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Abstract

Bone disease in patients with multiple myeloma (MM) is characterized by increase in the numbers
and activity of bone-resorpting osteoclasts and decrease in the number and function of bone-
formation osteoblasts. MM-triggered inhibition of bone formation may stem from suppression of
Whnt/B-catenin signaling, a pivotal pathway in the differentiation of mesenchymal stem cells
(MSC) into osteoblasts, and regulating production of receptor activator of nuclear factor-kB ligand
(RANKL)/osteoprotegerin (OPG) axis by osteoblasts. Proteasome inhibitors (PIs), such as
bortezomib (Bz) induce activation of Wnt/p-catenin pathway and MSC differentiation toward
osteoblasts. Pls also suppress osteoclastogenesis, possibly through regulating multiple pathways
including NF-xB, Bim and ratio of RANKL/OPG. The critical role of Pl in increasing osteoblast
function and suppression of osteoclast activity is highlighted by clinical evidence of increases in
bone formation and decreases in bone resorption makers. This review will discuss the function of
Pls in stimulating bone formation and suppression of bone resorption, and the mechanism
underlying this process that leads to inhibition bone disease in MM patients.

Introduction

Bone disease occurs in up to 80% of patients with multiple myeloma (MM).1 MM-
associated osteolytic bone destruction is characterized by imbalanced bone turnover, with
increased bone resorption and decreased bone formation. Augmentation of bone resorption
results from interaction of MM cells with osteoclasts, leading to stimulation of osteoclast
formation and function. Several factors produced directly by MM cells, bone marrow
stromal cells, or as a consequence of osteoblasts interaction with MM cells regulate
osteoclast activity. 23 Prominent among these is the RANKL/OPG axis, which plays a key
role in osteoclast formation and activity and is regulated by the Wnt/B-catenin signaling
pathway in osteoblast. In contrast to enhanced bone resorption, reduced bone formation in
MM patients is caused by impaired osteoblast differentiation.1# Current evidence suggests
that MM cells interrupt several important signaling pathways, including the Wnt/p-catenin
pathway and Runx2 activity, which are required for osteoblast differentiation and bone
formation.
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Besides its effect on myeloma cells, ® inhibition of the ubiquitin-proteasome pathway by Pls
has anabolic effect on bone formation. 67 The ubiquitin proteasome pathway is responsible
for the breakdown of a large variety of cell proteins, including p-catenin, a key protein for
osteoblast development and NF-xB pathway activation by RANKL, essential for osteoclast
development. Given the importance of proteasome-mediated p-catenin degradation in
osteoblast and osteoclast development, inhibition of the ubiquitin proteasome pathway
contributes to combating MM-associated bone disease by regulating bone formation and
bone resorption.

Studies using an in vitro mouse bone organ culture and an in vivo mouse model have
identified the potential pivotal role of Pls in regulating osteoblast differentiation and bone
formation under physiological conditions. 8 Chemical compounds, such as PS1, that bind to
the catalytic p-subunits of 20S proteasome and suppress proteasome activity stimulated bone
formation in bone organ culture. These findings have been corroborated by in vivo studies,
illustrating that systemic administration of PS1 to mice for 5 days resulted in significant
increase in bone volume and over 70% increase in bone formation rate. 8

Several independent in vitro cell culture studies reported that Bz induces osteoblast
differentiation from MSC isolated from bone marrows of either normal donors or from MM
patients. %11 In the presence of low concentration (2nM) of Bz in the culture media for 48
hours, a significant increase in the number of pre-osteoblasts was seen, along with increased
expression of the bone formation makers osteocalcin and collagen | mRNA. ° Bz treatment
also induced matrix mineralization in human MSC cells during differentiation. 11 The
beneficial effect of Bz on bone formation was confirmed in a mouse bone organ culture
system 12 and in an in vivo mouse model. 10 Moreover, in the SCID-rab myeloma model,
treatment with Bz led to an increase in bone mineral density (BMD). 13

Several independent clinical studies 8-14-17 reported significant increases in serum levels of
the bone formation makers alkaline phosphatase (ALP) 7 and osteocalcin in MM patients
responding to Bz treatment, thus validating the findings from in vitro studies and animal
models. A recent clinical study in patients with relapsed and refractory myeloma
demonstrated that carfilzomib, a novel PI that selectively inhibits the N-terminal threonine
protlgase activity of the proteasome has anabolic effect on bone formation similar to that of
Bz.

Osteoblast Inhibition in MM

MM-induced suppression of bone formation is characterized by suppression of osteoblast
differentiation from MSC.1920 Under the regulation of signaling pathways and
transcriptional factors, MSC differentiate into osteoblasts, adipocytes, muscle cells, or
chondrocytes.?! Interaction of MSCs with myeloma cells diminishes MSC differentiation
into osteoblasts that secret collagen and cause its mineralization with calcium salts and
phosphorus to form bone tissue. Specifically, in cocultures of myeloma cells with osteoblast
precursors such as the cell line MG63 or MSC from bone marrow of MM patients, a
reduction in osteoblastic makers such as ALP, osteocalcin and collagen | were
observed.19:22.23 |nteraction with myeloma cells also suppresses osteoblast proliferation,24
and induces osteoblast apoptosis.2® Recent studies provided insight into molecular
mechanisms responsible for inhibition of osteoblast differentiation and bone formation in
MM:; 2526 most prominent were MM-suppression of the Wnt/B-catenin signaling pathway
and of Runx2 /Cbfal activity.
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Suppression of Wnt/B-catenin Pathway Impairs Osteoblasts in MM

Activation

Many Whnt effects are mediated through p-catenin, which plays a critical role in regulating
differentiation of osteoblast from MSC, 2% and in myeloma pathogenesis.2”-28 B-catenin is a
short-lived protein, and intracellular and nuclear levels of this protein are mainly regulated
by the ubiquitin-proteasome pathway. 2°

Upon interaction of Wnt proteins with frizzled (Fz) receptors and the low-density
lipoprotein-receptor-related protein 5/6 (LRP5/6) co-receptors, p-catenin protein is
stabilized, accumulates in the cytoplasm, and translocates to the nucleus. Nuclear
localization and association of B-catenin with T-cell factors (TCF)-1, -3, and -4 and
lymphoid enhancer-binding factorl (LEF1) leads to transcriptional activation of target genes
that regulate many cellular processes. 2 In the absence of Wnt ligand, B-catenin in the
cytoplasm is phosphorylated by GSK3 in a complex that includes axin, the adenomatous
polyposis coli (APC) protein, and casein kinase | alpha (CKla). Phosphorylated p-catenin
subsequently is ubiquitinated by ubiquitin ligase and targeted for degradation by the 26S
proteosome.30

Studies from our laboratory and others’ revealed that activation of Wnt/p-catenin signaling
acts as a major pathway for guiding MSC differentiation osteoblasts. 3132 Elevated serum
levels of the Wnt antagonist Dkk1 are associated with bone lesion in MM patients. 33-37
Blocking Wnt/p-catenin pathway in MSC by rDKK1 or with serum from MM patients with
high concentrations of DKK1, inhibit MSC differentiation into osteoblasts.3”:38 In contrast,
increasing Wnt signaling by inhibition of DKK1 with neutralizing anti-DKK1 antibody, by
administration of Wnt3a protein, or by injecting Wnt3a-expressing MM cells, increased
osteoblast numbers and bone mineral density (BMD) in the SCID-hu myeloma

model. 39404142 | addition to myeloma cells secreted DKK1, soluble frizzle-related
protein-2 (SFRP2), may also be involved in MM-disruption of Wnt/B-catenin-mediated bone
formation. 43

of Wnt/catenin Signaling by Pls in MM

Pl induced activation of Wnt/B-catenin signaling independent Wnt ligands is one of critical
mechanisms for their anabolic effect on osteoblast differentiation and bone formation. An E-
cadherin pull-down assay, which selectively retrieves the transcriptionally active, free p-
catenin, 3844- was used to demonstrate that Bz significantly increases the active form of p-
catenin in the cytoplasm and nuclei of MSC, leading to enhanced TCF activity. This Bz-
induced TCF activity was further validated by co-expressing dominant TCF1 and TCF4.11
Although multiple Wnts are expressed in human MSC (Qiang unpublished observations), Bz
did not increase expression of Wnt ligands. These findings suggest that Bz activates
Bcatenin/TCF signaling independently of Wnt ligands. Early studies using immunoblotting,
suggested that Bz does not stabilize fcatenin. ? It is possible that while E-cadherin pull-
down assays retrieve only the active form of fcatenin, immunoblotting analysis identifies
also the inactive forms. A critical role of Bz activated B-catenin/TCF signaling in inducing
osteoblast differentiation has been corroborated by evidence that blockage of TCF activity
by expressing dominates negative TCF1 and TCF4 abrogates Bz induced increase in matrix
mineralization, a prominent maker for bone formation. 11 In addition to direct stabilization
of B-catenin, Oyajobi et al reported that Bz also suppresses DKK1 mRNA expression in
murine calvaria and bone marrow-derived stromal cells. 12 Clinical studies demonstrated
that Bz treatment of patients with MM is associated with reduced levels of circulating
DKK1.4

So far the exact mechanism of the suppression of Dkk1 mRNA expression by Bz is still
unknown. Inhibition of proteasome ubiquitin pathway may promote activation of the -
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catenin/TCF pathway, thus overcoming the negative effect of DKK1 on osteoblastogenesis,
and resulting in increased osteoblast differentiation and inhibition of myeloma-associated
bone resorption.

Enhancement of Runx2/Cbaf Activity by Pls in MM

Suppression of activity of Runx2/Chfal by MM cells has been implicated in MM-triggered
inhibition of osteoblast differentiation and bone formation?3. Runx2/Cbfa is an osteoblast-
specific transcription factor, determining MSC differentiation toward early stage osteoblasts
in a murine model. 26 In response to factors such as BMP-2, expression of Runx2 mRNA
and protein is upregulated.*® BMP-2 also promotes osteoblast differentiation through
phosphorylation of a family of Smad proteins, which in turn activate Runx2 /C-bafal
transcriptional activity. 47 In mouse osteoblasts, increases in BMP-2 mRNA can be induced
by Pls such as PS18 and Bz 12,

In addition to transcriptional regulation, Runx2/Cbfal is regulated at the post-translational
level; Runx2 protein is degraded by smurfl, an E3 ubiquitin ligase, through the ubiquitin-
proteasome pathway. 47 Thus, by increasing BMP-2 transcription, which subsequently leads
to Runx2 activation, and simultaneously inhibiting Runx2 degradation, Pls should increase
Runx-2 activity. Indeed, Mukherjee et al reported that Runx-2 protein increased in response
to Bz in mouse MSC. 10 Unlike in the murine system, where dynamic alteration of Runx2/
Cbafl at both transcriptional and protein level is regulated during osteoblast differentiation,
in human, regulation of Runx2/CBfal activity, rather than of its MRNA and protein seems to
be critical for controlling human osteoblast differentiation.23:48 Consistent with findings that
Runx2/Chfal activity is required for human MSC differentiation to osteoblasts, decreased
Runx2/Cbfal activity was observed in osteoblast progenitors co-cultured with either MM
cell lines or primary plasma cells from MM pateints.23 This MM-induced suppression of
Runx2/Cbfal activity seems to reflect, at least partially, interactions between MM cells and
osteoblast progenitors via the adhesion molecule VLAA4. 23 The downstream signals
activated by MM cells adhesion to osteoblast progenitors via VVLA4 that are responsible for
reduced Runx2/Cbfal DNA binding activity are still unknown.

It should be noted that Bz could also induce osteoblast differentiation in Runx2null-mice. 10
Thus, Bz may also influence other alternative pathway(s) to regulate MSC differentiation.

Additional mechanisms may contribute to osteoblast suppression in MM. For example, 1L3
and 1L7 have been reported to suppress osteoblast function. 4° However, the mechanism by
which they suppress osteoblasts is unclear.

Enhanced Osteoclast Activity in MM

In addition to suppressing osteoblast development, MM cells stimulate osteoclast
differentiation and activity. 2359 Myeloma cells stimulate osteoclast formation and activity
directly, by producing various cytokines, also known as osteoclast—activating factor (OAFs),
and indirectly by inducing bone marrow stromal cells or osteoblasts to produce OFAs. 2:3:50
The common OFAs include interleukin-3 (IL3), IL6, macrophage inflammatory protein
(MIP-1a)) and RANKL. RANKL binds to its receptor RANK and is required for osteoclast
differentiation and function. This binding is inhibited by OPG, 1 a naturally occurring
decoy receptor that competes with RANK for binding of RANKL.%2 The balance of
RANKL/OPG plays a critical role in controlling osteoclastogenesis. MM cells stimulate
expression of RANKL and suppress expression of OPG by osteoblasts or their
progenitors.>3
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Inhibition of Osteoclast Activity by Pls in MM

Zavrski et al demonstrated that proteasome inhibition by the PIs MG132 and MG-262
suppresses RANKL-mediated human osteoclast precursor differentiation and the bone
resorption ability of mature osteoclasts, and suggested inhibition of RANKL induced
activation of NF-xB via the increased stabilization of the NF-B inhibitor, 1xB, as a possible
mechanism. > This was also supported by studies demonstrating that treatment of the
osteoclast-like cell line RAW264.7 with MG132 attenuated RANKL-mediated NF-xB
activity by stabilizing p62, CYLD, and 1xBa, all negative regulators of RANKL-mediated
NF-KkB activation. ®> However, recent studies addressing this question reported that Bz had
no inhibitory effect on NF-xB activity despite its significantly increasing 1xBa protein
levels in preosteoclasts.>®

Metzler reported that Bz abrogates human osteoclast precursor differentiation into tartrate-
resistant acid phosphatase (TRAP) expressing mature osteoclasts, and decreases osteoclast
activity. %6 Breitkreautz et al also reported that Bz inhibits osteoclastogenesis, as evidenced
by decrease in aVB3-integrin/ TRAP positive osteoclasts and reduced bone resorption. °7

In agreement with suppression of osteoclast activity by PI in vitro and in myelomatous mice,
clinical studies provide the evidence that Bz may directly suppress osteoclastogenesis and
bone resorption.945:58:59 Terpos and colleagues reported a significant decrease in serum
levels of the osteoclast marker tartrate-resistant acid phosphatase isoform-5 (TRACP-5b),
and carboxy-terminal telopeptide of Type-I collegen crosslinks (CTX), a specific marker of
bone resorption, after treatment of MM patients with Bortezomib for 3 months.>9 In
agreement with these finding, Uy et al demonstrated a reduction in the urinary excretion of
amino-terminal collagen crosslinks (NTX) in thirty-nine patients with MM following
administration of Bz for longer than 6 months. 69 It should be noted that such inhibitory
effect on osteoclastogenesis was observed after long term (3 to 6 moths) Bz therapy, where
Bz also diminishes myeloma burden, which may be responsible for the decreases in
osteoclast activity and function. Thus, these studies could not distinguish whether Bz’s
effect on osteoclasts was direct, or indirect through reduction of MM. Boissy et al offer an
argument for the direct influence on osteoclast activity, as they reported significantly
decreased levels of serum CTX and urine NTX in MM patients within 24 hours following
Bz administration.58

Suppression of B-catenin /TCF Signaling causes an imbalance in RANKL/
OPG in MM

Recent studies identified OPG and RANKL as target genes of TCF, responding to activation
of Wnt/B-catenin pathway.%1-63 In embryonic carcinoma cells, increased canonical Wnt
signaling activity upregulates OPG mRNA expression.84 Studies using /7 vivo murine
models demonstrated that enhanced Wnt signaling, either by over expression of p-catenin 61
or deleting APC, a component of the complex leading to phosphorylation of B-catenin,
resulted in reduced osteoclastogenesis.52 In these mice, osteoblasts with increased Wnt
signaling were found to express reduced levels of RANKL and high levels of OPG, whereas
osteoblasts with reduced Whnt signaling had a reduced expression of OPG. Recent studies
demonstrated that overexpression of Dkk1 or a dominant negative TCF4 in osteoblasts leads
to increased RANKL expression and decreased OPG production. 32:44.65 Conversely,
increasing Whnt signaling in the bone marrow microenvironment by administration of
neutralizing DKK1 antibody 334042 or increased Wnt3a expression in either bone marrow
or in myeloma cells reduced osteoclast numbers and attenuated MM-induced bone
resorption.3? It is interesting to note that, unlike Wnt3a-activated -catenin/TCF signaling
that promotes OPG expression in osteoblasts, 324465 activation of B-catenin/TCF signaling
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by Bz does not lead to increased OPG secretion by osteoblasts. It is possible that Bz may
also stabilize negative regulators for Bcatenin- mediated regulation of OPG/RANKL
secretion.

Other Molecular Mechanisms Underlying Action of Pls in Osteoclasts

Recent studies suggest that Bz suppresses p38 MAKP activity, which is critical for
osteoclast development, 56:57 and its upstream factor TRAF6. 56 Additionally, PI inhibition
of degradation of the pro apoptotic protein Bim by the ubiquitin-proteasome pathway, thus
causing osteoclast apoptosis, has also been suggested as a mechanism of Bz anti-osteoclast
effect. 67.68 |n addition to their direct suppressing effect on osteoclast formation via
activation of Bim and IkB in osteoclasts, Pls have also been implicated in regulating factors
associated with activation of osteoclasts. Bz diminishes secretion of IL6, an important
osteoclastogenic factor, by MM-derived endothelial cells. .69

Conclusion and Perspectives

Bone disease in patients with MM is characterized by suppressed bone formation and
enhanced bone resorption. Myeloma cells inhibit bone formation and enhance bone
resorption by producing or inducing cells in their microenvironment to secrete factors that
suppress bone formation and stimulate bone resorption. These factors deregulate several
signaling pathways that control osteoblast differentiation from MSC or osteoclast formation
and function. Among these factors, suppression of the Wnt/p-catenin pathway by MM-
derived Dkk1 and sFRP2 affect both decrease in bone formation and increases of bone
resorption. Activation of Wnt/B-catenin pathway is required not only for osteoblast
differentiation and bone formation, but also for regulating osteoclast formation and bone
resorption through manipulating osteoblast production of OPG/RANKL. B-Catenin, a key
factor in the Wnt signaling pathway, is degraded by the ubiquitin-proteasome pathway when
Whnt signaling is absent or blocked. Inhibition of the ubiquitin proteasome pathway by Pls
results in activation of the B-catenin/TCF pathway by blocking B-catenin degradation, thus
overcoming Wnt suppression. Additionally, PI-mediated increased Runx2activity may
contribute to inducing osteoblast differentiation and bone formation. Clinical data support
the critical role of Bz as potential anabolic effector on bone formation in MM patients who
respond to Bz. In contrast to their anabolic effect on bone formation, Pls suppress bone
resorption through direct and indirect inhibition of osteoblast formation and function. Pls
directly suppress osteoclast formation and function by inhibiting RANKL activated NF-xB.
Inhibition of Bim by Pls is also responsible for inducing apoptosis in osteoclast. Bz directly
suppresses osteoclast activity, although the decrease in bone resorption in MM patients is
only transient, rather than permanent. Bz abolishes Dkk1 expression, but does not promote
OPG production in osteoblasts, as does Wnt3a. It remains to be determined what causes the
different effects of Wnt3a and Bz, given they both activate p-catenin/TCF signaling and
have a similar role in regulating bone formation.
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