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Abstract
Osteolytic bone disease, characterized

by bone pain, increased risk of pathologic
fractures, tumor-induced hypercalcemia
known as skeletal-related events (SREs), is
a frequent complication of patients with
multiple myeloma (MM) and persists even
in the absence of active disease, resulting in
a major cause of morbidity and mortality.
The interaction between myeloma cells and
their surrounding cells in the bone marrow
(BM) microenvironment promotes both
myeloma cell growth and bone destruction
and forms the vicious cycle of MM bone
disease. Therefore, therapeutic strategies
targeting the interaction between myeloma
cells and cellular components including
osteoclasts (OCs), stromal cells and
osteoblasts (OBs) in the BM is crucial not
only to attain tumor regression but also to
prevent or delay the incidence of SREs,
which leads to improve survival and quality
of life in affected patients. Recently, several
novel targets which act on components of
the cycle for treating MM-associated bone
disease have been identified in addition to
current treatments including nitrogen-con-
taining bisphosphonates. This review focus-
es on the overview of pathophysiology in
MM-associated bone disease and summa-
rizes its current clinical management.
Several novel bone-targeted agents in pre-
clinical setting will be also discussed.

Introduction
The bone is a common site of metastasis

in patients with advanced cancer such as
breast cancer, prostate cancer, lung cancer
and multiple myeloma (MM).1-3 MM is a
hematological malignancy, characterized by
the accumulation of monoclonal plasma
cells in the bone marrow (BM) and a recent
significant advance in the treatment options
of MM has become improved median over-
all survival (OS) in MM patients. In the BM
microenvironment of MM, the cellular
interaction promotes myeloma cell growth
and devastates its associated bone disease,
characterized by pathologic fractures,
spinal cord compression or hypercalcemia,

known as skeletal related events (SREs).4-9

The frequency of SREs depends on the
characteristics of bone lesions, locations
and treatment complications. Despite
improvement in treatment options, many
patients with MM experience unsatisfactory
pain which severely compromises their
quality of life (QOL). Approximately 70%
of patients have bone disease at the initial
diagnosis of MM and 80-90% of patients
develop SREs during its clinical course.9,10

Due to the uncoupled bone remodeling
process, MM-associated bone lesions are
osteolytic with bone loss. Myeloma cells
promote osteoclast (OC) formation in asso-
ciation with BM stromal cells, whereas they
inhibit osteoblast (OB) formation, which
result in increased bone destruction and
suppressed bone formation. BM accessory
cells including OCs, BM stromal cells
(BMSCs), endothelial cells and immune
cells supply a microenvironment suitable
for MM cell expansion.11-13 Thus, the inter-
action between MM cells and these cellular
components in the BM results in the vicious
cycle to expand MM cells and destructive
bone lesions (Figure 1).14 Importantly, MM-
associated bone disease dose not complete-
ly heal but persists even in the absence of
active disease of MM. Therefore, despite
remarkable progress in treatments of MM
over the last decade, to develop novel ther-
apeutic strategies targeting osteolytic bone
disease is required to attain improved QOL
in the long-term management of MM
patients.4-9 This review focuses on the
mechanism of the interaction between MM
cells and their surrounding cells in the BM
and summarizes current clinical manage-
ments in MM- associated bone disease to
prevent or delay the occurrence of SREs in
affected patients. In addition, several novel
targets in preclinical setting or clinical trials
will be discussed for providing clues further
to develop novel therapeutic agents.

Pathophysiology of multiple
myeloma associated bone disease

The interaction between MM cells and
BM microenvironment plays an important
role in the pathogenesis of MM.11-14 Soluble
factors or physical contacts within the cellu-
lar components of BM have been implicat-
ed in both enhanced bone destruction and
impaired bone formation in MM. BM
microenvironment is composed of various
kinds of cells including BM stromal cells
(BMSCs), osteocytes, OCs, osteoblasts
(OBs), vascular endothelial cells and
immune cells.

Osteoclast activation
MM cells produce factors including

receptor activator of NF-κB ligand
(RANKL), macrophage inflammatory pro-
tein-1α (MIP1-α), interleukin-3 (IL-3) and
interleukin-6 (IL-6),15-18 in the BM. When
MM cells bind to BMSCs, RANKL expres-
sion in BMSCs is increased, which results in
the binding of RANKL to RANK on OC pre-
cursor cells and OC differentiation is
induced. Likewise, T-lymphocytes also pro-
duce RANKL and IL-3 to enhance osteo-
clastgenesis. In addition, the interaction
between MM cells and BMSCs leads to
decreased osteoprotegrin (OPG) produced
by BMSCs which inhibits the action of
RANKL. Consequently, marked imbalance
between RANKL and OPG levels in the BM
microenvironment of MM triggers OC acti-
vation and OB suppression.16 Indeed,
RANKL expression was remarkably up-reg-
ulated, whereas OPG levels was down-regu-
lated in the BM microenvironment of MM
patients. In a murine model of MM, a
RANKL inhibitor, RANK-Fc, was shown to
inhibit osteoclastgenesis and bone resorptive
activity.19 Based on these observations, a
human monoclonal IgG1 antibody against
RANKL has been developed and discussed
as below. Moreover, both MIP1-αand MIP1-
β secreted by MM cells induce both RANKL
up-regulation and OPG down-regulation in
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BMSCs through the interaction between
VLA-4 and VCAM-1.19 MM cells express
MIP1 receptors; CCR5 and CCR1. Both
MIP1-α and MIP1-β act on MM cells in
autocrine an paracrine fashion and stimulate
osteoclastgenesis.17,20 IL-3 level is elevated
in 75% of BM in MM patients and enhances
the effect of RANKL and MIP1, which
results in OC activation and bone destruc-
tion. Interleukin-6 (IL-6) level is also up-reg-
ulated in patients with MM-associated oste-
olytic bone lesions compared with those
without bone lesions or with monoclonal
gammopathy of undetermined significance
(MGUS). It is produced by OCs, BMSCs
and OBs through the interaction with MM
cells and increase in the level of IL-6 aug-
ments MM cell expansion and bone destruc-
tion. Furthermore, in addition to RANKL,
BMSC secretes various cytokines and
growth factors, including vascular endothe-
lial growth factor (VEGF), stromal cell-
derived factor (SDF)-1α, and insulin-like
growth factor (IGF)-1 as well as physical
contacts with MM cells for MM cell prolifer-
ation. Another osteoclastgenetic factors
including tumor necrosis factor α (TNFα), B
cell activating factor of TNFα family
(BAFF), A proliferation inducing ligand

(APRIL) are also produced and secreted by
OCs in bone lesions in MM.21,22

Osteoblast suppression
MM cells secrete several factors to

inhibit OB differentiation, including dick-
kopf-1 (DKK-1), frizzled-related protein
(sFRP)-2, sFRP-3, IL-3 and IL-7. Wingless-
type (WNT) signaling pathway plays a cru-
cial role in OB differentiation.23-26 Complex
of WNT and LDL-related receptor (LRP)5 or
LRP6 binds to the fizzled receptor, leading to
dephosphorylation of β-catenin pathway
which activates OB differentiation. DKK1 is
WNT pathway inhibitor which is up-regulat-
ed in MM cells and is more intensely
expressed in patients with multiple osteolytic
lesions than those without these lesions.
Likewise, DKK1 expression is up-regulated
in BMSCs and OBs in the presence of MM
cells. DKK1 binds to LRP-5 and inhibits the
binding of WNT to LRP5, resulting in block-
ade of downstream signaling pathway and
inhibition of osteoblastgenesis. Moreover,
DKK1 increases RANKL expression and
decrease OPG expression in OBs, enhancing
osteoclastgenesis in MM. sFRP-2 and sFRP-
3, secreted by MM cells are WNT antago-
nists which inhibits OB differentiation.

Endogeneous sFRP-2 blocked alkaline phos-
phatase activity and suppressed mineralized
nodule formation enhanced by bone morpho-
genetic protein (BMP)-2. In MM patients,
IL-3 enhances bone destruction by enhanc-
ing osteolastgenesis and indirectly inihibits
osteoblastgenesis. IL-7 suppressed Runx2
activation which is required for osteoblast
precursor differentiation.27,28

Bone-targeted agents in multiple
myeloma

MM is an incurable disease with anti-
MM agents including proteasome inhibitors
(PIs), immunomodulatory drugs (IMiDs),
immunotherapy and hematopoietic stem
cell transplantation. Patients with MM fre-
quently experience pathologic fractures,
spinal cord compression or hypercalcemia,
known as SREs and experience unsatisfac-
tory pain which significantly compromises
their QOL.4-9 Current therapeutic options of
MM-associated bone disease include nitro-
gen-containing bisphosphonates, surgical
procedures, radiotherapy and systemic anti-
MM therapy itself. 
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Figure 1. Vicious cycle of multiple myeloma-associated bone disease.



Bispohsphonates
Nitrogen-containing bisphosphonates

including zoledronate and pamidronate are
currently used to control and alleviate bone
pain, to prevent the incidence of SREs, to
reduce the requirement for palliative radia-
tion to affected bone or surgery, and to
delay time to first SREs.4-9 The mechanism
of action of bisphosphonates is to inhibit
protein prenylation and to block prenylate
GTPase signaling required for OC forma-
tion by suppressing farnesyl pyrophosphate
synthetase (FPPS), the enzyme in the
mevalonate pathway.29 Bisphosphonates
maintain high affinity for hydroxyapatite
surface on the bone through their similarity
to pyrophosphates and are incorporated into
bone remodeling sites and released for
months, resulting in the inhibition of bone
resorption. In addition, bisphosphonates
increase apoptosis of MM cells and perform
anti-angiogenetic effect by inhibiting the
expression of vasoendothelial growth factor
(VEGF) or platelet derived growth factor
(PDGF) in endothelial cells. In contrast,
non-nitrogen containing bisphosphonate
such as clodronate induces OC apoptosis
not by the induction of protein prenylation
but the formation of nonhyrdolyzable ATP
metabolites. Nitrogen-containing bisphos-
phonates have been shown to prolong medi-
an OS and progression free survival (PFS)
as compared to oral clodronate, in combina-
tion with anti-myeloma therapy.30 Recent
guidelines by International Myeloma
Working Group (IMWG) and National
Cancer Comprehensive Network (NCCN)
recommended the initiation of bisphospho-
nate therapy for MM patients regardless of
the presence or absence of osteolytic bone
lesions or osteoporosis.31,32 Suggested dose
of zoledronate and pamidoronate is 4 mg
every 3 to 4 weeks as a 15 minute infusion
and 90 mg every 3 to 4 weeks as a 2 hour
infusion in symptomatic MM,33 whereas
dosing recommendation of bisphosphonates
for asymptomatic or smoldering MM is
varying. High-risk smoldering MM patients
with osteolytic bone lesions should receive
bisphosphonate treatment with the same
dose and schedule used for symptomatic
MM patients. On the other hand, other
smoldering or asymptomatic MM patients
were annually treated with the dose (5 mg)
used for patients with osteoporosis.33

Recent reports suggest that zoledronate was
shown to be effective in prolonging time to
the first SRE in advanced cancer and bone
metastasis.34-36 However, there were no evi-
dent data which demonstrate the superiority
of zoledoronate over pamiodronate.
Moreover, Rosen et al. demonstrated that

zoledronate (4 mg) reduced overall risk of
developing skeletal complications and
hypercalcemia by an additional 16% in MM
patients (n=1648) with bone lesions and
have a similar efficacy with pami-
doronate,37,38 while Sanfilippo et al. report-
ed that zoledronate induced significant
improvement in overall survival of MM and
reduced its SREs as compared with
pamidronate.39 Recommended treatment
duration of bisphosphonate therapy varies
from 2 months to 2 years for MM patients in
complete remission (CR) or very good par-
tial remission (VGPR).40 Furthermore, it
was reported that bisphosphonate therapy
should be re-initiated at the time of disease
relapse if osteolytic bone disease exists,
regardless of the dose of bisphosphonate
patients have previously received.33 In the
aspect of toxicity profiles, bisphosphonates
induce osteonecrosis of the jaw (ONJ),
renal dysfunction and atypical femoral frac-
tures (AFFs).41-43 Renal dysfunction fre-
quently occurs in patients with MM and
zoledronate simultaneously exacerbates the
renal impairment. Therefore, in several
cases, alternative therapeutic agents are
required instead of zoledronate further to
reduce the occurrence of SREs without drug
toxicities.

Denosumab
Recently, several clinical trials have

demonstrated that anti-RANKL monoclonal
antibody, denosumab can significantly
reduce SREs associated with osteolytic
metastatic cancers.44 Denosumab is a fully
human monoclonal IgG1 antibody which
binds to RANKL with high specificity and
inhibits RANKL-RANK signaling in OC
precursor cells.44 Consequently, it blocks
OC differentiation and subsequently sup-
press OC bone resorptive activity with
decreased bone destruction. Several trials
have shown that denosumab was superior to
zoledronate in delaying or preventing the
occurrence of SREs, with median progres-
sion free and overall survival similar to
zoleronate in osteolytic bone disease
including advanced breast cancer, prostate
cancer and lung cancer.45-48 Although, ini-
tial dose adjustment of zoledronate is essen-
tial for patients who have baseline creati-
nine clearance lower than 60 mL/min, it is
not required for denosumab.49 Although
hypocalcemia is more frequently seen with
denosumab than zoledronate, it is manage-
able with appropriate supplementation with
oral calcium and vitamin D3.

45-48 On the
other hand, denosumab increased infections
by anti-RANKL effect, so it needs to be

careful to use in MM patients. Thus, deno-
sumab has an efficacy with little toxicities,
but not be superior to zoledronate in
patients with bone metastasis of other
advanced cancer or MM.45-47 Moreover, it
does not significantly decrease tumor bur-
den in MM.48,49

Anti-multiple myeloma agents-
proteasome inhibitors 

Bortezomib has a potent anti-MM activ-
ity. It also impairs osteoclastgenesis via
p38MAPK inhibition in early phase and
NFκB inhibition in later phase. It stimulates
mesenchymal stem cell (MSC) differentia-
tion into OBs. It up-regulates the expression
of RUNX2 essential for OB formation. The
second generation PIs such as carfilzomib
and ixazomib also inhibits bone resorptive
activity in OCs and promotes osteoblastge-
nesis.50-52

Anti-multiple myeloma agents-
immunomodulatory drugs 

IMiDs consists of thalidomide, and its
second generation derivatives; lenalidomide
and pomalidomide. In addition to their anti-
MM effects, both lenalidomide and poma-
lidomide inhibits the activation of PU.1 and
pERK, which is transcription factor, crucial
for OC precursor differentiation into OCs.
Lenalidomide decreases RANKL secretion
from BMSCs and normalizes the
RANKL/OPG ratio. It also inhibits the
cathepsin K, essential for bone matrix
degradation, secreted by OCs, resulting in
decreased osteoclastgenesis and heals
oetolytic bone disease in MM, while it does
not affect OB differentiation.53

Anti-multiple myeloma agents-
monoclonal antibody

Daratuzumab is a humanized anti-CD38
IgG1 monoclonal antibody. CD38 is
expressed in MM cells and antibody-based
therapy by daratuzumab revealed signifi-
cant anti-tumor activity in relapsed or
refractory MM patients, which resulted in
significant improvements in OS and PFS of
MM patients. CD38 is also expressed in OC
precursor cells. So, it is expected that
daratuzumab not only inhibits tumor growth
but also blocks osteoclast differentiation
and suppresses osteolytic bone disease in
MM.54,55
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Other novel bone-targeted
agents-investigational therapies

Tyrosine kinase inhibitor
Dasatinib, a multitargeted tyrosine kinase

inhibitor, has proven clinically efficient
response in bone in combination with zole-
dronate for the treatment of metastatic breast
cancer to bone.56 Dasatinib reduces OC num-
ber through its inhibitory effect on tyrosine
kinase such as macrophage colony stimulat-
ing factor receptor (M-CSF), essential for the
differentiation of OC precursor cells.
Dasatinib also decreases the expression of
RANKL and reduces done resorption effect.
In addition, dasatinib has bone reserving
effects and low dose dasatinib enhances
osteoblastgenesis by src inhibition.57,58

Cathepsin K inhibitor: ONO-5334
Cathepsin K, a member of the papain

cysteine protease superfamily is released by
OCs, has a critical role in bone resorptive
activity in mice and degrades collagen of
bone.59 ONO-5334 is an orally available
cathepsin K inhibitor and its clinical effica-
cy for increasing bone mineral density
(BMD) has been proven in patients with
osteoporosis.60

MMP inhibitor: RP59794
MMPs have been involved in recruit-

ment of OCs and had a critical role in bone
resorption. An inhibitor which reduces the
activities of MMP-2 and MMP-9, relative to
other MMPs, efficiently decreases bone
resorptive activity. MMP-9 inhibitor inhib-
ited the expression of genes related to OC
maturation and suppressed RANKL-
induced OC formation.61 MMP inhibitor,
RP59794 has been shown to reduce OC
migration, resulting in the decrease of bone
resorption in OCs.62

MIP1-α (CCR1) inhibitor:
MLN3897

MIP1-α/CCL3 is a chemokine secreted
by MM cells and plays an important role in
MM cell growth and OC differentiation.
The receptor for MIP1-α is expressed on
cells within the BM microenvironment such
as OCs, OBs and BMSCs as well as MM
cells. MIP1α inhibitor, MLN3897, a specif-
ic orally available CCR1 inhibitor, impairs
ostsoclastgenesis or the interaction between
MM cells and OCs and significantly
reduced tumor growth in MM.63

B-cell activating factor (BAFF) neu-
tralizing antibody: LY2127399

B-cell activating factor (BAFF), which

belongs to the TNF superfamily, is secreted
by OCs and BMSCs. It increases the adhe-
sion between MM cell and OCs and
enhances MM cell growth.64 Anti-BAFF
neutralizing antibody, LY2127399 signifi-
cantly inhibited MM cell growth and subse-
quently had inhibitory effect on osteoclast-
genesis.65

Bruton’s tyrosine kinase (BTK)
inhibitor, PCI-32765 (Ibrutinib)

BTK, a non-receptor tyrosine kinase, is
expressed in B cells and is involved in B
cell function. In addition, it is expressed in
both MM cells and OCs. A BTK inhibitor,
PCI-32765 blocked BTK and PLCγ2 in
OCs and blocked osteoclastgenesis. It
inhibited MM cell growth in vivo and MM-
induced osteolyisis in SCID mice.66

Activin A (Decay receptor-neutraliz-
ing activin A): RAP-011/ACE011

Activin-A, which belongs to TGF β
superfamily, is an inhibitor of WNT signal-
ing pathway and is involved in bone remod-
eling. It inhibits OB differentiation as well
as increases OC differentiation.67 Interplay
between MM cells and BMSCs promotes
the secretion of activin A by BMSCs.
Indeed, circulating activin A was increased
in MM patients and associated with oste-
olytic bone disease.29-31 A soluble activin A
receptor, RAP-011 increased bone forma-
tion, decreased bone disease and reduced
tumor growth in murine model of MM.
Phase II clinical trials indicated that soluble
decay receptor, ACE-011 decreased bone
pain and exhibit anti tumor effects in MM
patients.68,69

Dickkopf-1 (DKK1) neutralizing
antibody; BHQ880

WNT signaling pathway which plays a
crucial role in MM bone disease. DDK1 is a
WNT antagonist and is found at high levels
in MM patients. As disease progresses, it
inhibits oseoblastgenesis in MM patients.
DKK neutralizing antibody: BHQ880
increased OB differentiation and also inhib-
ited MM cell growth by modulating BM
microenvironment in MM murine model.
Phase II clinical trials of BHQ880 in
patients with MM revealed increased bone
formation.70,71

Anti-sclerostin antibody: AMG785
Sclerostin binds to LRP5/6 and inhibits

WNT signaling pathway, which leads to
decreased osteoblastgenesis and increased
osteoclastgenesis. It also inhibits BMP sig-
naling and suppresses BMP-mediated OB
mineralization. In MM patients, sclerostin
levels were shown to be elevated compared

with MGUS patients.72 A humainized anti-
sclerostin antibody, AMG785 (romosozum-
ab) revealed a significant anabolic effect in
the bone and increase BMD in post-
menopausal women.73 Clinical studies in
MM patients have not been conducted yet.

Humanized anti-CD26 mono-
clonal antibody

CD26, 110KDa transmembrane glyco-
protein with dipeptidyl peptidase IV
(DPPIV) activity, is intensely expressed on
OCs in osteolytic bone lesions in MM.
Hunmanized anti-CD26 monoclonal anti-
body has revealed to regulate human OC
differentiation by modulating RANK sig-
naling pathway and inactivating down-
stream intracellular MKK3/6-p38MAPK
and intranuclear mi-Mitf phosphorylation
pathway in OC precursor cells, thus block-
ing early OC differentiation.74 Bone-target-
ed therapy with anti-CD26 antibody is
expected to reduce the occurrence of total
SREs in combination with systemic anti-
MM therapy.

RANKL-Fc
A RANKL inhibitor, RANKL-Fc

decreases bone resorption induced by
RANKL as well as reduces tumor burden in
animal models of MM.75 Antagonists to
MIP1-α receptor, CCR1 blocked OC forma-
tion and inhibited the adhesion between
MM cells and BMSCs.63

Conclusions
Persistence of unsatisfactory pain due to

osteolytic bone disease is a serious problem
in MM patients. Bone-targeted therapy in
combination with anti-myeloma therapy is
crucial to reduce the incidence of SREs and
attain an improved QOL for MM patients.
Further elucidation of the molecular mech-
anism underlying MM-associated bone dis-
ease may lead to develop novel bone target-
ed agents and have a dramatic impact on
MM tumor growth and osteolytic bone dis-
ease. 
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