
Cancer Sci | January 2008 | vol. 99 | no. 1 | 152–158 doi: 10.1111/j.1349-7006.2007.00651.x
© 2007 Japanese Cancer Association

Blackwell Publishing Asia

Nitrogen-containing bisphosphonate, YM529/ONO-
5920, inhibits macrophage inflammatory protein 1αααα 
expression and secretion in mouse myeloma cells
Masanobu Tsubaki,1 Chisato Kato,1 Minori Nishinobo,1 Mitsuhiko Ogaki,1 Takao Satou,2 Tatsuki Ito,2 
Takashi Kusunoki,3 Kimiko Fujiwara,4 Yuzuru Yamazoe4 and Shozo Nishida1,5

1Division of Pharmacotherapy, Kinki University School of Pharmacy, Kowakae, Higashi-Osaka 577-8502; 2Department of Pathology, and 3Department of 
Otolaryngology, Kinki University School of Medicine, Osakasayama, Osaka 589-8511; 4Department of Pharmacy, Kinki University Hospital, Osakasayama, 
Osaka 589-8511, Japan

(Received May 8, 2007/Revised September 10, 2007/Accepted September 12, 2007/Online publication November 4, 2007)

Macrophage inflammatory protein 1αααα (MIP-1αααα) is detected at high
concentrations in patients with multiple myeloma, and it is thought
to play an important role in the etiology of multiple myeloma and
osteolysis. Thus, we investigated whether or not YM529/ONO-5920,
a new bisphosphonate, inhibited MIP-1αααα mRNA expression in,
and MIP-1αααα secretion from, mouse myeloma cells. When the cells
were stimulated by lipopolysaccharide, increased MIP-1αααα mRNA
expression and MIP-1αααα secretion were observed. YM529/ONO-5920
inhibited MIP-1αααα mRNA expression and MIP-1αααα secretion in a
concentration-dependent manner. A transient increase in the
phosphorylation of extracellular-regulated kinase 1/2 (ERK1/2)
and Akt was observed after lipopolysaccharide stimulation. After
YM529/ONO-5920 was given, there was no transient increase in
the phosphorylation of ERK1/2 or Akt. These results indicated that
YM529/ONO-5920 inhibited the expression and secretion of MIP-1αααα
through blocking the signaling pathway of the Ras/mitogen-
activated protein kinase kinase/ERK and Ras/phosphatidylinositol-3
kinase/Akt. Accordingly, YM529/ONO-5920 appears to have promise
for use in effective future therapy for osteolysis and myeloma cell
growth that depends on MIP-1αααα. (Cancer Sci 2008; 99: 152–158)

Macrophage inflammatory protein 1α (MIP-1α) is an
osteoclast differentiation-promoting factor.(1,2) It is a

chemokine of low molecular weight belonging to the regulated
upon activation, normal T-cell expressed and secreted family.(3)

As MIP-1α is detected at high concentrations in bone marrow
samples obtained from patients with advanced myeloma,(2–5) it is
thought to play an important role in the etiology of myeloma.
According to several reports,(2,4,6,7) the effects of MIP-1α action
include the secretion from tumor cells of interleukin-6 (IL-6)
and parathyroid hormone-related protein, which are osteoclast
differentiation-promoting factors, and the activation of osteoclasts
by promoting the expression of cell adhesion factors. It has also
been reported that MIP-1α promotes the receptor activator of
nuclear factor κB (NF-κB) ligand expression of osteoblastic and
interstitial cells and directly acts on osteoclasts to promote
osteoclastogenesis and osteoclastic bone resorption.(2,8) It is
because of these actions that growth factors, such as insulin-like
growth factors and transforming growth factor α, are discharged
from bone matrix into bone marrow, and the growth of tumor
cells is accelerated if bone resorption increases. Moreover, it has
also been reported that MIP-1α is a tumor-promoting factor
because it accelerates its own growth with the help of autocrine
from multiple myeloma (MM) cells.(3)

These reports suggest that a vicious circle takes place in
which additional osteoclastic differentiation-promoting factors
are secreted, and osteoclastic bone resorption increases further.(9,10)

It is possible that osteoclastic activity might be inhibited through
the use of a neutralization antibody to control MIP-1α. It was

confirmed that bone resorption was inhibited in SCID mice by
inhibiting MIP-1α with an antisense strand.(6) Accordingly, it is
feasible that the inhibition of MIP-1α has the potential to serve
as a therapeutic method for inhibiting the growth of tumor
cells or preventing the destruction of bones. At present, however,
there is no drug that can be used effectively to inhibit the secretion
of MIP-1α from tumor cells.

Bisphosphonate drugs are structural analogs of pyrophosphoric
acid, and are used as therapeutic agents for osteoporosis and
hypercalcemia. These drugs have a high affinity for bone minerals,
so they accumulate in bone tissue after they have been taken, and
they are thought to induce apoptosis in osteoclasts.(11) Therefore,
studies were conducted to determine the mechanism by which
apoptosis is induced by nitrogen-containing bisphosphonate
drugs.(12) It was found from these studies that bisphosphonate
drugs inhibit farnesyl pyrophosphate (FPP) and geranylgeranyl
pyrophosphate (GGPP) synthases in the mevalonic acid metabolic
pathway, an intermediate metabolic pathway for the biosynthesis
of cholesterol. As a result, it is known that bisphosphonate drugs
inhibit FPP and GGPP synthesis and prevent the prenylation of
low-molecular-weight G proteins, such as Ras, Rho, and Rac. It
has been confirmed that YM529/ONO-5920, a new bisphosphonate
drug, causes the induction of apoptosis because this drug notably
inhibits the biosynthesis of GGPP and the phosphorylation of
extracellular-regulated kinase (ERK) from among the mitogen-
activated protein kinases.(13)

If MIP-1α released from myeloma cells can be inhibited by
bisphosphonate drugs that act on not only osteoclasts, but also
tumor cells, it would be possible to inhibit the growth of myeloma
cells or prevent osteolysis. Therefore, the use of such bisphosphonate
drugs might prolong lives, alleviate pain from osteolysis, or
contribute to an improved quality of life of patients. Thus, we
investigated whether or not there was any inhibitory effect on
the MIP-1α secreted from myeloma cells and the mechanism of
any such inhibition.

Materials and Methods

Chemicals. YM529/ONO-5920 (1-hydroxy-2-(imidazo-[1,2-
a]pyridin-3-yl) ethylidene bisphosphonic acid monohydrate)
was supplied from Astellas Pharmaceutical (Tokyo, Japan).
Lipopolysaccharide (LPS), IL-6, and tumor necrosis factor α
(TNF-α) were purchased form Sigma (St. Louis, MO, USA). These
reagents were dissolved in phosphate-buffered saline (PBS;
0.05 M, pH 7.4), filtered through syringe filters (0.45 µm; Iwaki
Glass, Tokyo, Japan) and used for various assays described below.
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GGPP and FPP were purchased from Sigma. GGPP and FPP
were dissolved in dry ethanol. Mitogen-activated protein kinase
kinase (MEK)1/2 inhibitor U0126 and phosphatidylinositol-3
kinase (PI3K) inhibitor LY294002 were purchased from Promega
(Madison, WI, USA) and dissolved in dimethylsulfoxide. These
dissolved reagents were resuspended in PBS (0.05 M, pH 7.4) and
filtered through syringe filters (0.45 µm; Iwaki Glass) before use.

Cell culture. We used mouse myeloma MOPC-31C cells provided
by Dainippon Pharmaceuticals (Osaka, Japan). Cells were cultured
in L-15 medium (Sigma) supplemented with 10% fetal bovine
serum (Gibco, Rockville, MD, USA), penicillin (100 µg/mL;
Meiji Seika Kaisha, Tokyo, Japan), streptomycin (100 units/mL;
Meiji Seika Kaisha), and 25 mM HEPES (pH 7.4; Wako, Osaka,
Japan) in an atmosphere containing 0% CO2.

Enzyme-linked immunosorbent assay. MOPC-31C cells were
cultured at 1 × 104 cells/mL and conditioned media was harvested.
The MIP-1α levels were measured using Quantikine MIP-1α
enzyme immunoassay kits (R&D Systems, Minneapolis, MN,
USA), according to the manufacturer’s instructions.

Reverse transcription–polymerase chain reaction (RT-PCR). Total
RNA was extracted from the cultured MOPC-31C cells using
TRIzol (Invitrogen, Paisley, UK). Single-stranded cDNA was
synthesized from 1.0 µg of total RNA by incubating with
oligo(dT)12–18 primer (Invitrogen) and SuperScript II RNase
H-reverse transcriptase (Invitrogen) using the SuperScript First-
Strand Synthesis System for RT-PCR (Invitrogen).

cDNA was used as a template for PCR amplification to
generate products corresponding to mRNA encoding the various
gene products. Each PCR reaction contained cDNA, dNTPmix
(Takara Biomedical, Siga, Japan), 10 × PCR buffer (Takara
Biomedical), and Pyrobest (Takara Biomedical). DNA was amplified
under the following typical cycling conditions: denaturation at
94°C for 0.5 min, annealing at 60°C for 0.5 min, and extension
at 72°C for 0.5 min (30 cycles for glyceraldehyde-3-phosphate
dehydrogenase); and denaturation at 94°C for 1 min, annealing
at 55°C for 1 min, and extension at 72°C for 1 min (35 cycles for
MIP-1α). PCR was carried out in a DNA thermal cycler (Takara
Biomedical). The following primers were used: for MIP-1α, 5′-
CAG CGA GTA CCA GTC CCT TTT-′3 (5′-primer) and 5′-CCT
CGC TGC CTC CAA GA-3′ (3′-primer); and for glyceraldehyde-
3-phosphate dehydrogenase, 5′-ACT TTG TCA AGC TCA TTT-
3′ (5′-primer), 5′-TGC AGC GAA CTT TAT TG-3′ (3′-primer).
The PCR product was mixed with bromophenol blue-loaded
buffer and electrophoretically separated in a 2% agarose gel in
Tris–acetate–EDTA buffer. After staining with ethidium bromide,
the bands of PCR products were visualized with ultraviolet light
and recorded with CoolSaver (ATTO, Tokyo, Japan).

Cell viability. Cells (1 × 103 cells/well) were plated in 96-well
plates and incubated with 1, 2, 5, 10, and 20 µM YM529/ONO-
5920. After incubation for 1 and 3 days, cells were stained with
Trypan blue dye, and the number of stained cells was counted.

Western blotting. MOPC-31C cells treated under various con-
ditions were lyzed with a lysis buffer (20 mM Tris-HCl (pH 8.0),
150 mM NaCl, 2 mM EDTA, 100 mM NaF, 1% NP40, 1 µg/mL
leupeptin, 1 µg/mL anti-pain, 1 mM phenylmethylsulfonyl fluoride).
The protein content of these cell lysates was determined using a
BCA protein assay kit (Pierce, Rockford, IL, USA). Each extract
(40 µg protein) was fractionated on a polyacrylamide–sodium
dodecylsulfate gel, then transferred to a polyvinylidene difluoride
membrane (Amersham Biosciences, Little Chalfont, UK). The
membrane was incubated for 30 min for blocking in Tris-buffered
saline (10 mM Tris-HCl (pH 7.4) and 150 mM NaCl) containing
3% skim milk, and incubated for 1 h at room temperature
with each antibody (antiphospho-ERK1/2 antibody, anti-ERK1/2
antibody, antiphospho-Akt antibody, anti-Akt antibody, antiphospho-
p38 antibody, anti-p38 antibody, and anti-I-κB antibody [Cell
Signaling Technology, Beverly, MA, USA]) in Tris-buffered
saline. Subsequently, the membrane was incubated for 1 h at

room temperature with antirabbit immunoglobulin G sheep
antibody linked to horseradish peroxidase (Amersham Biosciences).
Immunoreactive proteins were visualized by the ECL-plus
detection system (Amersham Biosciences).

Statistical analysis. Statistical analysis was carried out using the
Mann–Whitney U-test, and a value of P < 0.01 was considered
statistically significant.

Results

Confirmation of MIP-1αααα expression and secretion in MOPC-31C
cells. The amounts of MIP-1α secreted from MOPC-31C cells
were examined 96 h after the addition of PBS(–) or LPS. At 96 h
after the addition of LPS, MOPC-31C cells secreted 110 pg/mL
of MIP-1α (Fig. 1a).

The expression of MIP-1α mRNA was observed in MOPC-
31C cells of the PBC(–) group. When the cells were stimulated
by LPS, increased expression of MIP-1α mRNA was observed
(Fig. 1b).

In MM cells, bone marrow stromal cell-derived IL-6 and
TNF-α are important factors for myeloma survival. In addition,
it is known that IL-6 and TNF-α induce MIP-1α secretion.
Hence, we investigated whether IL-6 and TNF-α induce the
expression of MIP-1α mRNA and MIP-1α secretion. Both IL-6
and TNF-α induced the expression of MIP-1α mRNA and MIP-
1α secretion in MOPC-31C cells (Fig. 1c,d). However, they
induced MIP-1α secretion at a lower level than LPS stimulation.
Based on these results, we selected LPS as the stimulant of
MIP-1α secretion.

Determination of YM529/ONO-5920 concentrations applied to
MOPC-31C cells. To evaluate the cytotoxic effects of YM529/
ONO-5920 on MOPC-31C cells, the survival of these cells was
assessed in the presence of YM529/ONO-5920. We determined
the cell survival rate, which was defined as the number of living
cells at 1 and 3 days after receiving YM529/ONO-5920 at
concentrations of 1, 2, 5, 10, and 20 µM as compared with the
number of live control cells treated with PBS. The survival rates
at the respective concentrations were 106.5, 105.5, 102.0, 106.5
and 104.5% on day 1 and 97.0, 100.1, 98.2, 94.9, and 89.7% on day
3 (Fig. 2). As a significant decrease in the number of MOPC-
31C cells was observed at 3 days after 20 µM of YM529/ONO-
5920 was added, it was decided that YM529/ONO-5920 should
be added to MOPC-31C cells at the concentration of 10 µM
or lower, at which no cell death is induced.

Inhibitory effect of YM529/ONO-5920 on MIP-1αααα mRNA expression
and MIP-1αααα secretion in MOPC-31C cells. YM529/ONO-5920 inhibited
the expression of MIP-1α mRNA in a concentration-dependent
manner, and the inhibition was highest at the concentration of
10 µM (Fig. 3a). The inhibitory effect of YM529/ONO-5920 on
the secretion of MIP-1α was examined in MOPC-31C cells after
the cells were stimulated by LPS. There was 106.96 pg/mL of
MIP-1α secretion when LPS was added to the cells. However,
when both 10 µM YM529/ONO-5920 and LPS were added to
the cells, MIP-1α secretion decreased to 30.76 pg/mL (Fig. 3b).
Thus, the inhibition of MIP-1α by YM529/ONO-5920 was
confirmed in a concentration-dependent manner.

Confirmation of the inhibitory effect of YM529/ONO-5920 on
expression of MIP-1αααα mRNA in MOPC-31C cells to which GGPP or FPP
were also added. YM529/ONO-5920 was combined with GGPP
or FPP, products in the mevalonic acid pathway, to investigate
whether or not the reduced MIP-1α mRNA expression in
MOPC-31C cells was due to the inhibitory action of YM529/
ONO-5920 on GGPP or FPP biosynthesis exerted through its
mechanism of action.

YM529/ONO-5920 inhibited MIP-1α mRNA expression,
whereas in combination with GGPP, MIP-1α mRNA expression
was restored to the degree observed in the LPS group (Fig. 4a).
This suggests that the inhibition of MIP-1α mRNA expression
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in MOPC-31C cells receiving YM529/ONO-5920 was due to
the inhibition of GGPP biosynthesis.

A study was carried out to determine the effects of the previous
addition of FPP or GGPP on the inhibitory effect that YM529/
ONO-5920 has on the secretion of MIP-1α in MOPC-31C cells
after LPS stimulation. The amount of MIP-1α secretion was
144.9 pg/mL in the control, but the corresponding amount was
significantly inhibited to 23.5 pg/mL when YM529/ONO-5920
was included. In the case of previous GGPP addition, the
amount of secretion was 148.9 pg/mL (Fig. 4b).

Changes in phosphorylated ERK1/2, Akt, p38, and inhibitory
protein I-κκκκB  observed in MOPC-31C cells at the time of LPS
stimulation. Changes in phosphorylated ERK1/2, Akt, and p38

were studied to examine the signaling pathways used when LPS
stimulation led to increases in the expression of MIP-1α mRNA
and in the secretion of protein observed in MOPC-31C cells.

A transient increase in the phosphorylation of ERK1/2 was
observed at 5 and 15 min after LPS stimulation, as compared to
the control. In the phosphorylation of Akt, a transient increase
was observed at 30 and 60 min after LPS stimulation, as
compared to the control. The activation of NF-κB was examined
as the decomposition of I-κB protein. A remarkable decrease in
the I-κB level was also observed at 15 min after LPS stimulation
(Fig. 5a).

It was suggested that a signaling pathway by way of ERK1/2,
Akt, and NF-κB is involved in the expression and secretion
of MIP-1α observed in MOPC-31C cells at the time of LPS
stimulation.

The addition of YM529/ONO-5920 gave no transient increase
in the phosphorylation of ERK1/2 after the addition of LPS. On
the contrary, this protein showed a decrease in phosphorylation
at 60, 120, and 240 min after the LPS stimulation. After the
addition of YM529/ONO-5920, there was no transient increase
in the phosphorylation of Akt, and a decrease from the control
level was confirmed at 60, 120, and 240 min after LPS stimulation.
However, a decrease in I-κB level by LPS stimulation was
observed 5 min after YM529/ONO-5920 was added (Fig. 5b).

Inhibited expression of MIP-1αααα mRNA and inhibited secretion of
MIP-1αααα protein resulting from the addition of U0126 and LY294002.
The findings suggested that MIP-1α expression is inhibited
in MOPC-31C cells by inhibiting GGPP biosynthesis in the
mevalonic acid pathway, thereby blocking the signaling pathway
through intermediation of the Ras/MEK/ERK pathway. Therefore,
we attempted to confirm whether MIP-1α expression is inhibited
by inhibiting ERK1/2. U0126, a MEK1/2 inhibitor, was added
to MOPC-31C cells and the consequent effect on MIP-1α mRNA
expression and MIP-1α secretion was examined.

As a result, it was confirmed that, like YM529/ONO-5920,
the addition of U0126 inhibited the expression of MIP-1α
mRNA (Fig. 6a). The amount of MIP-1α secreted was 19.2 pg/mL,

Fig. 2. Determination of the YM529/ONO-5920 concentrations added to
mouse myeloma MOPC-31C cells. Cells were incubated at a concentration
of 1 × 104 cells/mL for 24 h in a 96-well plate. These cells were treated
with 1, 2, 5, 10, and 20 µM YM529/ONO-5920. After incubation for 1 or
3 days, the number of viable cells was counted by means of Trypan blue
staining, and the ratio of viable cells relative to those of the control
was assessed as the cell survival rate. These results are representative
of five independent experiments. *P < 0.01, compared to control.

Fig. 1. Confirmation of macrophage inflammatory
protein 1α (MIP-1α) secretion from MOPC-31C
mouse myeloma cells at the time of lipopoly-
saccharide (LPS) stimulation. (a) MOPC-31C cells
(1 × 103 cells/well) were incubated for 96 h with
or without 10 µg/mL LPS. Culture supernatant
was collected and analyzed for MIP-1α by
enzyme-linked immunosorbent assay (ELISA). Data
represent means ± standard deviations (SD) for
at least quintuple samples. (b) Equal amounts of
RNA were reverse transcribed to generate cDNA
that was used for polymerase chain reaction (PCR)
analysis of MIP-1α mRNA expression in MOPC-31C
cells. (c) MOPC-31C cells were incubated for
96 h with 1 ng/mL interleukin-6 (IL-6), 1 ng/mL
tumor necrosis factor α (TNF-α), or 10 µg/mL LPS.
Culture supernatant was collected and analyzed
for MIP-1α by ELISA. Data represent means ±
standard deviations for at least quintuple samples.
(d) Equal amounts of RNA were reverse transcribed
to generate cDNA that was used for PCR analysis
of MIP-1α mRNA expression in MOPC-31C cells
treated with IL-6, TNF-α, or LPS.
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compared to 144.9 pg/mL obtained with LPS stimulation. U0126
therefore appeared to inhibit MIP-1α secretion to the same level
as YM529/ONO-5920 (Fig. 6b). In addition, we observed that
U0126 suppressed ERK phosphorylation following LPS stimula-
tion (Fig. 6c). These results suggested that the production of
MIP-1α is inhibited by blocking the signaling pathway through
intermediation of the MEK/ERK pathway.

Concerning the changes in proteins observed in MOPC-31C
cells at the time of LPS stimulation, it was confirmed that the
amount of Akt increased at 30 and 60 min after LPS stimulation.
Therefore, LY294002 was added to MOPC-31C cells to determine
whether or not the production of MIP-1α is inhibited by inhibit-
ing Akt, and if LY294002 affects the expression of MIP-1α
mRNA and the secretion of MIP-1α. The expression of MIP-1α
mRNA was inhibited by the addition of LY294002, although the
rate of inhibition was lower than that of YM529/ONO-5920
(Fig. 6d). The amount of MIP-1α secreted was 45.33 pg/mL, as
compared to the 144.9 pg/mL of MIP-1α secreted with the addition
of LPS (Fig. 6e). Furthermore, we observed that LY294002 sup-
pressed Akt phosphorylation following LPS stimulation (Fig. 6f).
Thus, inhibition of MIP-1α secretion was confirmed. These
results indicated that the production of MIP-1α is inhibited by
blocking the signaling pathway through the intermediation of
the PI3K/Akt pathway.

Inhibitory effect of YM529/ONO-5920 on MIP-1αααα-dependent MOPC-
31C cell growth. We also investigated whether YM529/ONO-5920
inhibited MIP-1α-dependent MOPC-31C cell growth. LPS
stimulated MOPC-31C cell growth, whereas MIP-1α neutralizing
antibody suppressed the cell growth after LPS was added
(Fig. 7a). Thus, the suppression of MIP-1α inhibits MOPC-31C
cell growth.

YM529/ONO-5920 inhibited MOPC-31C cell growth on
LPS stimulation by suppressing MIP-1α secretion (Fig. 7a,b).
These results suggest that YM529/ONO-5920 inhibited MIP-1α-
dependent MOPC-31C cell growth.

Discussion

MIP-1α is an important factor produced at high levels in myeloma
patients.(5) It promotes osteoclastogenesis, accelerates osteoclastic
bone resorption, and develops osteolytic lesions. These actions
derive from the secretion of osteoclastic differentiation-promoting
factors from tumor cells, the promotion of receptor activator of
NF-κB ligand expression of osteoblastic and interstitial cells,
and direct action on osteoclasts.(8) It has also been reported that
MIP-1α is a tumor-promoting factor because it accelerates its own

Fig. 3. Inhibitory effect of YM529/ONO-5920 on macrophage
inflammatory protein 1α (MIP-1α) mRNA expression and MIP-1α
secretion in MOPC-31C mouse myeloma cells. (a) MOPC-31C cells were
treated with 2, 5, and 10 µM YM529/ONO-5920. After incubation for
72 h, lipopolysaccharide (LPS) was added to give the final concentr-
ation of 10 µg/mL. After incubation for 1 h, RNA was extracted, and
MIP-1α mRNA expression was examined by reverse transcription–
polymerase chain reaction (RT-PCR). Photograph revealed the RT-PCR
analysis for MIP-1α mRNA. (b) MOPC-31C cells were treated with 2, 5,
and 10 µM YM529/ONO-5920 for 72 h. These cells receiving YM529/
ONO-5920 were cultured in the presence of LPS for 24 h. Culture
supernatant was collected in culture and analyzed by enzyme-linked
immunosorbent assay. These results are representative of five
independent experiments. *P < 0.01, compared to control.

Fig. 4. Macrophage inflammatory protein 1α (MIP-1α) mRNA
expression and protein secretion in MOPC-31C mouse myeloma cells to
which YM529/ONO-5920 was added with or without geranylgeranyl
pyrophosphate (GGPP) or farnesyl pyrophosphate (FPP). (a) MOPC-31C
cells were pretreated with 10 µM GGPP or 10 µM FPP for 4 h then
treated with 10 µM YM529/ONO-5920 for 72 h. Photograph revealed
the reverse transcription–polymerase chain reaction analysis of MIP-1α
mRNA expression. These cells receiving YM529/ONO-5920 and GGPP or
FPP were cultured in the presence of 10 µg/mL lipopolysaccharide (LPS)
for 1 h. (b) MOPC-31C cells were pretreated with 10 µM GGPP or 10 µM
FPP for 4 h then treated with 10 µM YM529/ONO-5920 for 72 h. After
this treatment, MOPC-31C cells were incubated for 24 h with 10 µg/mL
LPS. Culture supernatant was collected and analyzed for MIP-1α by
enzyme-linked immunosorbent assay. These results are representative
of five independent experiments. *P < 0.01, compared to control.
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growth with the help of autocrine from MM cells.(3) Therefore, drugs
that inhibit the production of MIP-1α are expected to inhibit the
destruction of bone and the growth of tumors in MM cells, and
have the potential to serve as very effective therapeutic agents.

In this experiment, our group found that third-generation
bisphophonate drugs inhibited MIP-1α secreted from MM cells.
It is reported that these bisphosphonate drugs, which are therapeutic

drugs for osteoporosis, serve to inhibit prenylation of G proteins,
such as Ras and Rho, by inhibiting the production of FPP and
GGPP. Incadronate and YM529/ONO-5920 are also bisphosphonate
drugs, and are reported to inhibit the mevalonic acid and mitogen-
activated protein kinase pathways and thereby to induce apoptosis
in myeloma cells. Reportedly, the mechanism of action is
inhibition of GGPP biosynthesis.(14)

Fig. 5. Time-course changes in phosphorylated
extracellular-regulated kinase (ERK), Akt, p38,
and I-κB proteins observed in MOPC-31C mouse
myeloma cells at the time of lipopolysaccharide
(LPS) stimulation with or without YM529/ONO-
5920 pretreatment. (a) MOPC-31C cells were
cultured in the presence of 10 µg/mL LPS for 5,
15, 30, 60, 120, and 240 min. Whole cell lysates
were generated and immunoblotted with an
antibody against phosphorylated ERK1/2 (p-ERK1/
2), phosphorylated Akt (p-Akt), phosphorylated
p38 (p-p38), ERK1/2, Akt, I-κB, and p38. (b)
MOPC-31C cells were treated with 10 µM YM529/
ONO-5920 for 72 h. These cells receiving YM529/
ONO-5920 were cultured in the presence of
10 µg/mL LPS.

Fig. 6. Inhibition of macrophage inflammatory
protein 1α (MIP-1α) mRNA expression and
protein secretion in MOPC-31C mouse myeloma
cells treated with U0126 (a mitogen-activated
protein kinase kinase 1/2 inhibitor) or LY294002
(a phosphatidylinositol-3 kinase inhibitor). (a, d)
MOPC-31C cells were treated with 10 µM U0126 or
5 µM LY294002 for 72 h. These cells were cultured
in the presence of 10 µg/mL lipopolysaccharide
(LPS) for 1 h. Photograph revealed the reverse
transcription–polymerase chain reaction analysis
for MIP-1α. (b, e) MOPC-31C cells were treated
with 10 µM U0126 or 5 µM LY294002 for 72 h.
These cells receiving U0126 or LY294002 were
cultured in the presence of 10 µg/mL LPS for 24 h.
Culture supernatant was collected and analyzed
by enzyme-linked immunosorbent assay. These
results are representative of five independent
experiments. *P < 0.01, compared to control. (c,
f) MOPC-31C cells were treated with 10 µM
U0126 or 5 µM LY294002 for 72 h. These treated
cells were cultured in the presence of 10 µg/mL
LPS for 5, 15, 30, 60, 120, and 240 min. Whole
cell lysates were prepared and immunoblotted
with antibodies against phosphorylated ERK1/2
(p-ERK1/2), phosphorylated Akt (p-Akt), ERK1/2,
and Akt.
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In the present experiment, the inhibitory effect of YM529/
ONO-5920 on MIP-1α secretion was negated by the previous
addition of GGPP, but not by the previous addition of FPP. Our
results and those of other reports together suggest that the
inhibition of MIP-1α secretion by the addition of YM529/ONO-
5920 is attributable to the inhibition of GGPP synthesis.

The treatment of MOPC-31C cells with 10 µM YM529/
ONO-5920 for 3 days in vitro inhibited GGPP synthesis. The
peak plasma concentrations of bisphosphonate drugs achieved
with standard doses were = 10 µM.(15,16) Moreover, in the bone, the
local concentrations of bisphosphonate drugs have been calculated
in the range of 0.1–1.0 mM.(17) These findings indicate that the
10 µM concentration of YM529/ONO-5920 is within the peak
plasma and bone concentrations of YM529/ONO-5920 that are
likely to be achieved in vivo.

LPS is known to combine with a protein family called toll-
like receptors (TLRs) and to activate TLR1, 2, 4, and 9.(18) After
combination with TLRs, a complex of TLR–MyD88–IL-1
receptor-associated kinase is formed in the cells. At that time,
NF-κB, a transcription factor necessary for the transcription of

cytokines, is activated in order to induce the activation of a target
gene. This complex is also reported to induce the activation of
the Ras pathway and I-κB kinases by way of TNF receptor-
associated factor 6.(19,20) These reports suggest that Ras and
NF-κB are involved in the production of MIP-1α. It has been
reported that the production of MIP-1α induced by LPS and
TNF-α is inhibited by inhibiting NF-κB in human macrophages.(21)

However, there has been no report on functioning of the signaling
pathway in the production of MIP-1α caused by LPS stimulation
in myeloma cells. In the present experiment, the activation of
NF-κB was observed when LPS was added to MOPC-31C cells.
At the same time, a transient activation of ERK1/2 and Akt was
also observed. The combination of YM529/ONO-5920 + LPS
did not affect the activation of NF-κB, but phosphorylation of
ERK1/2 and Akt was inhibited, and subsequently, decreases in
the expression of MIP-1α mRNA and the secretion of MIP-1α
were confirmed. These results suggest that the signaling of
ERK1/2 and Akt is important for the production of MIP-1α.

A study was conducted with U0126 to determine whether or
not ERK1/2 inhibition actually inhibits MIP-1α secretion. When
U0126 was added, it was confirmed that, like YM529/ONO-
5920, U0126 inhibited MIP-1α expression and ERK1/2 activity.
LY294002, a PI3K inhibitor, was also used in the study to confirm
whether or not the inhibition of Akt leads to the inhibition of
MIP-1α secretion. It was confirmed that LY294002 also inhibited
the expression of MIP-1α and suppressed the activity of Akt,
similar to the effect of YM529/ONO-5920.

These results suggested that the inhibitory effect of YM529/
ONO-5920 on the secretion of MIP-1α in MOPC-31C cells is
brought out by the inhibition of GGPP biosynthesis, which in
turn inhibits the activation of the Ras/MEK/ERK and Ras/PI3K/
Akt pathways.

As described above, YM529/ONO-5920 is known to affect the
functions of Ras by inhibiting prenylation through the inhibition
of GGPP synthesis; this enables localization of Ras at the plasma
membrane.(22) Ras is involved in the activation of the MEK/ERK
and PI3K/Akt pathways,(23,24) suggesting the mechanism of action
of YM529/ONO-5920.

Activation of the Ras/MEK/ERK pathway was thought to be
essential in the MIP-1α secretion because an increase in the
phosphorylation of ERK1/2 was observed in the promotion of
MIP-1α expression and secretion caused by adding LPS and the
promotion of MIP-1α expression and secretion were completely
inhibited by U0126, a MEK1/2 inhibitor. Although the details
remain obscure, there might be some involvement of the Ras/
PI3K/Akt pathway because LY294002 inhibited activation of
Akt at the time of LPS stimulation and MIP-1α expression
decreased along with the inhibited activation of Akt to a lesser
extent than when the MEK/ERK pathway was inhibited by
U0126.

In this experiment, YM529/ONO-5920 inhibited MOPC-31C
cell growth induced by LPS stimulation. At this stage, YM529/
ONO-5920 suppressed MIP-1α secretion induced by LPS
stimulation. These results suggest that YM529/ONO-5920 inhibited
MIP-1α-dependent MOPC-31C cell growth.

In the present experiment, the inhibitory effect of YM529/
ONO-5920 on the secretion of MIP-1α was confirmed in the
MM cells. Accordingly, bisphosphonate drugs with the property
of high bone accumulation appear to have promise for use in
effective future therapy for osteolysis and myeloma cell growth
that depend on MIP-1α secreted from myeloma cells.
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Fig. 7. Inhibitory effect of YM529/ONO-5920 on macrophage
inflammatory protein 1α (MIP-1α)-dependent MOPC-31C mouse
myeloma cell growth. (a) Cells were incubated at a concentration of
1 × 104 cells/mL for 24 h in a 96-well plate. These cells were treated
with 10 µg/mL LPS, 10 µM YM529/ONO-5920, 10 µM YM529 + 10 µg/mL
LPS, 2 µg/mL MIP-1α neutralizing antibody, or 2 µg/mL MIP-1α
neutralizing antibody + 10 µg/mL LPS. After incubation for 1, 3, or 5
days, the number of viable cells was counted by Trypan blue staining.
The results are representative of five independent experiments. (b)
MOPC-31C cells were treated with 10 µg/mL LPS, 10 µM YM529/ONO-
5920, 10 µM YM529 + 10 µg/mL LPS, 2 µg/mL MIP-1α neutralizing
antibody, or 2 µg/mL MIP-1α neutralizing antibody + 10 µg/mL LPS.
After incubation for 1, 3, or 5 days, culture supernatant was collected
and analyzed by enzyme-linked immunosorbent assay. These results
are representative of five independent experiments. *P < 0.01,
compared to control.
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