG may function as a survival factor for
myeloma cells (Shipman and Croucher 2003). It is
intriguing that myeloma cells can down-regulate the pro-
duction of a tumor-survival factor. However, the nature of
the role of OPG as a survival factor in vivo will depend on
the relative concentrations, timing, and location of the
expressions of OPG, TRAIL/Apo2L, and their ligands in
the local BM environment.

In this study we detected accelerated apoptosis of
BMSC:s after direct contact with RPMI8226 cells together
with a strong inhibition of ALP activity, which can be
considered as myeloma cell-induced apoptosis of the
osteoblastic lineage. It has already been established that
myeloma cells suppress the formation of osteoblast pro-
genitors. Moreover, an inhibitory effect on osteocalcin,
alkaline phosphatase, collagen I mRNA, and RUNX2/
CBFA1 activity by human preosteoblastic cells in co-cul-
tures with myeloma cells has been observed (Giuliani et al.
2005b). Several studies suggest that in addition to blocking
osteoblast formation, MM cells may directly act on mature
osteoblastic cells. MM cells have been reported to up-
regulate osteoblast apoptosis when co-cultured with oste-
oblasts (Silvestris et al. 2003). Recently, Tinhofer et al.
(2006) reported that MM cells induced apoptosis of oste-
oblasts and sensitized osteoblastic cells to cell death
mediated by recombinant TRAIL. In turn, osteoblastic cells
protected MM cells from TRAIL-mediated apoptosis by
secretion of OPG (Tinhofer et al. 2006). The results of the
present study confirm that at least part of BMSCs undergo
apoptosis after direct contact with myeloma cells. More-
over, in our experiments this accelerated apoptosis of
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Fig. 5 RPMI8226 and U266 cells induce apoptosis of BMSCs.
BMSCs (CD166™) of MM patients were cultivated alone or together
with RPMI8226 cells for 72 h. Apoptosis of BMSCs (CD166%) was
determined by flow cytometry using the Annexin V/PI binding assay

ROS low

(a) or by CMX Ros, detecting a decreased mitochondrial membrane
potential (A%¥m) (b). Results from eight independent experiments are
presented. *Statistically significant at p < 0.05 compared with the
control of BMSCs
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Fig. 6 RANK-Fc inhibits myeloma cell-induced apoptosis of
BMSCs (CD166" cells). BMSCs of MM patients were cultivated
with RPMI8226 or U266 cells in the absence or presence of RANK-
Fc chimera antibodies at a concentration of 200 ng/ml. After 3 days
of co-culture, the myeloma cells were removed, BMSCs were
trypsinized, and apoptosis of the CD166" cells was measured by

Fig. 7 Alkaline phosphatase 60

ROS low

Annexin V-binding with propidium iodide (a) or by chloromethyl-
X-rosamine staining (b). Apoptotic cells displayed a decreased
mitochondrial membrane staining (ROS low). *Statistically signifi-
cant at p < 0.05 compared with direct co-culture of BMSCs with
RPMI8226 or U266 myeloma cells
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BMSCs was connected with an overproduction of RANKL,
which was demonstrated by the addition of RANK-Fc,
a recombinant RANKL antagonists, to the co-cultures.
RANK-Fc is a fusion protein of the extracellular domain of
RANK with the constant region of human IgGl and is
prepared using the baculovirus expression system in Sf9
cells. In the presence of RANK-Fc, RPMI8226- or U266-
induced apoptosis of BMSCs was completely abolished.
The involvement of RANKL in BMSC apoptosis can be
explained either by the direct pro-apoptotic activity of
RANKL on the BMSC subpopulation, probably on the

controls MM group controls MM group

11 days of
culture

precursors of osteoblasts, as apoptosis was connected with
a decrease in ALP activity, or by an indirect activity of
OPG. In the absence of RANKL, OPG can bind TRAIL
and in this way inhibit apoptosis of osteoblastic precursors
in BMSC:s. It is known that OPG possesses similar affinity
to TRAIL as to RANKL (Vitovski et al. 2007). The role of
TRAIL in killing osteoblasts by myeloma cells was already
described by Tinhofer et al. (2006).

Summing up, we detected an intrinsic capacity of the
BMSCs of MM patients to overproduce RANKL after direct
cell-to-cell contact with RPMI8226 myeloma cells. In
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contrast, the direct contact of the two types of cells caused
decreased expression of OPG. Moreover, we found that
RPMI8226 cells produced RANKL, but did not produce
OPG. The cell-to-cell contact of the BMSCs with
RPMI8226 and U266 cells increased the number of BMSCs
which underwent apoptosis. These changes were connected
with a significant decrease in ALP activity, a marker of
osteoblast precursors, and were reversed by treating the co-
cultures with RANK-Fc, a RANKL antagonist.

During the last decade, novel therapies against MM
targeting both the tumor cells and the BM microenviron-
ment were introduced. The proteasome inhibitor
bortezomib and the immunomodulatory drugs thalidomide
and its derivative lenalidomide exert their anticancer effect
both directly by inducing apoptosis of MM cells and
indirectly by interrupting the interactions between mye-
loma and stromal cells (which are crucial for myeloma cell
growth and survival). Recently it was shown that bort-
ezomib counteracts the abnormal balance of RANKL/OPG,
leading to osteoclast inhibition and decreased bone
destruction. Moreover, this agent stimulates osteoblast
function by reducing dickopf-1 (Terpos et al. 2006, 2007).
In addition, the combination of bortezomib, melphalan,
dexametasone, and intermittent thalidomide reduces
angiogenic cytokines, osteoclast regulators, dickopf-1, and
bone resorption in patients with MM (Terpos et al. 2008).
Bortezomib as well as lenalidomide decrease oV f53-inte-
grin, TRAP-positive cells, and bone resorption on dentin
discs. Both agents decrease RANKL secretion of BMSCs
derived from MM patients and significantly decrease
growth and survival factors, such as MIP1-o, BAFF, and a
proliferation-inducing ligand. Additionally, in serum from
patients treated with lenalidomide, RANKL as well as the
RANKL/OPG ratio were significantly reduced, whereas
OPG was increased (Breitkreutz et al. 2008). Thus, the
present paper suggests that these novel therapies may be
very effective in the treatment of patients with MM.

Acknowledgments This work was supported by grant no. 2 POSA
095 28 from the Polish Ministry of Science and Higher Education.

References

Breitkreutz I, Raab MS, Vallet S et al (2008) Lenalidomide inhibits
osteoclastogenesis, survival factors and bone-remodeling mark-
ers in multiple myeloma. Leukemia 22:1925-1932

Calvani N, Cafforio P, Silvestris F et al (2005) Functional osteoclast-
like transformation of cultured human myeloma cell lines. Br J
Haematol 130:926-938

Durie BG, Salmon SE (1975) A clinical staging system for multiple
myeloma. Correlation of measured myeloma cell mass with
presenting clinical features, response to treatment and survival.
Cancer 36:842-845

Farrugia AN, Atkins GJ, To LB et al (2003) Receptor activator of
nuclear factor-kappaB ligand expression by human myeloma

cells mediates osteoclast formation in vitro and correlates with
bone destruction in vivo. Cancer Res 63:5438-5445

Fiumara P, Snell V, Li Y et al (2001) Functional expression of
receptor activator of nuclear factor kappaB in Hodgkin disease
cell lines. Blood 98:2784-2790

Giuliani N, Bataille R, Mancini C et al (2001) Myeloma cells induce
imbalance in osteoprotegerin/osteoprotegerin ligand system in
the human bone marrow microenvironment. Blood 98:3527—
3533

Giuliani N, Colla S, Morandi F et al (2004) The RANK/RANK ligand
system is involved in interleukin-6 and interleukin-11 up-
regulation by human myeloma cells in the bone marrow
microenvironment. Haematologica 89:1118-1123

Giuliani N, Colla S, Morandi F et al (2005a) Lack of receptor
activator of nuclear factor-kappaB ligand (RANKL) expression
and functional production by human multiple myeloma cells.
Haematologica 90:275-278

Giuliani N, Colla S, Morandi F et al (2005b) Myeloma cells block
RUNX2/CBFA1 activity in human bone marrow osteoblast
formation and differentiation. Blood 106:2472-2483

Heider U, Langelotz C, Jakob C et al (2003) Expression of receptor
activator of nuclear factor kappaB ligand on bone marrow
plasma cells correlates with osteolytic bone disease in patients
with multiple myeloma. Clin Cancer Res 9:1436-1440

Heider U, Fleissner C, Zavrski I et al (2006) Bone markers in multiple
myeloma. Eur J Cancer 42:1544-1553

Hofbauer LC, Heufelder AE (1998) Osteoprotegerin and its cognate
ligand: a new paradigm of osteoclastogenesis. Eur J Endocrinol
139:152-154

Hofbauer LC, Dunstan CR, Spelsberg TC et al (1998) Osteoproteg-
erin production by human osteoblast lineage cells is stimulated
by vitamin D, bone morphogenic protein-2 and cytokines.
Biochem Biophys Res Commun 250:776-781

Lai FP, Cole-Sinclair M, Cheng W1J et al (2004) Myeloma cells can
directly contribute to the pool of RANKL in bone bypassing the
classic stromal and osteoblast pathway of osteoclast stimulation.
Br J Haematol 126:192-201

Lokhorst HM, Lamme T, de Smet M et al (1994) Primary tumor cells
of myeloma patients induce interleukin-6 secretion in long-term
bone marrow cultures. Blood 84:2269-2277

McDonald DF, Schofield BH, Prezioso EM et al (1983) Direct bone
resorbing activity of murine myeloma cells. Cancer Lett 19:119—
124

Nagai M, Kyakumoto S, Sato N (2000) Cancer cells responsible for
humoral hypercalcemia express mRNA encoding a secreted form
of ODF/TRANCE that induces osteoclast formation. Biochem
Biophys Res Commun 269:532-536

Nakashima T, Kobayashi Y, Yamasaki S et al (2000) Protein
expression and functional difference of membrane bound and
soluble receptor activator of NF-kappa B ligand: modulation of
the expression by osteotropic factors and cytokines. Biochem
Biophys Res Commun 275:768-775

Okada T, Akikusa S, Okuno H et al (2003) Bone marrow metastatic
myeloma cells promote osteoclastogenesis through RANKL on
endothelial cells. Clin Exp Metastasis 20:639-646

Oyajobi BO, Traianedes K, Yoneda T et al. (1998) Expression of
RANK ligand (RANKL) by myeloma cells requires binding to
bone marrow stromal cells via o4f1-VCAM-1 interaction. Bone
suppl:S180

Pearse RN, Sordillo EM, Yaccoby S et al (2001) Multiple myeloma
disrupts the TRANCE/osteoprotegerin cytokine axis to trigger
bone destruction and promote tumor progression. Proc Natl Acad
Sci USA 98:11581-11586

Roux S, Meignin V, Quillard J et al (2002) RANK (receptor activator
of nuclear factor-kappa B) and RANKL expression in multiple
myeloma. Br J Haematol 117:86-92



Arch. Immunol. Ther. Exp. (2010) 58:153-163

163

Seidel C, Hjertner O, Abildgaard N et al (2001) Serum osteoproteg-
erin levels are reduced in patients with multiple myeloma with
lytic bone disease. Blood 98:2269-2271

Sezer O, Heider U, Jakob C et al (2002) Human bone marrow
myeloma cells express RANKL. J Clin Oncol 20:353-354

Sezer O, Heider U, Zavrski I et al (2003) RANK ligand and
osteoprotegerin in myeloma bone disease. Blood 101:2094-2098

Shipman CM, Croucher PI (2003) Osteoprotegerin is a soluble decoy
receptor for tumor necrosis factor-related apoptosis-inducing
ligand/Apo2 ligand and can function as a paracrine survival
factor for human myeloma cells. Cancer Res 63:912-916

Silvestris F, Cafforio P, Tucci M et al (2003) Upregulation of
osteoblast apoptosis by malignant plasma cells: a role in
myeloma bone disease. Br J] Haematol 122:39-52

Standal T, Seidel C, Hjertner O et al (2002) Osteoprotegerin is bound,
internalized, and degraded by multiple myeloma cells. Blood
100:3002-3007

Terpos E, Szydlo R, Apperley JF et al (2003) Soluble receptor
activator of nuclear factor kappaB ligand-osteoprotegerin ratio
predicts survival in multiple myeloma: proposal for a novel
prognostic index. Blood 102:1064-1069

Terpos E, Heath DJ, Rahemtulla A et al (2006) Bortezomib reduces
serum dickkopf-1 and receptor activator of nuclear factor-

kappaB ligand concentrations and normalises indices of bone
remodelling in patients with relapsed multiple myeloma. Br J
Haematol 135:688-692

Terpos E, Sezer O, Croucher P et al (2007) Myeloma bone disease
and proteasome inhibition therapies. Blood 110:1098-1104

Terpos E, Kastritis E, Roussou M et al (2008) The combination of
bortezomib, melphalan, dexamethasone and intermittent thalid-
omide is an effective regimen for relapsed/refractory myeloma
and is associated with improvement of abnormal bone metab-
olism and angiogenesis. Leukemia 22:2247-2256

Tinhofer I, Biedermann R, Krismer M et al (2006) A role of TRAIL in
killing osteoblasts by myeloma cells. FASEB J 20:759-761

Vitovski S, Phillips JS, Sayers J et al (2007) Investigating the
interaction between osteoprotegerin and receptor activator of
NF-kappaB or tumor necrosis factor-related apoptosis-inducing
ligand: evidence for a pivotal role for osteoprotegerin in
regulating two distinct pathways. J Biol Chem 282:31601-31609

Zdzisinska B, Bojarska-Junak A, Dmoszynska A et al (2008)
Abnormal cytokine production by bone marrow stromal cells
of multiple myeloma patients in response to RPMI8226
myeloma cells. Arch Immunol Ther Exp 56:207-221



	Dysregulation of the Receptor Activator of NF- kappa B Ligand  and Osteoprotegerin Production Influence the Apoptosis  of Multiple Myeloma Patients’ Bone Marrow Stromal Cells  Co-Cultured with Myeloma Cells
	Abstract
	Introduction
	Materials and Methods
	Patients
	Cells
	Cytokine Induction
	Assay for Cytokines
	PCR-Analysis
	Determination of ALP-ase Activity
	An Apoptosis Assay in BMSCs after Contact  with Myeloma Cells
	Data Analysis

	Results
	Decreased Production of OPG in Co-Cultures  of BMSCs of MM Patients and Controls  after Direct Contact with RPMI8226 Cells
	Increased Production of RANKL in BMSCs of MM Patients after Direct Contact with RPMI8226 Cells
	Increased Number of Apoptotic Cells and Decreased ALP Activity in BMSCs after Co-Culture  with Myeloma Cells

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


