fco;ﬁ\b Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

Voo’

www.perspectivesinmedicine.org

Multiple Myeloma and Bone: The Fatal

Interaction

Silvia Marino® and G. David Roodman™?

'Department of Medicine, Division Hematology Oncology, Indiana University School of Medicine,

Indianapolis, Indiana 46202

2Roudebush VA Medical Center, Indianapolis, Indiana 46202

Correspondence: groodman@iu.edu

Multiple myeloma (MM) is the second-most-common hematologic malignancy and the most
frequent cancer to involve bone. MM bone disease (MMBD) has devastating consequences
for patients, including dramatic bone loss, severe bone pain, and pathological fractures that
markedly decrease the quality of life and impact survival of MM patients. MMBD results from
excessive osteoclastic bone resorption and persistent suppressed osteoblastic bone forma-
tion, causing lytic lesions that do not heal, even when patients are in complete and prolonged
remission. This review discusses the cellular and molecular mechanisms that regulate
the uncoupling of bone remodeling in MM, the effects of MMBD on tumor growth, and
potential therapeutic approaches that may prevent severe bone loss and repair damaged

bone in MM patients.

ultiple myeloma (MM) is the second-
most-common hematological malignan-
cy, with an annual incidence of 5.85/100,000
adults in Western countries (Howlader et al.
2016). Approximately 30,280 new cases will be
diagnosed in the United States in 2017 with
12,590 deaths caused by MM (Siegel et al.
2017). The incidence of MM is 2 to 3 times
higher in African Americans than in Caucasians
(Bhatnagar et al. 2015) with a 5-year survival
rate of 48.5%. The incidence of MM increases
with age with 70 being the median age at diag-
nosis, and 2% of cases are under the age of 40.
The incidence of MM is slightly increased in
males compared with females (1.6:1).
MM results from an uncontrolled clonal ex-
pansion of neoplastic plasma cells in the bone

marrow, the vast majority of which produce
monoclonal immunoglobulins detectable in
the serum and/or the urine (Kyle and Rajkumar
2004). MM evolves from an indolent, premalig-
nant disease termed monoclonal gammopathy
of undetermined significance (MGUS). Ap-
proximately 1% of MGUS patients progress to
asymptomatic and later to symptomatic MM
per year (Kyle and Rajkumar 2008). Gene ex-
pression studies have identified standard and
high-risk (20% of patients) molecular subtypes
of MM associated with poor prognosis (Lopez-
Corral etal. 2014; Botta et al. 2016). In rare cases,
patients can develop plasma cell leukemia when
malignant plasma cells acquire genetic abnor-
malities that allow them to survive outside the
bone microenvironment (Kumar et al. 2014).
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MM is currently incurable in the vast major-
ity of patients and is the most frequent cancer
that involves the skeleton, with 90% of patients
developing bone lesions during the course of
their disease (Roodman 2008, 2010). Bone in-
volvement is responsible for the most devastat-
ing consequences of MM, including pathological
fractures that can occur in 50%-60% of patients,
causing debilitating pain (Melton et al. 2005)
and increasing mortality risk by up to 20%
(Saad et al. 2007). In addition, MM bone disease
(MMBD) can cause hypercalcemia (15%)
(Sternlicht and Glezerman 2015) and spinal
cord compression syndromes (5%) (Molloy et
al. 2015), impacting both quality of life and sur-
vival of patients.

MMBD is characterized by a profound de-
regulation of both osteoclastic bone resorption
and osteoblastic bone formation. Bone lesions in
MM are purely lytic, because of increased local
osteoclast (OC) activity adjacent to MM cells
accompanied by severely suppressed osteoblast
(OB) activity (Giuliani et al. 2006).

This uncoupling of the normal bone remod-
eling process, whereby increased OC activity is
coupled to new bone formation at the sites of
bone removal, results in little or no new bone
despite increased bone resorption (Roodman
2009). This explains why bone scans, which
measure reactive bone formation, underestimate
the extent of bone lesions in MM patients (Healy
et al. 2011). Moreover, the majority of bone le-
sions caused by MM do not heal even when the
patients are in complete remission because of
the persistent suppression of OB activity (Fig.
1) (Roodman 2011).

Current treatments for MMBD such as bis-
phosphonates and denosumab primarily target
bone destruction by OCs and do not increase
bone formation. Several bone anabolic agents
are in preclinical or clinical trial for MMBD
and will be discussed below.

EFFECTS OF MULTIPLE MYELOMA ON THE
BONE MICROENVIRONMENT

The bone microenvironment consists of a min-
eralized extracellular matrix (ECM) and a cellu-
lar compartment in which hematopoietic and

Figure 1. Multiple myeloma bone disease (MMBD) is
characterized by excessive bone destruction accompa-
nied by absent new bone formation. In the left panel,
the patient has multiple visible tumor lesions in the
calvaria as shown by radiography. The right panel
shows a segment of skull with myeloma tumor growth
in the calvarial bone. (Figure courtesy of Dr. Mankin,
Massachusetts General Hospital.)

nonhematopoietic cells reside and is a frequent
site for metastasis. Local and systemic media-
tors, including cytokines, growth factors, hor-
mones, and neural peptides, control the func-
tions of these cells. Sir James Paget proposed
the “seed and soil hypothesis” to explain the
frequent occurrence of bone metastasis. The
bone microenvironment represents a receptive
“soil” in which the disseminating cancer cells,
“seeds,” find a fertile ground that supports their
proliferation and expansion (Paget 1889). Tu-
mor cells “home” to bone because they express
ligands on their surface that bind to “homing
receptors” (e.g., CXCL12 on the surface of
bone marrow stromal cells [BMSCs]), a process
analogous to hematopoietic stem cells homing
to marrow. The increased osteoclastic bone re-
sorption induced by MM tumor cells mobilizes
growth factors stored in the bone matrix. These
growth factors further stimulate MM cell growth
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and the production of osteolytic and OB-sup-
pressive factors by MM cells and/or cells in the
bone microenvironment (Roodman 2004). This
vicious cycle promotes and supports MMBD
progression and drug resistance.

Mechanisms of Bone Destruction in MMBD

MM bone lesions are purely lytic, in contrast
with breast and prostate cancer patients that de-
velop osteolytic, osteoblastic, or mixed lesions
(Mundy 2002). Histological examination of
bone biopsies from patients with MMBD
showed that bone-resorbing OCs accumulate
in close proximity to MM cells as a result of local
production of OC-stimulating factors.

MM cells directly stimulate OC formation
by releasing a variety of proinflammatory OC-
activating factors (OAFs), including receptor
activator of nuclear factor kB (NF-xB) ligand
(RANKL), macrophage inflammatory protein
lo. (MIP-10), tumor necrosis factor o (TNF-
o), interleukin (IL)-3, IL-6, parathyroid hor-
mone-related protein (PTHrP), and hepatocyte
growth factor (HGF) (Choi et al. 2000; Frassa-
nito et al. 2001; Giuliani et al. 2004; Lee et al.
2004; Cafforio et al. 2014; Rampa et al. 2014).
Moreover, MM cells indirectly increase osteo-
clastogenesis via interactions with BMSCs, oste-
ocytes, and resident T cells. Adhesive interac-
tions between 04f1 integrin on MM cells and
vascular cell-adhesion molecule 1 (VCAM-1)
on marrow stromal cells promotes the produc-
tion of stromal-derived RANKL, macrophage
colony-stimulating factor (M-CSF), IL-11 and
IL-6, and MM-derived MIP-1a, IL-3, and vas-
cular endothelial growth factor (VEGF) (Kumar
et al. 2003; Mori et al. 2004; Gunn et al. 2006).
MM cell-osteocyte interactions further increase
RANKL production by osteocytes.

RANK/RANKL/Osteoprotegerin (OPG)

The RANK/RANKL signaling pathway repre-
sents a major regulator of both normal and path-
ological bone remodeling. RANKL is a type II
homotrimeric transmembrane protein that ex-
ists as a membrane-bound or a secreted soluble
protein derived by cleavage of the full-length
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form on the cell surface (Ikeda et al. 2001). In
bone, RANKL is mainly expressed by stromal
cells, OBs, and osteocytes and is also secreted
by activated T lymphocytes (Anderson et al.
1997; Wong et al. 1997; Wada et al. 2006). Re-
cent studies showed that osteocytes are capable
of producing RANKL at 10-fold higher levels
than OBs (Nakashima et al. 2011). A number
of cytokines and hormones known to stimulate
bone resorption (e.g., PTH, 1,25-OH,VitDs,
prostaglandins, IL-18, and TNF-0), increase
RANKL expression by OBs (Yasuda et al. 1998;
Hofbauer et al. 1999; Hofbauer and Heufelder
2001; Boyle et al. 2003; Takahashi et al. 2014).

RANKL binds its receptor RANK, a type I
homotrimeric transmembrane protein with a
large cytoplasmic carboxy-terminal domain
and an amino-terminal extracellular domain.
RANK is a member of the TNF receptor super-
family expressed on the surface of OC precur-
sors and mature OCs. The binding of RANKL
to RANK stimulates a number of signaling cas-
cades vital for OC differentiation, survival, and
activity (Nakagawa et al. 1998; Hsu et al. 1999;
Ehrlich and Roodman 2005).

OPG, a member of the TNF receptor super-
family and soluble decoy receptor for RANKL, is
produced by BMSCs and osteocytes and blocks
the interaction between RANKL and its receptor
on OCs (Simonet et al. 1997; Lacey et al. 1998).
The RANKL/OPG ratio is crucial for regulating
OC formation and activity (Boyce and Xing
2008).

It is unclear whether MM cells directly pro-
duce RANKL or only induce its production by
acting on cells in the bone microenvironment.
Several studies reported that RANKL is ex-
pressed by MM cells in bone marrow biopsies
and in human and murine MM cell lines (Sezer
et al. 2002a,b; Heider et al. 2003). Recently,
Schmiedel et al. (2013) reported that MM cells
from patients expressed RANKL and that
RANKL was responsible for the release of
TNF-a, IL-6, and IL-8 via an autocrine/para-
crine mechanism that increased the survival
and growth of malignant cells and exacerbated
bone destruction. Conversely, Giuliani and col-
leagues found that there was an imbalance be-
tween OPG and RANKL that favors OC for-
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mation in bone marrow from MM patients.
CD138" MM cells and MM cell lines did not
express RANKL, and the increased RANKL/
OPG ratio occurred only when human MM cells
were cocultured with BMSCs (Giuliani et al.
2001,2004). Regardless of the source of RANKL,
an increased RANKL/OPG ratio in MM patients
correlated with poor prognosis and reduced sur-
vival (Pearse et al. 2001; Terpos et al. 2003).
Importantly, preclinical models of MMBD
showed that blocking RANKL-induced OC for-
mation, via administration of recombinant OPG
or RANK-Fc, significantly decreased osteolytic
lesions and tumor growth in mice (Croucher
et al. 2001; Yaccoby et al. 2002). These studies
suggest the targeting of the RANK/RANKL/
OPG axis in MMBD, and a recent phase III trial
of denosumab in MM patients showed its effica-
cy for controlling skeletal-related events (SREs)
in patients with MMBD (Roodman and Dougall
2008; Raje et al. 2017).

MIP-Ta.. MIP-1at is a chemotactic chemo-
kine produced mainly by MM cells and OC
that plays an important role in the increased
OC activity in MM. MIP-1o enhances cell ad-
hesion and migration and acts as a chemotactic
factor for monocytes and OC precursors. MIP-
Lo directly induces OC formation by binding to
the G-protein-coupled receptors CCR1 and/or
CCRS5 on human OC precursors in an RANKL-
independent fashion (Han et al. 2001; Oba et al.
2005; Tsubaki et al. 2010). However, studies us-
ing RANK knockout mice showed that MIP-1o.
did not increase osteoclastogenesis in this mod-
el, suggesting that in mice MIP-1os effects are
mediated by RANKL (Oyajobi et al. 2003).
Analysis of bone marrow samples from MM
patients with extensive bone destruction showed
that levels of MIP-1a are significantly increased
in 70% of the cases, as compared with other
hematological malignancies or normal control
samples and are associated with decreased pa-
tient survival (Choi et al. 2000; Magrangeas et al.
2003). Increased MIP-1a concentrations were
found to positively correlate with bone lesions
in 16 out of 18 MM patients (Uneda et al. 2003),
and the osteoclastogenic potential of patient
marrow plasma was inhibited by an anti-MIP-
lo-neutralizing antibody (Choi et al. 2000; Abe

et al. 2002). In addition, MIP-1o indirectly in-
creases OC formation by enhancing the activity
of RANKL and IL-6 (Oyajobi et al. 2003), and
plays a role in the homing of MM cells to the
marrow as well as their proliferation, survival,
and adhesion to BMSCs via the expression of 1
integrins (Choi et al. 2001; Lentzsch et al. 2003;
Menu et al. 2006).

In addition to increasing tumor progression
and bone catabolic activity, MIP-1o. may also
impair OB function. Vallet et al. (2011) reported
that treatment of MM-derived mature OB with
MIP-1o down-regulated osteocalcin expression
and osterix modulation, and these effects were
partially prevented by the small-molecule CCR1
antagonist, MLN3897, in vitro and in vivo.

Studies in preclinical models of MMBD have
shown that blocking CCR1 decreases tumor
burden and bone destruction in the murine
5TGM1 model of MMBD (Vallet et al. 2007;
Dairaghi et al. 2012) and partially reverses the
inhibitory effects of MIP-10. on OB. Small mol-
ecule CCR1 inhibitors are currently under de-
velopment (Gladue et al. 2010).

TNF-o. TNF-o.is a member of the TNF fam-
ily of transmembrane proteins that signals
through two receptors, TNFR1 and TNFR2.
Binding of TNF-a to its receptor enhances OC
differentiation by stimulating a number of
signaling pathways. These include NF-xB, mi-
togen-activated protein kinases (MAPKs), and
PI3K/Akt pathways, that enhance the effects of
RANKL (Boyce et al. 2005). In OBs, TNF-o. in-
hibits expression of OB differentiation markers,
such as Runx2, Osx, type-1 collagen, osteocal-
cin, and matrix deposition and induces apopto-
sis of mature OBs (Abbas et al. 2003; Nanes
2003; Ghali et al. 2010). Therefore, TNF-o. in
bone exerts a catabolic effect, stimulating bone
loss and inhibiting bone formation. Although
TNF-a levels are elevated in the bone marrow
microenvironment of MM patients with bone
diseases, whether MM cells produce sufficient
amounts of TNF-o to affect bone is still unclear
(Li et al. 2007). Recently, Colucci et al. reported
that the soluble decoy receptor 3 (DcR3), a
member of the TNF receptor superfamily, is
overexpressed by CD138" MM cells and T cells
in patients with MMBD and regulates OC dif-
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ferentiation and survival directly and/or via
stimulating the production and release of
RANKL and TNF-o by MM T cells (Colucci et
al. 2009; Brunetti et al. 2010).

In MM cells, TNF-a induces expression of
prosurvival genes, promotes growth, and sup-
presses apoptosis by activating several pathways,
including the NF-kB pathway (Mitsiades et al.
2002; Bharti et al. 2004; Li et al. 2008). TNF-o. is
a potent activator of the canonical NF-xB path-
way and is itself regulated through this pathway.
However, recent studies by Roy et al. (2017)
showed that gain-of-function mutations in com-
ponents of the noncanonical NF-xB pathway
are responsible for the TNF-o-mediated pro-
survival activity in MM cells and confer che-
motherapeutic resistance to apoptotic stimuli
induced by TNF-related apoptosis-inducing
ligand (TRAIL) and other drugs. In addition,
TNF-o induces migration of MM cells by acti-
vating TNFR2 and up-regulation of monocyte
chemoattractant protein (MCP)-1 (Johrer et al.
2004). Furthermore, TNF-o increases the ex-
pression of VCAM-1 and the secretion of
RANKL and IL-6 by stromal cells (Hiruma
et al. 2009; Teramachi et al. 2016), enhancing
stromal cell support of osteoclastogenesis and
MM cell growth and increased levels of
BAFF and APRIL, TNF-family members, and
positively correlates with increased angiogenesis
in MM patients (Kumar et al. 2004; Bolkun et al.
2014).

IL-3/Activin A. IL-3 is produced by MM cells
and T cells in MM patients and is elevated in
bone marrow plasma of ~70% of MM patients
when compared with healthy bone marrow con-
trols. IL-3 contributes to MMBD by affecting
both OC-mediated bone resorption and OB
bone formation. Lee and colleagues showed
that IL-3 directly enhanced the number of im-
mature OC and cooperates with RANKL and
MIP-10. to increase formation of bone-resorb-
ing OC (Lee et al. 2004). Recently, Silbermann
and coworkers (2014) reported that IL-3 in-
duces the production of activin A, a transform-
ing growth factor (TGF)-f cytokine member, by
macrophages isolated from MM patients, and
that activin A was the mediator for the effects
of IL-3 on osteoclastogenesis in vivo. In OB,
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Ehrlich and colleagues (2005) showed that IL-
3 significantly prevented the differentiation of
human and murine primary stromal cells into
OB via effects on monocytes/macrophages and
inhibited mineralization of mature OB. These
data suggest that activin A may be responsible
for IL-3-mediated inhibition of OB differentia-
tion and could function as a regulatory molecule
in the interaction between OC and OB in
MMBD (Vallet et al. 2010).

A soluble activin receptor antagonist sota-
tercept (ACE-011) is currently in phase I clinical
trial in combination with lenalidomide and dex-
amethasone for patients with relapsed and re-
fractory MM (Yee et al. 2015). Sotatercept was
reported to inhibit MM cell growth, improve
anemia, and increase bone mass (Pearsall et al.
2008; Lotinun et al. 2010).

Semaphorin 4D

Semaphorin 4d (Sema4D) is produced by MM
cells and OC (Dacquin et al. 2011; Terpos et al.
2012b) and increases OC activity and suppresses
OB differentiation and motility by binding to its
receptor plexin-Bl (Negishi-Koga et al. 2011).
Terpos et al. (2012b) showed that Sema4D and
plexin-B1 levels are increased in MM patients.
Recent studies have shown that coculture of MM
cells with mouse bone increased Sema4D ex-
pression in both and that osteocytes were a ma-
jor source of Sema4D (Suvannasankha et al.
2016). A Sema4D antibody is currently in clin-
ical trial for breast cancer bone metastasis (Pat-
naik et al. 2016).

PTHrP. PTHrP is a secreted factor, function-
ally analogous to PTH, the major regulator of
calcium homeostasis (Murray et al. 2005).
PTHTrP acts as an autocrine, paracrine, or intra-
crine factor in a number of developmental,
physiological, and pathological processes (Ka-
raplis and Goltzman 2000; Liao and McCauley
2006; Kremer et al. 2011; Foley et al. 2012; Rosen
2013). PTHrP plays a key role in osteolytic me-
tastases, and is produced by a variety of different
solid tumor cells that metastasize to bone (Guise
etal. 1996; Lietal. 2011; Soki et al. 2012). Several
studies reported that serum levels of PTHrP are
increased in MM patients with hypercalcemia
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and osteolytic bone disease compared with
MGUS patients or normal donors. These studies
showed that PTHrP is produced and secreted by
MM cells, increases tumor survival and prolif-
eration, and enhances MM production of osteo-
clastogenic factors such as RANKL and MCP-1
(Kitazawa et al. 2002; Cafforio et al. 2014).
Moreover, PTHrP induces the expression of
E4BP4, an osteoblastic transcriptional repressor
gene, exacerbating bone damage (Silvestris et al.
2008).

Adhesive Interaction. Adhesive interactions
between MM cells and BMSCs and components
of the marrow ECM play a central role in
MMBD. Interactions between MM and BMSCs
through the binding of adhesion molecules on
BMSCs and members of the integrin family on
MM cells are involved in MM cell homing, sur-
vival, proliferation, and drug resistance via a
mechanism mediated by both physical binding
and cytokine release (reviewed in Katz 2010).
These adhesive interactions activate survival
pathways in MM cells, such as NF-xB and p38
MAPK (Hideshima et al. 2003; Annunziata et al.
2007; Vanderkerken et al. 2007; Tornatore et al.
2014). Activation of these pathways in BMSCs is
responsible for their production of osteoclasto-
genic and angiogenic factors (RANKL, IL-6, and
VEGF) that increase OC formation, angiogene-
sis, and MM survival, contributing to the bone
destructive process (Roodman 2002).

We and others recently reported that the
adaptor protein p62 may represent a viable tar-
get for the treatment of MMBD. P62 is a multi-
domain adaptor protein that has no enzymatic
activity but serves as a platform for the forma-
tion of multiple signaling complexes involved in
MM cell growth, OC formation, and OB activity.
The p62 protein is composed of six domains,
including an atypical protein kinase C (aPKC)-
interacting domain (PB1) that serves as a p62
dimerization domain, the ZZ zinc finger that
binds to the TNF-o. signaling adaptor receptor
interacting protein (RIP), a p38 and LIM inter-
action domain, a TBS domain for binding to
TRAF6, an LIR domain involved in autophagy,
and a UBA domain that mediates noncovalent
interactions with ubiquitin (reviewed in Moscat
et al. 2007; Lippai and Low 2014).

Studies in OC precursors conducted by our
group found that increased p62-mediated sig-
naling increases OC formation in vitro and in
vivo (Kurihara et al. 2007; Hiruma et al. 2008).
Moreover, measurement of p62 and aPKC
levels in stromal cells from MM patients showed
that activation of aPKC was significantly in-
creased in MM patient stromal cells compared
with healthy donors, whereas the levels of p62
were similar. To further characterize the role of
p62 in MM, we knocked down p62 in healthy
donor and patient stromal cells and found that
aPKC and VCAM-1 expression and IL-6 pro-
duction were significantly decreased, reducing
stromal cell support of MM cell growth. Further,
p62 knockdown markedly decreased TNF-o-
mediated activation of NF-kB and p38 MAPK-
mediated signaling and RANKL expression
compared with control stromal cells. Impor-
tantly, coculture of healthy OC precursor and
p62-deficient stromal cells impaired osteoclas-
togenesis in response to TNF-o and IL-6, fac-
tors that play a central role in MMBD (Hiruma
et al. 2009). We recently reported that pharma-
cologic inhibition of the p62-ZZ domain by the
novel small molecule antagonist (XRK3F2) in-
hibited primary CD138" MM cells and human
MM cell line growth by inducing apoptosis
without affecting BMSC survival. XRK3F2
treatment of MM cells did not alter their
production of TNF-o and IL-7, known OB in-
hibitory factors, but XRK3F2 blocked TNF-o-
induced PKC and NF-«B activation in stromal
cells and partially down-regulated their produc-
tion of IL-6 and RANKL. More importantly, in
vivo studies showed that XRK3F2 induced new
bone formation in areas adjacent to MM cells
but did not alter non-tumor-bearing bone. This
suggests that XRK3F2 allowed MM-exposed
OB to respond to OC-anabolic stimuli and
that OC activity may be required for the ana-
bolic effects of XRK3F2 (Fig. 2) (Teramachi
et al. 2016).

These studies suggested that p62, by regulat-
ing multiple signaling pathways involved in in-
flammation, tumorigenesis, osteoclastogenesis,
adipogenesis, and T-cell differentiation, repre-
sents a potential target that can be exploited for
the treatment of MMBD. Combined inhibition
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Figure 2. The adaptor protein p62 may represent a viable target for the treatment of multiple myeloma bone
disease (MMBD). (Left panel) Microcomputed tomography (uCT) and x-ray analysis of tibia injected with mouse
5TGMI1-myeloma cells showing significant lytic bone destruction. Representative histological sections show
infiltration of plasma cells in the marrow space and no evidence of new bone formation. (Right panel) A novel
small molecule p62-ZZ domain antagonist XRK3F2 induced new periosteal woven bone formation and increased
cortical bone. Interestingly, histological examination of the tibia shows evidence of new bone formation in areas
adjacent to multiple myeloma (MM) cells. TRAP staining shows osteoclasts (OCs) and active bone remodeling in
the newly formed bone. This suggests that the anabolic effects seen with XRK3F2 may require bone-resorbing OC
activity allowing MM-exposed osteoblasts (OBs) to respond to OC-derived anabolic stimuli. Scale bars, 100 p.
(From Teramachi et al. 2016; adapted and modified, with permission, from Nature Publishing Group.)

of p62 with other more conventional therapies
for MM may have a significant therapeutic effect
on MMBD (Milan et al. 2015).

Mechanism of Osteoblastic Suppression
in MMBD

Suppression of osteoblastic bone formation
plays a critical role in MMBD (Roodman
2011). MMBD is characterized by generalized
bone loss and inability of the OB to repair the
osteolytic lesions even when the tumor cells are
no longer present in the bone marrow or pa-
tients are in long-term remission. Both soluble
factors and physical contact between OB pro-
genitors and MM cells are responsible for the
suppression of OB differentiation and increase
in OB apoptosis in MMBD (Silvestris et al. 2004;
Giuliani et al. 2005). BMSCs from MM patients
have a severely impaired capacity to differentiate
into functional OB and express a distinct geno-
mic profile when compared with healthy donors
(Garayoa et al. 2009). It is still unclear whether
BMSCs from MM patients are permanently
functionally compromised even in the absence
of MM cells, or whether the presence of MM
cells is required to affect their function (Yaccoby

et al. 2006; Kassen et al. 2014). The inhibitory
effects of MM cells on OB differentiation is
caused by their ability to suppress the activity
and function of the transcription factor Runx2/
Cbfal in mesenchymal and osteoprogenitor cells
(Giuliani et al. 2005). Giuliani and colleagues
showed that MM patients that present with os-
teolytic lesions exhibited a reduction in the
number of Runx2-positive OBs compared with
patients without MMBD. They showed that in-
hibition of Runx2 in OB progenitors was medi-
ated by direct cell-cell interaction via the very
late antigen (VLA)-4 on MM cells and VCAM-1
on OB. They showed that a neutralizing VLA-4
antibody reduced the inhibitory effects of MM
cells on Runx2/Cbfal activity (Giuliani et al.
2005). Soluble factors produced by MM cells
also contribute to Runx2 suppression.

IL-7 and TNF-c. In vivo studies have shown
that IL-7 suppresses OB differentiation, pre-
vents bone formation, and induces bone loss
(Weitzmann et al. 2002; Toraldo et al. 2003).
IL-7 levels are increased in the marrow of MM
patients, and neutralizing antibodies to IL-7
partially reduces OB suppression by preventing
MM-induced down-regulation of Runx2/Cbfal
transcriptional activity, without affecting its
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production (Giuliani et al. 2005). Recently, we
showed that IL-7 can also induce the growth
factor independent 1 transcriptional repressor
(Gfi-1), a repressor of the Runx2 gene transcrip-
tion that potentiates the effects of TNF-o. on OB
suppression (D’Souza et al. 2011). The role of
Gfi-1 is discussed below.

Dikkopf-1 (DKKT). Wnt signaling has been
reported to regulate OB proliferation and sur-
vival (Baron and Kneissel 2013). However, other
investigators showed that canonical Wnt signal-
ing is only involved in OB differentiation during
development, but does affect OC differentiation
in mature animals by regulating OPG produc-
tion by OB and osteocytes (Glass et al. 2005;
Kramer et al. 2010). Tian and coworkers report-
ed that DKK1 was expressed by MM cells and
acted as a major inhibitor of OB differentiation
in MMBD. They further found that DKK1-ex-
pression levels correlated with the presence of
osteolytic lesions in MM patients (Tian et al.
2003). In vitro, DKK1 acts as an extracellular
antagonist of canonical Wnt signaling, prevent-
ing the binding of Wnt to the low-density lipo-
protein receptor-related protein (LRP)5/6, ulti-
mately down-regulating Runx2 activity (Gaur
et al. 2005; Takada et al. 2007; Zhou et al.
2013). The expression of a number of Wnt in-
hibitors is increased in CD138" plasma cells
from MM patients compared with plasma cells
from MGUS patients or normal donors, and
their expression is further increased in patients
with MMBD compared with MM patients with-
out skeletal lesions (Tian et al. 2003; Giuliani
etal. 2007b; Kaiser et al. 2008). Recently, Bolzoni
et al. (2013) showed that the expression of co-
receptors for the noncanonical Wnt pathway,
FZD5 and ROR2, which are up-regulated dur-
ing osteogenic differentiation, are reduced in
BMSCs and pre-OB from MM patients com-
pared with healthy donors. Moreover, treatment
of MM patient stromal cells with Wnt5a, or
overexpression of ROR2, enhanced their osteo-
genic differentiation, suggesting a potential in-
volvement of the noncanonical Wnt pathway in
MMBD (Bolzoni et al. 2013). In addition, ele-
vated DKKI1 levels can promote osteoclastogen-
esis and bone resorption by modulating RANKL
and OPG expression in OB, suggesting that in-

hibition of Wnt signaling in OB indirectly in-
creases OC (Glass et al. 2005; Spencer et al. 2006;
He et al. 2012). Preclinical studies reported that
systemic administration of anti-DKK1 antibody
inhibited stromal-cell support of MM cell
growth, increased trabecular bone formation,
and blocked osteoclastogenesis in the severe
combined immunodeficiency (SCID)-hu mu-
rine model of MMBD (Yaccoby et al. 2007; Ful-
ciniti et al. 2009). The BHQ880 anti-DKK1 an-
tibody has been tested in patients with MM, in
combination with approved anti-MMBD thera-
Py, such as zoledronic acid. The results of the
study showed that BHQ880 was well tolerated
and may be beneficial in patients with relapsed
or refractory MM (Iyer et al. 2014).

Sclerostin. Sclerostin has been reported to be
an inhibitor of the canonical Wnt signaling
pathway produced by osteocytes that suppress
OB proliferation and differentiation (van Be-
zooijen et al. 2005; Delgado-Calle et al. 2017b).
Several studies showed that sclerostin is also pro-
duced by MM cells and is elevated in sera of MM
patients. High serum sclerostin levels correlated
with advanced MMBD and poor patient sur-
vival (Brunetti et al. 2011; Colucci et al. 2011;
Terpos et al. 2012a). In vitro studies found that
sclerostin is in part responsible for the MM-
mediated reduction of OB-specific proteins
(e.g., alkaline phosphates, collagen type 1, bone
sialoprotein-II, and osteocalcin) and increased
RANKL production in OB, with consequent in-
hibition of bone formation and increased osteo-
clastogenesis. A recent in vivo study showed that
administration of a neutralizing monoclonal
antisclerostin antibody, alone or in combination
with conventional anti-MM therapy, signifi-
cantly reduced tumor burden (Eda et al. 2016).
We and others recently reported that antiscler-
ostin antibody treatment increases bone mass
and reduces osteolytic lesions in an immuno-
competent model of established MM disease,
without affecting tumor cell growth in vivo.
Moreover, total deletion of the Sost gene in im-
mune-deficient SCID mice prevented develop-
ment of MM-induced bone lesions (Delgado-
Calle et al. 2017a; McDonald et al. 2017).

In addition, osteocyte apoptosis has recently
been shown to contribute to MMBD. Giuliani
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and colleagues reported that bone biopsies from
MM patients had significantly fewer viable os-
teocytes when compared with control patients,
with increased numbers of dead osteocytes and
empty lacunae (Giuliani et al. 2012). Osteocytes
are the main source of RANKL (Nakashima
et al. 2011; Xiong and O’Brien 2012), and oste-
ocyte apoptosis increases osteocytic RANKL
production (Plotkin et al. 2015). We recently
found that MM cells increase osteocyte apopto-
sis via cell-cell contact and/or release of soluble
factors by activating the Notch and TNF-o. sig-
naling pathways in osteocytes. Osteocyte apo-
ptosis, in turn, increased osteocytic RANKL ex-
pression, which induced recruitment of OC
precursors and osteoclastogenesis. Moreover,
physical interaction between MM cells and os-
teocytes up-regulated the expression of Sost/
sclerostin in osteocytes that, in turn, inhibited
OB differentiation mediated by Wnt/B-catenin
signaling. These results suggest that osteocytes
are responsible for the increased sclerostin con-
centrations in the MM microenvironment
(Delgado-Calle et al. 2016). Eda et al. (2016)
suggested that MM cells also stimulate sclero-
stin expression in immature OBs via a mecha-
nism that is at least in part regulated by DKK1
secreted by MM cells and contribute to im-
paired OB differentiation in MM. Further,
physical contact of MM cells with osteocytes
modifies the Notch receptor repertoire ex-
pressed on MM cells and osteocytes, resulting
in Notch-mediated MM cell proliferation (Del-
gado-Calle et al. 2016). A phase III trial of ro-
mosozumab, a monoclonal antibody that binds
sclerostin, showed that romosozumab increased
bone formation, decreased bone resorption, and
reduced the risk of vertebral fractures in post-
menopausal women with osteoporosis (Cos-
man et al. 2016).

The suppression of bone formation persists
even when MM cells are eradicated and can no
longer affect OB through direct interactions or
release osteoblastic inhibitory soluble factors.

Although acquired genetic abnormalities in
plasma cells are the primary cause of myeloma,
recent studies suggest that epigenetic changes
play a critical role in the progression of MM
and may be exploited as a therapeutic target
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for the treatment of MMBD (reviewed in Issa
et al. 2017). Changes in DNA methylation, his-
tone modification, and expression of noncoding
RNA can contribute to the pathogenesis of MM
(reviewed in Dimopoulos et al. 2014).

As noted above, we recently reported that
Gfi-1 induces long-term suppression of OB dif-
ferentiation in MM. Using chromatin immuno-
precipitation analyses (ChIP), we found that
MM cells induce epigenetic histone modifica-
tions in OB by converting the Runx2-P1 pro-
moter locus from a poised bivalent state to a
repressed state, thereby preventing OB differen-
tiation. We previously found that MM cells
suppress OB differentiation by inducing the
Runx2-transcriptional repressor Gfi-1 in OB
precursors. Gfi-1 has multiple binding sites at
the Runx2 promoter and its direct interaction
with Runx2 promoter blocks Runx2 expression.
Moreover, we showed that Gfi-1 recruits histone
modifiers (HDACI1, LSD1, and EZH2) to the
Runx2 promoter, which decreases H93K9ac
and H3K4me3 and increases H3K27me3 modi-
fication that are essential steps for Runx2 repres-
sion. These repressive chromatin changes in
Runx2 persist even after removal of MM cells.
ChIP analysis also revealed that BMSCs from
MM patients have decreased H93K9ac but
showed no significant difference in H3K27me3
when compared with healthy stromal cells.
Knockdown of Gfi-1 or selective pharmacologi-
cal inhibition of HDACI and EZH2 activity in
pre-OB prevented repression of Runx2 and other
OB differentiation markers induced by MM and
rescued OB differentiation. These data suggest
that treatment of MM patients with clinically
available HDAC1 and EZH2 inhibitors might
be beneficial in reversing the profound OB sup-
pression associated with MM, allowing the re-
pair of osteolytic lesions (Fig. 3) (Adamik et al.
2017).

Preliminary studies in our laboratory recent-
ly showed that a p62-ZZ domain small molecule
inhibitor, XRK3F2, prevented MM-induced
Gfi-1 binding to Runx2 promoter and recruit-
ment of the chromatin corepressor HDACI.
Moreover, ChIP analysis of BMSCs from MM
patients showed that XRK3F2 rescued H3K9ac
levels at the Runx2 promoter but had no
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Figure 3. Schematic representation of sustained suppression of osteoblast (OB) differentiation caused by epige-
netic repression of Runx2 gene transcription in multiple myeloma (MM)-exposed pre-OBs. MM down-regulates
Runx2/Cbfal transcriptional activity in pre-OBs by inducing the growth factor independent 1 transcriptional
repressor (Gfi-1). Gfi-1 blocks Runx2 gene transcription and potentiates the effects of tumor necrosis factor o
(TNF-0) on OB suppression and bone formation. Gfi-1 binds to Runx2 and facilitates recruitment of the histone
corepressors HDACI1, LSD1, and EZH2, resulting in H3K27 methylation of the promoter, and thus blocks
transcriptional activation in response to OB differentiation stimuli. Inhibition of either HDAC1 or EZH2 can
reverse this inhibition of Runx2 and allow OB differentiation. (From Adamik et al. 2017; adapted and modified,
with permission, from the American Association for Cancer Research.)

effect on H3K9ac levels in healthy donors. These
results suggest that targeting the p62 ZZ
domain may be of value in reversing MM-in-
duced epigenetic suppression of Runx2 in MM
stromal cells, allowing restoration of OB func-
tion in patients with MMBD (Silbermann et al.
2016).

EFFECTS OF THE BONE
MICROENVIRONMENT ON MULTIPLE
MYELOMA CELLS

MM cell proliferation and survival rely on fac-
tors produced by cells of the bone microenviron-

ment. Physical interaction of MM cells with
BMSCs and osteocytes activates proliferative
and antiapoptotic pathways in MM cells and
induces BMSC secretion of factors such as IL-
6, VEGF, and insulin-like growth factor (IGF)-1
that stimulate MM cell growth and survival. Re-
cently, several studies reported that BMSCs re-
lease exosomes containing microRNA (miRNA)
that are transferred to MM cells, resulting in
miRNA-mediated increased MM proliferation,
survival, and drug resistance (Roccaro et al.
2013; Wang et al. 2014). OCs also produce a
number of factors that directly enhance cell
growth and prevent MM apoptosis, such as IL6
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and AXII (Roodman 1999; Abe et al. 2004; Yac-
coby et al. 2004; Bao et al. 2009). We and others
recently reported that OCs act as angiogenic
cells and can contribute to the increased micro-
vessel density that characterizes MM and corre-
lates with disease progression (Pruneri et al.
2002; Rajkumar et al. 2002; Giuliani et al.
2011). In vitro studies by Tanaka and coworkers
(2007) showed a mutual stimulatory process be-
tween angiogenesis and osteoclastogenesis via
the production of MM-derived VEGF and OC-
derived osteopontin that contributes to enhance
new vessel formation and could be blocked by
anti-VEGF or antiosteopontin treatments. In
our studies, however, recombinant osteopontin
did not affect angiogenesis, suggesting that other
factors are involved. Our studies, using a com-
bination of ex vivo and in vivo models, suggested
that OCs stimulate angiogenesis via the secre-
tion of MMP-9, and lack of MMP-9 decreased
OC number in vivo in response to PTHrP or
RANKL, most likely the result of suppression
of OC migration (Cackowski et al. 2010). In ad-
dition, osteoclastic bone resorption releases im-
mobilized growth factors from the matrix such
as IGF-1, fibroblast growth factor (FGF), and
TGEF-B, which promote MM cell growth (Mah-
touk et al. 2010).

Recent evidence suggests that adipocytes
also play a role in MM. The dynamic interplay
between OB, marrow adipocytes, and bone mar-
row adiposity could create a favorable microen-
vironment in which MM can engraft and grow,
thereby contributing to MMBD. In vitro studies
showed that adipocytes support MM cell prolif-
eration and prevents chemotherapy-induced
apoptosis by releasing factors such as IL-6,
TNF-0, MCP-1, and insulin to support MM
expansion and promote disease progression
(Carson et al. 2014; Liu et al. 2015). The adipo-
kine, adiponectin, reduces MM proliferation
and induces MM cell death (Medina et al.
2014), and reduced circulating levels of adipo-
nectin were found in MGUS patients that devel-
oped symptomatic MM (Fowler et al. 2011; Hof-
mann et al. 2012). Moreover, Fowler et al. (2011)
recently showed that marrow adiponectin gene
expression and adiponectin serum protein levels
were significantly reduced in the MM-permis-
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sive C57Bl6/KaLwRij mice, compared with the
nonpermissive, but closely related C57Bl6/]
mice. These investigators also found that phar-
macological stimulation of adiponectin in tu-
mor-bearing mice decreased tumor burden
and increased survival, showing the potential
usage of increasing adiponectin for treatment
of MMBD (Fowler et al. 2011).

MM profoundly modifies the immune func-
tion of the bone marrow microenvironment. T
cells are known to modulate bone cell differen-
tiation, survival, and activity (Lorenzo et al.
2008; D’Amico and Roato 2012). Several studies
reported that CD4 " regulatory T cells producing
IL-17 are increased in the bone marrow of MM
patients (Dhodapkar et al. 2008; Noonan et al.
2010; Prabhala et al. 2010). IL-17 has been im-
plicated in MM cell survival as well as lytic bone
destruction, independent of its effect on tumor
cells. Moreover, IL-6, which is abundant in the
MM marrow microenvironment, plays a critical
role in the differentiation of CD4" T cells toward
the Th17 lineage. This occurs via TGF-f activa-
tion of the retinoic acid-related orphan receptor
vt (RORYt) (Fig. 4) (Zou and Restifo 2010; Basu
et al. 2013).

THERAPEUTIC TARGETING OF MULTIPLE
MYELOMA BONE DISEASE

Treatment of MMBD is complex and requires
the simultaneous management of tumor prolif-
eration, increased bone destruction, and persis-
tent suppression of bone formation. Further,
MMBD is incurable and current management
uses a combination of chemotherapy, localized
radiotherapy, and surgery.

Bisphosphonates

Bisphosphonate therapy remains the standard
care for the management of MMBD (Pozzi
and Raje 2011). Pamidronate, zoledronic acid,
and clodronate are the most commonly used
bisphosphonates for treatment of myeloma-in-
duced SREs, and to reduce new osteolytic le-
sions, new pathological fractures, and hypercal-
cemia (Kyle et al. 2007; Terpos et al. 2009).
Bisphosphonate treatment also improves bone
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Figure 4. Cellular communication and interplay in the bone microenvironment of multiple myeloma bone
disease (MMBD). Interplay among the cells of the bone marrow microenvironment is responsible for the
excessive bone destruction and abnormal bone remodeling that characterizes MMBD. Myeloma cells directly
stimulate osteoclast (OC) formation through the production of OC-activating factors (OAFs) such as receptor
activator of nuclear factor kB ligand (RANKL), macrophage inflammatory protein lo. (MIP-1a), interleukin
(IL)-3, tumor necrosis factor o (TNF-o), semaphorin 4d (Sema4D), and parathyroid hormone-related protein
(PTHTrP). Physical interactions between myeloma cells and marrow stromal cells increase release of factors from
marrow stromal cells that enhance osteoclastogenesis, including RANKL, macrophage colony-stimulating factor
(M-CSF), IL-6, and TNF-0, and decrease production of OC inhibitory factors, such as osteoprotegerin (OPG).
Newly formed OCs secrete soluble factors such as osteopontin, MIP-10,, IL-6, AXII, BAFF, and APRIL, which
stimulate tumor growth and increase bone destruction. Bone resorption releases matrix-associated growth factors
such as transforming growth factor (TGF)-B, insulin-like growth factors (IGFs), fibroblast growth factor (FGF),
platelet-derived growth factors (PDGFs), and bone morphogenetic proteins (BMPs), which increase myeloma
cell proliferation, exacerbating the osteolytic process. Myeloma cells also induce osteocyte apoptosis that up-
regulates osteocyte expression of RANKL. Myeloma cells also induce profound suppression of bone formation by
myeloma-derived osteoblast (OB)-inhibitory factors that include Dikkopf-1 (DKK1), sclerostin, hepatocyte
growth factor (HGF), IL-7, and TNF-o. Bone formation is further suppressed by myeloma-induced release of
sclerostin from osteocytes and TNF-o from marrow stromal cells. Myeloma cells also induce marrow stromal
cells to produce factors including IL-6, vascular cell-adhesion molecule 1 (VCAM-1), vascular endothelial growth
factor (VEGF), and IGF-1 that enhance myeloma cell proliferation. Angiogenesis is also enhanced in MMBD, by
increased OC and bone marrow stromal cell (BMSC) secretion of angiogenic factors, such as osteopontin,
MMP9, and VEGF.

pain through inhibition of OC activity. Recently,
Hiasa et al. (2017) reported that zoledronic acid
in combination with selective V-ATPase inhib-
itor and acid-sensing nociceptor inhibitor sig-
nificantly reduced MM-induced bone pain in a
murine model of MM, by preventing the acidi-

fication of the bone microenvironment by pro-
ton-secreting OC. However, bisphosphonate
treatments only decrease SREs by 50% and the
major complication associated with the therapy
is osteonecrosis of the jaw (Van den Wyngaert
et al. 2007).
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DENOSUMAB

Denosumab, a highly specific human monoclo-
nal antibody that binds to RANKL and prevents
its binding to the RANK receptor on OC, was
approved by the Food and Drug Administration
(FDA) for the management of bone metastases
associated with solid tumors. A phase III trial of
denosumab versus zoledronate for MMBD was
recently completed. Data from a randomized
double-blind study of denosumab versus zole-
dronic acid in patients with bone metastases or
MM showed that denosumab reduced SREs and
delayed the appearance of the next SRE as effi-
ciently as zoledronic acid (Henry et al. 2011).
Results from the recently completed phase IIT
trial showed that patients treated with zole-
dronic acid had a similar overall survival rate
compared with denosumab-treated patients,
that both were equally efficacious in preventing
SREs, and that denosumab increases progres-
sion-free survival (Raje et al. 2016).

Proteasome Antagonists

Preclinical studies have shown that the protea-
some inhibitor, bortezomib, and its analogs in-
duce MM cell apoptosis and directly inhibit OC
differentiation and bone resorption, increase os-
teoblastic bone formation, and prevent osteocyte
apoptosis induced by MM cells (Accardi et al.
2015; Toscani et al. 2016). Retrospective analysis
of multiple clinical trials showed that bortezo-
mib and its derivatives increased alkaline phos-
phate levels and bone-formation markers in re-
sponding patients with relapsed MM compared
with patients treated with dexamethasone (Zan-
gari et al. 2005, 2011; Delforge et al. 2011; Eom
et al. 2014). Although the exact mechanism of
action of bortezomib on OB stimulation in MM
patients has not been fully determined, recent
studies reported that DKKI1 serum levels and
marker of bone resorption and RANKL were
significantly decreased in patients that respond-
ed to bortezomib treatment (Terpos et al. 2006;
Lund et al. 2010).

Several studies showed that patients treated
with bortezomib showed signs of bone sclerosis
around the lytic lesion, suggesting an initial pro-
cess of bone healing that was not observed in
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patients treated with melphalan-prednisone
only (Delforge et al. 2011). A histomorphomet-
ric study conducted by Giuliani and colleagues
on bone marrow biopsies of MM patients
showed a significant increase in the number of
osteoblastic cells/mm?® of bone tissue and
Runx2-positive osteoblastic cells in MM pa-
tients responding to the bortezomib treatment
(Giuliani et al. 2007a).

CONCLUDING REMARKS

The dramatic bone loss, severe bone pain, and
pathological fractures that markedly decrease
the quality of life of MM patients result from
excessive osteoclastic bone resorption and a per-
sistent decrease in osteoblastic bone formation.
Thelytic lesions that characterize MMBD do not
heal even when the patients are in complete and
prolonged remission, suggesting that bone re-
pair is severely compromised and does not occur
at previous sites of bone destruction. Increasing
evidence suggests that by reducing tumor bur-
den, chemotherapy could indirectly reduce the
progression of MMBD. A clear understanding of
the multiplicity of cellular and molecular mech-
anisms that regulate the interplay between bone
marrow cells and MM cells, and the mechanisms
responsible for osteoblastic suppression are
needed for the development of new anabolic
agents that in combination with the existing
treatments can prevent further bone loss and
potentially repair and restore bone damaged
during the development of MMBD.
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