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The RANK/RANK ligand system is involved in
interleukin-6 and interleukin-11 up-regulation
by human myeloma cells in the bone marrow
microenvironment

A B S T R A C T

Background and Objectives. The receptor activator of NF-kB ligand (RANKL) has a crit-
ical role in osteoclast activation. Recently it has been demonstrated that human multi-
ple myeloma (MM) cells do not express RANKL but up-requlate RANKL in bone marrow
stromal cells (BMSC). To further investigate the role of RANKL in the pathophysiology of
MM we evaluated the expression of its receptor RANK in MM cells and in the BM envi-
ronment and the potential role of RANKL in the interaction of myeloma cells with the
microenvironment.

Design and Methods. RANK mRNA and protein expression were evaluated by reverse
transcription polymerase chain reaction and Western blot analysis in human myeloma cell
lines (HMCL), fresh purified MM cells, BMSC and endothelial cells. Moreover the effect
and the role of RANKL on cytokine secretion were evaluated in BMSC, in endothelial cells
and in co-culture conditions with myeloma cells.

Results. We found that RANK is expressed in BMSC and endothelial cells but not in
myeloma cells. Consistently, RANKL did not have a direct effect on myeloma cell survival,
but RANKL treatment induced a significant increase of interleukin (IL)-6 and IL-11 secre-
tion by both BMSC and endothelial cells. Moreover, in a co-culture system we found that
myeloma cells up-regulated both IL-6 and IL-11 secretion by BMSC and endothelial cells
through cell-to-cell contact. The presence of the RANK-Fc that blocks the RANK/RANKL
interaction significantly inhibited HMCL-induced secretion of IL-6 and IL-11.

Interpretation and Conclusions. Our data provide new notions on the role of the RAN-
KL system in the pathophysiology of MM.
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ultiple myeloma (MM) is a plasma
M cell malignancy characterized by the
accumulation of long surviving plas-
ma cells in the bone marrow (BM) and the
capacity to induce osteolytic bone lesions."?
The interaction of MM cells with the
microenvironment has been postulated to be
critical in the pathophysiology of MM?
through the modulation of cytokines that
support myeloma cell proliferation, survival
and induce osteoclastic bone resorption.
The receptor activator of NF-xB ligand
(RANKL) is a critical osteoclastogenic factor
produced by BM stromal cells (BMSC) and
osteoblasts which, by interacting with a spe-
cific receptor on osteoclastic cells, namely
RANK, induces osteoclast formation and sur-
vival? Whether human myeloma cells pro-
duce RANKL directly is controversial.“® We
and other authors demonstrated that neither
human myeloma cell lines nor CD138* MM
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cells express RANKL mRNA*s and protein
whereas other groups showed, by flow
cytometry, that plasma cells are positive for
RANKL.

However it has been clearly demonstrated
that human MM cells up-regulate RANKL
and down-regulate its antagonist, osteopro-
tegerin (OPG), in human BMSC and human
osteoblasts leading to osteoclast formation
and activation.s

Recent data indicate that myeloma cells
also induce RANKL production by endothelial
cells supporting osteoclast formation.’

Higher levels of RANKL have been detect-
ed in the serum from MM patients than in
serum from normal subjects and the RAN-
KL/OPG ratio in MM patients was found to
correlate with IL-6 levels and the patients'
survival.* Moreover studies performed in MM
mouse models have shown that the admin-
istration of OPG as well as the RANKL
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inhibitor RANK-Fc not only inhibited bone resorption
but also led to a reduction in tumor burden.*

All these pieces of evidence suggest that RANKL could
be critical in the pathophysiology of MM, not only for
the development of bone lesions. To investigate the role
of RANKL in MM further, we evaluated the expression of
this ligand's receptor, RANK, in MM cells and in the BM
environment and the potential relationship between
RANKL and IL-6 and IL-11, which are cytokines up-reg-
ulated by MM in the BM environment. ™"

Design and Methods

Cells and cell culture conditions

IL-6-dependent human myeloma cell lines (HMCL) XG-
6 and XG-1 were established in Dr. Bataille's laboratory.
U266 and MG-63 were obtained from the American Type
Culture Collection (Rockville, MD, USA): RPMI-8226 and
OPM-2 were purchased from DSM (Brunswick, Germany).
Human BM endothelial cell line (BMEC-1) and the
microvascular cell line HMEC were kind gifts from Dr.
Kenneth Pienta and Dr. Paola Romagnani, respectively
and were cultured as described elsewhere.™

Primary human osteoblasts, transfected with SV40,
(hOB) were obtained from Dr. Riggs (Mayo Clinic,
Rochester, MO, USA). Fresh MM cells from 15 newly diag-
nosed MM patients (stage I-11) were purified using an
immunomagnetic method with CD138* coated antibody
(MACS Miltenyi). BMSC were isolated and cultured as
previously described® from either normal subjects or from
BM mononuclear cells of MM patients after depletion of
CD138 cells by the immunomagnetic method.

Confluent BMSC or endothelial cells (2x10°) were incu-
bated in the presence or absence of RANKL (100 ng/mL)
(R&D System, Minneapolis, MN, USA) or RANK-Fc (20-
100 ng/mL) (R&D) for 48 hours; RANK-Fc is a decoy
receptor for RANKL that prevents this ligand's interaction
with RANK. In co-culture conditions, HMCL (10x10°cells)
were added to confluent BMSC (2x10°) directly or placed
into a transwell insert (0.45 uM pore size) for 48h, in 5
mL of RPMI-1640 medium with 2% fetal calf serum and
incubated in the presence or absence of RANK-Fc (20-
100 ng/mL) or anti vascular endothelium growth factor
(VEGF) monoclonal antibody (2 pg/mL) (RED) or anti IgG
control. In one series of experiments HMCL were incu-
bated in the presence or absence of RANK-Fc (100
ng/mL) and cell survival was evaluated by flow cytome-
try using annexin V (Becton Dickinson, USA).

RNA isolation and reverse-transcriptase
polymerase chain reaction amplification

RANK and RANKL mRNA expression were evaluated by
RT-PCR. Total RNA (1 ug) was reverse-transcribed and
cDNA was amplified by PCR with specific primers for
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RANK: sense: 5'GGGAAAGCACTCACAGCTAATTIG-3',
antisense: 5'-GCACTGGCTTAAACTGCTATTCTCC-3'; RAN-
KL: sense: 5'-TGGATCACAGCACATCAGAGCAGAG-3/,
antisense: 5'-ATACTCTGTAGCTAGGTCTCCTGAAG-3. PCR
reactions were performed in a thermal cycler (MiniCy-
cler™ MyResearch, Watertown, USA) for 30 cycles
(annealing temperature: 60°C).

Western blot analysis

RANK protein expression was evaluated by Wester blot
analysis on cell lysates according to a previously
described procedure.® Briefly, cells were resuspended in
100 pl of lysis buffer [10 mM Tris-HCL, pH 7.6, 150 mM
NaCl, 5 mM EDTA, 2 mM PMSF, 2 mg/mL aprotinin (Sig-
ma, St Louis, MO, USA) and 1% Triton X-100]. Protein
levels were determined using a standard procedure
(Uptima, Interchim, France). After 40 min on ice, lysates
were cleared by centrifugation at 12,000 g for 30 min
at 4°C. Proteins (70 ug) were separated by SDS-PAGE
using 10% polyacrylamide gels and transferred onto a
polyvinylidene difluoride membrane. After blocking,
membranes were incubated overnight with a monoclon-
al anti-RANK antibody (R&D Systems, Minneapolis, MN,
USA). After washing, membranes were incubated with
an horseradish peroxidase-conjugated goat anti-mouse
antibody (1:10.000) (Becton Dickinson) at room temper-
ature for 30 min. Blots were developed using the Super-
signal West Dura Extended Duration Substrate detection
system (Pierce, Rockford, IL, USA).

ELISA assays

RANKL, IL-6, IL-11, IL-1 and tumor necrosis factor o
(TNF-0) levels were measured in the conditioned media
of cell cultures using ELISA assays (IL.-6 and IL-11: R&nD;
IL-1 and TNF-ou: Endogen Woburn MA, USA). The ELISA
assay for RANKL, purchased from Biomedica (Vienna,
Austria) is an enzyme immunoassay designed to deter-
mine the soluble un-complexed human RANKL.

Soluble RANKL binds to the pre-coated recombinant
OPG and forms a sandwich with the detection antibody.
The detection antibody is a rabbit anti-human soluble
RANKL that is specific for RANKL with negligible cross-
reactivity (<1%) to human TRAIL, as certified by the pro-
ducer.

Results

RANK expression in myeloma cells and in the
microenvironment

The human myeloma cell lines RPMI-8226, U266, XG-
1 and XG-6 but not OPM-2 were negative for RANK
mRNA expression. Similarly, fresh purified CD138* cells
of all MM patients tested did not express RANK mRNA
as shown for two representative patients in Figure 1A.
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Figure 1. RANK expression in myeloma cells and
BM environment cells (A) RT-PCR was performed
in order to test RANK mRNA expression in HMCL
(RPMI-8226, OPM-2, U266, XG-1 and XG-6) and
purified multiple myeloma (MM) CD138"* cells (on
the left) and BMSC, BMEC-1, HMEC-1, MG-63
cells and hOB (on the right). B--microglobulin was
amplified as an internal control. (B) RANK protein
expression was detected by Western blot analy-
sis in cell lysates of HMICL, BMSC and BMEC-1.
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s Figure 2. RANKL effect on IL-6
and IL-11 secretion by the
microenvironment. Effect of RAN-
KL treatment on IL-6 (A) and IL-
11 (B) secretion by BMSC and
BMEC-1. IL-6 and IL-11 levels
were detected in the conditioned
media of cells after 48 hours of
incubation in the presence of
RANKL (100 ng/mL) with or
without RANK-Fc (100 ng/mL).
The graphics represent the%
mean variation versus control *
standard deviation of three inde-
pendent experiments. *=p<0.01.

|

0% 0%

BMSC

B RANK
_| RANKL + RANK-Fc

BMEC-1

BMSC
[ ] RANK
| RANKL + RANK-Fc

BMEC-1

The lack of RANK expression in HMCL and fresh purified
MM cells was confirmed by Western blot analysis (Fig-
ure 1B). Moreover, treatment with RANKL had no
observed direct effect on HMCL proliferation, survival
or cytokine production. On the other hand, we found
that RANK is expressed at both mRNA and protein lev-
els in BMSC, in both microvascular endothelial cells,
HMEC-1 and BMEC-1, in the osteoblast-like cell line,
MG-63, but not in hOB (Figures 1A and 1B).

Effect of RANK ligand on cytokine secretion by
the microenvironment

RANKL treatment induced a statistically significant,
dose-dependent increase of |L-6 secretion by both BMSC
and endothelial cells after 48 hours (mean+SD% of
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increase vs. control: +87+17% and +125+400%, respec-
tively; p<0.01) (Figure 2A). IL-11 secretion was up-reg-
ulated in BMSC and BM endothelial cells by RANKL
(+105+52% and +228+500%, respectively; p<0.01) (Fig-
ure 2B). In contrast, we found that RANKL did not induce
IL-1 or TNF secretion by BMSC or endothelial cells (data
not shown).

RANKL is involved in IL-6 and IL-11
up-regulation in the microenvironment
by myeloma cells

First, we found that HMCL and fresh purified MM cells
did not express RANKL mRNA (Figure 3) or produce RAN-
KL, as shown for the XG-1 cell line in Figure 4, then we
found that HMCL up-regulated RANKL secretion in
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Figure 3. Lack of RANKL mRNA expression by human
myeloma cells. RT-PCR was performed on HMCL and
fresh purifed CD138* MM cell mRNA using specific
primers for RANKL as described in the Methods section.
EBV"* cells were used as a positive control for RANKL and
B=-microglobulin as an internal control of PCR amplifica-
tion.

BMSC in a cell-to-cell contact co-culture system as
shown for XG-1 (Figure 4). Moreover, in the co-culture
system we found that HMCL up-regulated IL-6 and IL-
11 secretion by BMSC through the cell-to-cell contact.
The presence of RANK-Fc in this system significantly
inhibited XG-1 induced IL-6 (-67+12%; p<0.01) (Figure
5A) and IL-11 (-554+1.4%; p<0.05) (Figure 5B) secretion
by BMSC, whereas RANK-Fc did not affect IL-6 or IL-11
secretion by BMSC in the absence of HMCL in accor-
dance with the low RANKL levels detected in the super-
natant of the BMSC. Similar results were obtained using
other HMCL or fresh purified MM cells in co-culture.
RANK-Fc was able to blunt the IL-6 up-regulation
induced in BMSC by U266 and RPMI-8266 with a low-
er effect as compared to XG-1 and by CD138* purified
MM cells (Figure 5C). The IL-6 levels secreted by normal
and MM BMSC did not differ significantly in control and
co-culture conditions, as also reported by others.™ A
similar inhibitory effect of RANK-Fc was observed on
IL-6 up-regulation in the co-culture condition (Figure
5D).

Discussion

In this study, first, we show that the osteoclast recep-
tor RANK is also present on BMSC and endothelial cells
but not on myeloma cells or primary osteoblastic cells.
The lack of RANK expression on HMCL and MM cells is
in line with previously reported results on BM plasma
cells from MM patients, studied using immunohisto-
chemical techniques.™ However, using a more sensitive
PCR technology, Farrugia et al. found that myeloma cells
express RANK mRNA.* Nevertheless, we found that
treating myeloma cells with RANKL had no effect on
these cells' survival or cytokine production, indicating
the lack of a functional RANK receptor on myeloma cells.

On the other hand we showed that the osteoclast
receptor RANK® can be present on BMSC and endothe-
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Figure 4. RANKL levels in a co-culture system with BMSC
and XG-1. Using an ELISA, RANKL levels were assayed in
the conditioned media of BMSC, BMSC co-cultured with
XG-1 and XG-1 alone. The graph shows the mean concen-
tration of RANKL, * standard deviation of three independ-
ent experiments. **= p<0.01.

lial cells but not on primary osteoblastic cells, as also
recently reported.” Further, we demonstrated that RAN-
KL treatment induces IL-6 and IL-11 secretion by both
BMSC and endothelial cells and that when the
RANKL/RANK interaction was blocked, myeloma-
induced IL-6 and IL-11 secretion was blunted. This find-
ing indicates that RANKL, induced by myeloma cells in
the BMSC, in turn supports IL-6 and IL-11 production in
the BM environment. Of course, other cytokines beside
RANKL, such as vascular endothelial growth factor
(VEGF) or hepatocyte growth factor (HGF) produced
directly by myeloma cells or by BMSC, could be involved
in IL-6 and IL-11 up-regulation.®” In line with these
observations we found that blocking VEGF with a mon-
oclonal antibody was able to inhibit IL-6 secretion in
our co-culture system (data not shown). The capacity of
RANK-Fc to blunt IL-6 upregulation in the co-cultures
was observed for several HMC; the effect was more pro-
nounced for XG-1 than for U266 or RPMI-8266. This
could be explained, at least in part, by the different sen-
sitivity of these cell lines to IL-6, XG-1 being IL-6-
dependent cells while U266 and RPMI-8266 are not.
On the basis of our evidence we can hypothesize that
RANKL does not have a direct effect on myeloma cell
proliferation and survival because of the lack of RANK
on myeloma cells but that the ligand may contribute to
stimulating myeloma cell proliferation and survival indi-
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Figure 5. RANKL involvement in IL-6 and IL-11 up-regulation by myeloma cells. BMSC obtained from MM patients were
co-cultured with the HMCL XG-1 (A and B) or U266, RPMI and fresh purified MM cells (C) in the presence or absence
of RANK-Fc or anti-IgG control for 48 hours. After the culture period supernatants were collected and tested for IL-6
(A and C) and IL-11 (B) levels by ELISA. In parallel experimental conditions, BMSC obtained from healthy subjects,
(nBMSC) were incubated with or without the HMCL XG-1 or U266 or RPMI-8226 in the presence or absence of RANK-
Fc and IL-6 levels were evaluated in the conditioned media after 48 hours by ELISA (D). The graphs show the mean
of IL-6 or IL-11 levels * standard deviation of three independent experiments. *= p<0.05; **= p<0.01.

rectly through the induction of IL-6 in the BM environ-
ment. This hypothesis is in line with a recently observed
relationship between IL-6 levels and RANKL/OPG ratio
in MM patients in whom RANKL levels were correlated
with prognosis.? Moreover, the induction of IL-6 and IL-
11 in BMSC by RANKL could support and increase the
osteoclastogenetic effect of RANKL given that IL-6 and
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IL-11 are known to stimulate osteoclastogenesis.™

The role of endothelial cells in supporting myeloma
cell growth was previously postulated™ and confirmed by
the observation of increased BM angiogenesis in MM
patients with active and progressive disease.” Recently,
it has also been suggested that endothelial cells may
support osteoclast formation induced by myeloma cells
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through RANKL production’ and that RANKL in turn can
stimulate angiogenesis.? Our data show that BM
endothelial cells express RANK and produce IL-6 and IL-
11 in response to RANKL, suggesting that they could be
involved in myeloma induced IL-6 and IL-11 secretion in
the BM environment.

In conclusion, our data indicate that RANK is
expressed in the BM environment and that RANKL
affects IL-6 and IL-11 levels in the BM microenvironment
being involved in the up-regulation of these cytokines
by human MM cells. This body of evidence provides new
notions on the role of the RANKL system in the patho-
physiology of MM.
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