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Abstract 
 

Multiple myeloma is a malignancy of terminally differentiated, antibody-secreting 
plasma cells frequently associated with osteolytic bone lesions. Wnt signaling is critical 
in normal bone development and homeostasis, and defects in Wnt signaling pathways 
have been associated with skeletal diseases. Recent identification of activated Wnt 
signaling and production of Wnt antagonists (e.g. Dkk1) in multiple myeloma (MM) has 
attracted attention to the importance of this signaling pathway in myeloma pathogenesis 
and osteolytic bone disease. Functional signaling through two distinct Wnt pathways 
(Wnt/β-catenin and Wnt/RhoA) has been characterized in MM plasma cells. 
Additionally, Wnt/β-catenin signaling plays a significant role in directly regulating 
osteoblast function responsible for bone formation and indirectly controlling osteoclast 
function leading to bone resorption. The disruption of this pathway by myeloma plasma 
cell-derived Dkk1 in the bone marrow microenvironment results in suppression of 
osteoblast differentiation and enhanced osteoclast function via inhibition of production of 
regulatory molecules, such as osteoprotegerin, normally produced by osteoblasts. 
Activation of Wnt/RhoA signaling is also associated with myeloma cell adhesion and 
drug resistance. Increase in Wnt/β-catenin signaling by Wnt ligands or blockage of Dkk1 
via specific antibody prevents MM-induced bone disease and inhibits myeloma cell 
growth in vivo. Herein, we review the current understanding of Wnt signaling in 
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myeloma pathogenesis and bone disease and discuss potential therapeutic implications of 
modulating this pathway in the treatment of MM. 
 
 

1. Introduction 
 
Multiple myeloma (MM) is characterized by bone marrow infiltration of malignant 

plasma cells which then interact with osteoblasts and osteoclasts, triggering osteolytic bone 
lesions [1]. Resulting bone disease is one of the most debilitating clinical complications 
observed in MM pateints. In an effort to elucidate the mechanisms of bone destruction 
considerable attention has been focused on enhanced bone resorption due to increased 
osteoclast formation and activity [2,3] induced by MM cells. Osteoclast mediated bone 
resorption in turn leads to the release of growth factors, such as insulin-like growth factor 
(IGF)-1, from the bone matrix which further stimulate myeloma cell growth [4].This 
reciprocal interaction between MM cells and osteoclasts results in a “vicious cycle” 
promoting continued disease progression. 

Recently, impaired osteoblast function, leading to reduced bone formation has also been 
suggested to play a role in MM bone lesion development [5,6]. In the context of this 
hypothesis, a number of studies have reported fewer osteoblasts and decreased bone 
formation in MM patients with higher levels of plasma cell infiltration [7,8]. Supporting 
evidence for this hypothesis comes from the observation that bisphosphonates, which inhibit 
osteoclast activity and bone resorption, fail to enhance bone formation and recovery of 
osteolytic bone lesions in MM patients [9]. 

The results of multiple studies have lead to the current view of MM-associated bone 
disease as uncoupled bone remodeling. This process involves both enhanced osteoclast 
resorption resulting from increased osteoclast activity and decreased bone formation resulting 
from MM-mediated suppression of osteoblast differentiation [5,6].The regulation of bone 
remodeling is an active and dynamic process orchestrated by bone forming osteoblasts and 
bone-resorbing osteoclasts. The dysregulation of signaling pathways that control osteoblast 
and osteoclast differentiation or function may lead to uncoupled bone remodeling and 
disease. Recent identification of activated Wnt signaling in regulation of normal bone 
remodeling and production of Wnt antagonists (e.g. Dkk1) in MM has attracted attention to 
the potential importance of this signaling pathway in myeloma pathogenesis and MM-
triggered osteolytic bone disease. 

An understanding of how this signaling pathway regulates interactions between MM 
cells and neighboring osteoblasts and osteoblasts may prove critical to a comprehensive 
assessment of myeloma disease progression and treatment. In this review, we discuss current 
progress in the study of functional Wnt signaling in myeloma cells, osteoblasts and 
osteoclasts with particular attention to the molecular mechanism by which MM cells trigger 
bone disease by disrupting Wnt signaling. We further explore the potential possibility of 
targeting this pathway for the design of novel therapeutic strategies for treatment of MM and 
associated bone disease. 
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2. Wnt Signaling Pathway 
 

2.1. Overview 
 
Wnt family members are defined by sequence homology to Drosophila wingless [10,11] 

and the murine int-1 (Wnt) proto-oncogene identified in 1982 by Nusse and Varmus [12]. At 
least 19 Wnt proteins exhibiting unique expression patterns and distinct developmental 
functions have been identified in humans to date [13]. Wnts comprise a large family of 39- to 
46-kDa, cystein-rich, secreted, lipid-modified glycoproteins which are hydrophobic and are 
primarily associated with cell membranes and the extracellular matrix [14,15]. Wnts exert 
their biological functions by binding to cognate surface receptors and activating receptor 
coupled signal transduction pathways. Wnt signaling is required for embryonic 
developmental processes related to formation of brain, heart, kidney and lung [16,17]. Wnt 
signaling further regulates a variety of cellular activities including cell fate determination, 
proliferation, differentiation, migration, polarity, and gene expression [17-19]. Recently, 
Wnts have been identified as playing an important role in bone development [20,21] and 
modulation of this pathway has been suggested to be associated with myeloma pathogenesis 
and MM-triggered bone destruction [22-26,103]. 

 
 

2.2. Canonical Wnt/β-Catenin Pathway 
 
Wnts activate at least three distinct intracellular signaling cascades: the canonical Wnt or 

Wnt/β-catenin pathway [13], the calcium flux pathway [27] and the Wnt planar polarity 
(RhoA) pathway [28]. Activation of the Wnt/β-catenin pathway is initiated when Wnts bind 
to frizzled (Fz) receptor and co-receptors LRP5/6 (low-density lipoprotein receptor-related 
protein) [29-32] (Figure 1). In the absence of Wnt ligand binding and pathway activation, β-
catenin is phosphorylated by GSK3β in a complex including axin, [33] the adenomatous 
polyposis coli (APC) protein [34], and casein kinase I alpha (CKIα) [35]. Phosphorylation 
occurs first at serine 45 and is indispensable for subsequent phosphorylation at serines 33 and 
37 [35]. Phosphorylation targets β-catenin for subsequent ubiquitination and transport to the 
26S proteasome for degradation [36]. This process prevents the cytosolic accumulation of β-
catenin and maintains β-catenin at levels that restrict its function as a potential transcription 
factor. 

Wnt binding to Fz/LRP leads to activation of downstream elements termed Dishevelled 
(Dvl) proteins, which, in combination with other cellular proteins (FRAT), disrupt the 
GSK3β/APC/axin complex. As a result, β-catenin is not phosphorylated and degraded, but 
accumulates in the cytoplasm and subsequently translocates to the nucleus, where it is found 
in association with members of the T-cell factor (TCF)/lymphocyte enhancer factor (LEF)-1 
transcription family [18] (Figure 1). TCF-1 and LEF-1 were originally cloned as T cell–
specific genes [37,38] and later shown to function as transcriptional activators in association 
with β-catenin [39]. LEF-1 was also demonstrated to be expressed in certain B lineage cells 
[37] but TCF-1 appears to be restricted to T cells in adult animals.  
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Figure 1. Canonical Wnt signaling pathway. In the absence of Wnt binding to receptors (left side), β-
catenin localizes in the cytoplasm in complexes with APC, Axin and GSK3β . In these complexs β-
catenin is phosphorylated which ‘tags’ the protein for subsequent ubiquitination and degradation in the 
proteasome. Wnt binding to receptors may be blocked either by direct interaction with sFRPs or 
interference with the LRP5/6 co-receptor by Dkk1. Initiation of Wnt signaling (right side) occurring 
upon binding of Wnt to Fz and LRP5/6 receptors, leads to activation of downstream elements (Dvl, 
FRAT) which disrupt the APC, Axin, GSK3β complex leading to an accumulation of non-
phosphorylated β-catenin. β-catenin then translocates into the nucleus where, in conjunction with 
TCF/LEF, functions as a transcription activator regulating expression of specific genes such as OPG 
and RANKL.  

Two other members of this family have been identified in the mouse, TCF-3 and -4, but 
expression of both is largely restricted to embryonic development and neither is found in 
lymphoid tissue or cell lines [39,40]. TCF/LEF-1 transcription factors are best characterized 
as nuclear targets of β-catenin. Upon interaction with TCF/LEF-1, β-catenin displaces co-
repressors and recruits transcriptional co-activators resulting in activation of target genes 
including osteoprotegerin (OPG) and receptor activator of nuclear factor kappa B ligand 
(RANKL) [41-43]. The Wnt/β-catenin pathway is activated in MM cells [22] although the 
biological consequences of this activation remain to be clearly defined. 

 
 

2.3. Wnt/RhoA Pathway 
 
In addition to the Wnt/β-catenin pathway, Wnt/RhoA has been demonstrated to be 

functional in myeloma cells [23]. Activation of this pathway does not require the LRP co-
receptor and results in activation of RhoA and associated downstream kinases [44-48]. RhoA 
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is a member of a family of small guanosine triphosphate (GTP)-ases that includes Rac and 
Cdc42 [49]. This pathway has been implicated in cell motility and adhesion [50] and several 
cell types, including melanoma [51] and intestinal epithelial cells [52], have been shown to 
respond with changes in these properties in response to a variety of Wnts. Wnt mediated 
migration appears to require activation of both RhoA and, in melanoma cells, members of the 
protein kinase C (PKC) family of isoenzymes [53] which have also been reported to be 
involved in other aspects of Wnt signaling [27,54]. Activation of PKCs has been associated 
with a third Wnt signaling pathway characterized by calcium flux and likely involving G-
protein coupled receptors [55,56].  

 
 

2.4. Wnt Antagonists 
 
Extracellular inhibitors that block Wnt signaling by interruption of receptors and co-

receptors have recently been discovered. Two classes of Wnt antagonist have been well 
studied (Figure 1) and include members of the secreted Frizzled receptor protein (sFRP) 
family and members of the Dickkopf (Dkk) family [29,57]. Other antagonists, including 
SOST/Sclerostin [58] and Wnt-inhibitory factor-I (WIF-1) [59] have not been as well 
characterized. 

Five members of the sFRP family have been identified (sFRP-1, -2, -3 (FRZB), -4 and-5 
[60-63]) based on homology to the extracellular domains of Fz receptors. This family of 
secreted proteins acts as decoy receptors and directly binds to Wnts thereby altering the 
ability of Wnts to bind to the cellular Wnt receptor complex [60-63]. Thus, the sFRP family 
is proposed to suppress both canonical and non-canonical pathways. It should be noted that 
sFRP1 potentiates Wnt activity at low concentrations, rather than inhibiting [64].  

The Dkk family consists of four members including Dkk-1, -2, -3 and -4. Unlike the 
sFRP family, Dkk proteins specifically inhibit canonical Wnt signaling by binding to LRP5/6 
co-receptors of the Wnt receptor complex rather than Wnt proteins [29,65,66]. To date, 
Dkk1, Dkk2 and Dkk4 have been shown to function as Wnt antagonists, while Dkk3 has no 
effect on Wnt signaling [57,67] Dkk1, the most well studied member of this family, was 
initially cloned as a head inducer in Xenopus embryos [29,68] and later was identified as an 
antagonist for Wnt/β-catenin signaling. In addition to binding LRP5/6 to block activation of 
the Wnt signaling pathway [29,66], Dkk1 has been reported to interact with other 
transmembrane proteins of the Kremen family, Kremen1 (Krm1) and Kremen 2 (Krm2) to 
function as a Wnt inhibitor [70]. 

 
 

3. Wnt Signaling in MM Plasma Cells 
 

3.1. Activation of Wnt/β-Catenin Pathway in MM Cells 
 
The Wnt/β-catenin signaling pathway is activated in myeloma plasma cells, despite an 

absence of activation in B-cell lymphoma which reflects the preceding stage to plasma cells 
in B cell development [22,23,71]. Plasma cell lines express multiple Frizzled receptors (as 
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many as 9 in a single line), and all express either the LRP5 or LRP6 co-receptor. Frizzled and 
LRP5/6 are also expressed in primary plasma cells from MM pateints. Wnt3a treatment of 
myeloma cells leads to activation of the Wnt/β-catenin pathway as evidenced by modulation 
of downstream elements in the pathway including an increase in Dvl-2, an increase and 
phosphorylation of Dvl-3, and stabilization of β-catenin resulting in transcriptional 
activation, presumably through an LEF-1-mediated process (LEF-1 is the only member of the 
TCF/LEF-1 family expressed in these cells) [22,26]. 

 
 

3.2. Biological Effect of Canonical Wnt Signaling in MM 
Cells 

 
Although Wnt signaling has been shown to be activated in response to Wnt3a 

stimulation, such activation does not appear to have a direct effect on myeloma cell growth 
[22]. In vitro studies have demonstrated that neither recombinant Wnt3a (rWnt3a) nor Wnt3a 
containing media had an effect on growth of myeloma cells, and overexpression of Wnt3a in 
myeloma cells did not confer a growth advantage in vitro [23] or when grown subcutaneously 
in SCID mice [26]. Similarly, inhibition of Wnt signaling, by introduction of rDKK1 or 
sFRP1 into myeloma cell culture or by transfection of Dkk1 into myeloma cells [22] had no 
direct effect on myeloma cell proliferation [22,72]. Conversely, other studies using Wnt3a-
conditioned media, rather than purified, rWnt3a, showed that Wnt3a could promote myeloma 
cell growth in vitro [73] and a chemical compound, PKF115-584, which interrupts the 
interaction of transcriptionally active β-catenin and the TCF complex, induces apoptosis in 
myeloma cell lines and primary plasma cells from MM patients [74]. Recent observations 
from this lab suggest that ectopic overexpression of β-catenin induces apoptosis in myeloma 
cells [69]. Notwithstanding this conflicting data on the effect of activation of canonical Wnt 
signaling in in vitro studies, in vivo experiments have demonstrated that increased Wnt 
signaling in myeloma cells (by expression or administration of Wnt3a [26], by inhibition of 
Dkk1 activity via neutralizing antibody [75] or by inhibition of GSK3β activity using lithium 
chloride [76]) suppresses myeloma growth in the bone marrow of myeloma bearing mice. 
Thus, it is suggested that activation of the Wnt/β-catenin pathway in the bone marrow 
environment either directly or indirectly affects MM expansion. 

 
 

3.3. Effect of Activation of Wnt/RhoA Pathway on MM 
Cells 

 
Activation of the Wnt/Rho A pathway regulates myeloma cell adhesion [22,23] and is 

responsible for adhesion-mediated drug resistance [77]. In vitro experiments have 
demonstrated in MM cells that activation of the Wnt/RhoA pathway in response to Wnt3a 
leads to striking morphological changes resulting in rearrangement of the actin cytoskeleton 
and adhesion of these normally suspension growing lymphocytes to culture plates [22,23]. 
Activation of Wnt/RhoA is associated with myeloma adhesion to bone marrow stromal cells 
and increased adhesion-induced drug resistance (CAM-DR) [77]. High endogenous 
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expression of Wnt3 in myeloma cells resulted in tight adherence to human bone marrow 
stromal cells compared with low level Wnt3 expression. Silencing Wnt3a expression by 
small interfering RNA specific to Wnt3a significantly decreased the CAM-DR effect [77]. 

The morphological changes and increased adhesion associated with Wnt responsiveness 
strongly suggest enhanced interaction with neighboring mesenchymal stem cells (MSCs) and 
osteoclasts which is critical for MM progression [78-81]. Furthermore, dysregulation of Wnt 
signaling via secretion of Wnt antagonists (e.g., Dkk1, sFRPs) by myeloma plasma cells may 
indirectly (as a result of the effects of these factors on MSCs and osteoclasts) affect disease 
manifestation. In this context, it is noteworthy that bone lesions are the most common 
pathological feature of MM, resulting from an imbalance in the normal levels of bone-
forming osteoblasts and bone-degrading osteoclasts. 

 
 

4. Wnt Signaling in Osteoblastogenesis and  
MM-Triggered Bone Lesions 

 
4.1. Osteoblast Differentiation and Bone Formation 

 
Osteoblasts differentiate (Figure 2) from bone marrow–derived pluripotent MSCs of the 

colony forming unit-fibroblast (CFU-F) lineage, which also produces fibroblasts, myoblasts, 
adipocytes, and chondrocytes [82-84]. Osteoblasts are bone-forming cells that synthesize 
bone matrix by secreting collagen and causing calcium salts and phosphorus to mineralize 
bone tissue. During new bone layer formation, osteoblasts differentiate into terminal stage 
osteocytes. The canonical Wnt signaling pathway plays a crucial role in normal bone 
development [21,85-96] in the regulation of both osteoblasts and osteoclasts (Figure 2). In 
osteoblasts, Wnt signaling influences three major developmental functions: the commitment 
of MSCs to an osteoblast stem cell type; stimulation of osteoblast proliferation; and 
promotion of osteoblast and osteocyte survival [92,97-99]. 

 
 

4.2. Role of Canonical Wnt Signaling in 
Osteoblastogenesis 

 
A role for Wnt signaling in osteoblast biology was initially suggested by Bradbury [100]. 

However, seminal discoveries elucidating the importance of the canonical Wnt signaling 
pathway in osteoblastogenesis stem from observations that inactivating mutations of the 
LRP5 Wnt co-receptor gene cause osteoporosis-pseudoglioma syndrome (OPPG) [89]. 
Subsequently, it was shown that a separate and distinct mutation in the same gene, 
presumably leading to inhibition of Dkk1 binding, results in high bone density [86,94]. 
Furthermore, deletion of Lrp5 in a mouse model inhibited osteoblast differentiation [92]. The 
importance of Wnt/β-catenin signaling in regulating osteoblastogenesis is further supported 
by the role of β-catenin in the determination of cell fate between osteoblasts and 
chondrocytes. β-catenin is required for promoting MSC differentiation toward the osteoblast 
lineage and away from chondrocytes [87,90]. Activation of this pathway through Wnt10 
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promotes the development of mesenchymal differentiation into osteoblasts, but inhibits 
adipocyte formation by suppressing the expression of peroxisome proliferator factor-
activated receptor γ, an adipogenic transcriptional factor [101] (Figure 2). Additionally, 
overexpression of Wnt7b and β-catenin in pluripotent C3H10T1/2 cells induces osteoblast 
differentiation [91,95]. 
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Figure 2. The Wnt pathway directly regulates MSC differentiation into osteoblasts and indirectly 
regulates osteoclastogenesis. Wnt signaling regulates the commitment of pluripotent MSCs toward 
osteoblast lineage by inhibiting differentiation into adipocyte and chondrocyte lineages. Signaling in 
this pathway is also critical to the further proliferation and differentiation of osteoblasts (green plus 
signs) while, at the same time, regulating osteoclast development (red minus sign) by controlling 
RANKL/OPG ratios. Inhibition of Wnt signaling increases the RANKL/OPG ratio shifting the balance 
in favor of osteoclast production and bone destruction. 
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4.3. Suppression of Osteoblast Differentiation by Wnt 
Antagonists in MM 

 
4.3.1. Expression of Dkk1 in MM Cells 

Suppression of osteoblast differentiation via inhibition of canonical Wnt signaling by 
MM secreted Wnt antagonists is likely to be one of the most important molecular 
mechanisms in osteolytic disease associated with MM [102,103] (Figure 3). Initially, gene 
expression profiling revealed that Dkk1 mRNA expression levels from plasma cells of 173 
patients showed a direct correlation with osteolytic lesions [103]. High level expression of 
Dkk1 mRNA by primary myeloma cells, and correspondingly high Dkk1 protein levels in 
MM bone marrow plasma, was detected in patients with osteolytic bone lesions [103]. 
Additional gene expression studies of 171 newly diagnosed MM patients demonstrated that  
overexpression of Dkk1 mRNA correlated with osteolytic bone disease [104] and, 
furthermore, with increased Dkk1 protein levels in serum [105,106]. It should be noted that, 
although Dkk1 is highly expressed in primary plasma cells from patients with bone lesions, it 
is rarely detected in myeloma cell lines from late stage disease [22,72,107]. Additional 
studies are needed to ascertain the mechanism responsible for bone disease in this group of 
late stage patients. 

 
4.3.2. Expression of sFRPs in MM Cells 

The sFRP family, comprising the other set of known Wnt antagonists, may also be 
involved in Wnt-mediated bone disease although the data is more ambiguous. sFRP2 mRNA 
was found to be expressed in MM cells from pateints with advanced bone lesions and 
addition of sFRP2 inhibited osteoblast differentiation [108]. However, several other studies 
indicate that MM cells highly express sFRP3 (FRZB) [109-113]. Gene expression analysis of 
351 newly diagnosed MM patients demonstrated increased sFRP2 mRNA in only eight cases, 
whereas other studies detected only sFRP3 mRNA, but no sFRP3 protein in plasma cells 
from MM [110,111]. Further studies are obviously required to determine whether sFRP is 
important in MM-triggered bone disease.  

 
4.3.3. Suppression of Osteoblast differentiation by Dkk1 

The molecular mechanism by which MM-derived Dkk1 contributes to bone disease has 
been suggested to involve suppression of osteoblast differentiation. Canonical Wnt signaling 
is activated in osteoblastic cell lines and MM-derived Dkk1 is suggested to be responsible for 
bone destruction via interruption of Wnt signaling in osteoblasts. Multiple Wnt receptors, 
including Fz-1, 2, 3, 4, 7, 8, and 9 [24], and high levels of TCF1 and TCF4 mRNA are 
expressed in osteoblast progenitor cells and primary MM-derived MSCs. In response to 
Wnt3a in these cells, β-catenin accumulates in the cytoplasm, translocates to the nucleus and 
leads to TCF transcriptional activity [24,25]. Expression of dominant-negative β-catenin 
attenuated BMP-2–induced alkaline phosphatase activity, an early marker of osteoblast 
differentiation. Moreover, blocking this pathway by rDkk1 or expression of Dkk1 mRNA in 
these cells attenuated osteoblast differentiation. Importantly, cultures of osteoblasts with 
serum from MM patients containing high concentrations of Dkk1 [24,103] or co-cultures of 
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osteoblasts with Dkk1-overexpressing myeloma cells resulted in inhibition of BMP-mediated 
osteoblast differentiation [24]. 
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Figure 3. Wnt antagonists attenuate Wnt-promoted osteoblast differentiation and promote 
osteoclastogenesis. MM cells secrete Dkk1 or sFRP2 which block (red dotted lines) normal Wnt-
induced osteoblastogenesis (green positive circles). Furthermore, Dkk1 causes an increase in RANKL/ 
OPG ratio leading to increased osteoclastogenesis. As a result, bone resorption surpasses bone 
formation leading to net bone destruction and disease. 

4.3.4. Inhibition of Dkk1 Increases Osteoblast Numbers in Myeloma Bearing 
Mice 

The restoration of canonical Wnt signaling by inhibition of Dkk1 using neutralizing anti-
Dkk1 antibody prevents development of osteolytic bone disease in a myeloma bone disease 
model using SCID-rab mice. In this model immuno-deficient SCID mice are reconstituted 
with  rabbit bone marrow (in contrast to human fetal bone marrow in the SCID-hu model) 
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prior to introduction of human myeloma cells. Mice were engrafted with primary MM cells 
from patients expressing varying levels of Dkk1 and treated with control and Dkk1-
neutralizing antibodies [75]. Histological examination revealed that myelomatous bones of 
anti-Dkk1-treated mice had increased numbers of osteocalcin-expressing osteoblasts. Dkk1 
inhibition of Wnt-induced osteoblastogenesis was confirmed in studies using the 5T2 murine 
model of myeloma. Injection of anti-Dkk1 neutralizing antibody into 5T2 MM bearing mice 
decreased tumor-induced suppression of osteoblast numbers [114]. In support of the 
suggestion that Dkk1 suppression of Wnt signaling is the cause of impaired osteoblast 
differentiation, other studies have revealed that an increase in Wnt signaling by 
administration of Wnt3a to myeloma bearing mice or injection of Wnt3a-expressing myeloma 
cells into SCID-hu mice increases osteoblast numbers [26]. Inhibition of β-catenin 
degradation by blocking GSK3β activity using lithium chloride leads to similar results [76]. 

 
 

5. Wnt Signaling in Osteoblast/Osteoclast 
Crosstalk 

 
5.1. Osteoclast Differentiation and Activity 

 
Osteoblasts maintain bone homeostasis by balancing bone resorption mediated by 

osteoclasts, with bone formation. Osteoblasts regulate osteoclastogenesis through expression 
of RANKL and OPG, two key factors critical for osteoclast formation and activity [115-118] 
in conjunction with other growth factors and chemokines [119-121]. Osteoclasts are activated 
by binding of RANKL [115,116,122] to its cognate receptor, RANK, while OPG [117] (a 
soluble member of the tumor necrosis receptor super-family) acts as a naturally occurring 
decoy receptor that competes with RANK for binding of RANKL [118]. The balance of these 
two molecules plays a critical role in the control of osteoclastogenesis. MM cells likely 
stimulate expression of RANKL and suppress expression of OPG by osteoblasts or their 
progenitors [2,3,123,124,144]. Increased serum levels of RANKL and decreased levels of 
OPG have been associated with a poor prognosis in MM [125]. Restoring the RANKL/OPG 
imbalance by RANKL antagonists or recombinant OPG not only reduces MM-associated 
bone lesions, but halts disease progression in animal models [2,80,126,127]. 

 
 

5.2. Role of Wnt in Regulation of RANKL/OPG Axis 
 
The Wnt signaling pathway has also been reported to indirectly mediate 

osteoclastogenesis via regulation of RANKL and OPG production in osteoblast cells (Figure 
2). Studies of in vivo murine models using transgenic mice expressing active β-catenin in 
osteoblasts, and therefore demonstrating enhanced Wnt signaling, revealed a decrease in 
osteoclastogenesis [41]. Similarly, it has been shown that deletion of APC, one component of 
the complex leading to phosphorylation and degradation of β-catenin, leads to increased Wnt 
signaling and results in reduced osteoclastogenesis [42]. In these mice, osteoblasts with 
increased Wnt signaling were found to express high levels of OPG, whereas osteoblasts with 
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reduced Wnt signaling had reduced expression of OPG [41,42]. Moreover, increased Wnt 
signaling in osteoblasts from these mice led to decreased expression of RANKL in the same 
cells [42]. These data were confirmed by lithium chloride inhibition of GSK3β (an additional 
component of the APC complex that phosphorylates β-catenin and ‘marks’ it for 
degradation), which similarly led to downregulation of RANKL [43]. Additionally, in co-
cultures of murine osteoblasts with spleen cells, knockdown of endogenous sFRP1 
expression in osteoblast cell lines by transfection of specific siRNA significantly enhanced 
osteoclast formation [128] and in embryonic carcinoma cells, increased canonical Wnt 
signaling activity upregulates OPG mRNA expression [129]. Taken together, these data 
strongly support the concept of a critical role for Wnt signaling in regulation of the 
RANKL/OPG axis and, correspondingly, osteoblast/osteoclast development and activity 
(Figure 2). 

 
 

5.3. MM-Derived Dkk interrupts Wnt Mediated Regulation 
of RANKL/OPG 

 
Elevated expression of Dkk1 by myeloma tumor cells and IL-6–dependent myeloma cell 

lines, as well as Dkk1 protein in serum of MM patients [103-107,109], are associated with 
bone lesion formation [103]. Dkk1 not only directly inhibits canonical Wnt signaling-
mediated osteoblast differentiation in MM, but also indirectly activates osteoclastogesis by 
interrupting the normal Wnt-regulated RANKL/OPG axis affected by osteoblasts (Figure 3). 
In vitro studies using human and murine osteoblasts have demonstrated that MM-derived 
Dkk1 protein deregulates RANKL/OPG production in osteoblasts [25]. Pretreatment with 
rDkk1 completely abolished Wnt3a-induced OPG mRNA and protein in mouse and human 
osteoblasts. Additionally, Wnt3a-induced OPG expression is diminished in osteoblasts co-
cultured with a Dkk1-expressing MM cell line or primary MM cells. Finally, bone marrow 
fluid from 21 MM patients significantly suppressed Wnt3a-induced OPG expression in 
osteoblasts, while enhancing RANKL in a Dkk1-dependent manner. These results suggest 
that Dkk1 may be a master regulator of MM-associated osteoblastogenesis by directly 
interrupting Wnt-regulated differentiation of osteoblasts, which, in turn, indirectly leads to 
increased osteoclastogenesis via a Dkk-1 mediated increase in local RANKL-to-OPG ratios 
promoting osteolytic bone lesions. 

 
 

6. Targetingt Wnt Signaling as a Potential 
Therapeutic Staregy for Treatment 

of Osteolytic Bone Lesion in MM 
 

6.1. Increase in Wnt Agonists 
 
Although much remains to be learned about the molecular mechanisms of Wnt signaling, 

it is reasonable to suggest that increasing Wnt activity by specific targeting of this pathway 
may be a potential therapeutic strategy in treatment of myeloma bone disease (Figure 4). One 
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possible approach to elevated signaling would be direct administration of Wnts. To explore 
this possibility, in vivo studies have been performed in which myeloma cells were transfected 
with Wnt3a or empty vector as control and injected into human bone marrow in SCID-hu 
mice [26]. 
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Figure 4. Potential therapeutic strategies for targeting Wnt signaling in the treatment of MM-induced 
bone disease: 1) Increase in Wnt signaling by administration of Wnts (i.e. Wnt3a) into the bone marrow 
microenvironment; 2) increase in β-catenin levels by inhibition of β-catenin degradation through 
suppression of either GSK3β  via lithium chloride (LiCl) or proteasome activity via agents such as 
bortezomib (Bzb); (3) increase in Wnt signaling by blocking inhibitors (Dkk1) using monoclonal 
antibodies (anti-Dkk1). 

While cells stably expressing empty vector grew rapidly and induced a marked reduction 
in bone mineral density, bones engrafted with Wnt3a-expressing myeloma cells were 
preserved, exhibited increased osteoblast/osteoclast ratios, and reduced tumor burden. 
Correspondingly, recombinant Wnt3a treatment of myelomatous SCID-hu mice with primary 
disease stimulated bone formation and attenuated MM growth [26]. Wnt proteins are 
extremely difficult to purify and as a result attention has turned to the identification of Wnt 
agonists. One such candidate is R-spind1 which stimulates Wnt activation by inhibiting 
internalization of the LRP6 co-receptor. R-spind1 has been shown to induce osteoblast 
differentiation and promote OPG secretion [130,131] and is a potential candidate for future 
trials involving the treatment of bone disease. 
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6.2. Prevention of β-Catenin Degradation 
 
An alternative to the direct delivery of Wnts, or the use of Wnt agonists, to increase Wnt 

signaling is the identification of agents that prevent degradation of components of the Wnt/β-
catenin pathway. As an example, LiCl is a well studied inhibitor of the GSK3β kinase that 
phosphorylates β-catenin promoting its degradation. Lithium chloride induces increases in β-
catenin protein and TCF transcriptional activity in osteoblast cells [132]. Administration of 
LiCl in myeloma bearing mice inhibits myeloma bone disease and decreases tumor burden in 
bone [76]. It should be noted, however, that in the 5TGM1 murine myeloma model, LiCl 
administration increased tumor growth when cells were inoculated subcutaneously. It can be 
argued that subcutaneous injection is not an accurate reflection of human myeloma disease, 
but these studies raise a caution for careful evaluation of GSK3β inhibitors before clinical use 
as bone anabolic agents. An alternate approach to targeting enzymes involved in Wnt/β-
catenin processing is the inhibition of proteasomes, the actual sites of β-catenin degradation. 
In this regard, the proteasome inhibitor Bortezomib has shown efficacy as an anti-myeloma 
agent. Bortezomib stimulates osteoblast differentiation and induces increases in both free and 
active forms of β-catenin protein in the cytoplasm and nucleus of mouse and human 
osteoblast progenitor cell lines, and in primary normal human MSC as well as MSC from 
MM patients [132]. Bortezomib induces an increase in ubiquitinated β-catenin indicating 
inhibition of proteasome-mediated degradation (Figure 4) as ubiquitin addition ‘marks’ 
proteins for proteasome localization and degradation. Correspondingly, following treatment 
an increase in TCF transcriptional activity is seen. 

Blocking the activation of β-catenin/TCF signaling by expression of dominant negative 
TCF attenuated bortezomib-induced matrix mineralization indicating that bortezomib 
induced MSC differentiation into osteoblasts through activation of β-catenin/TCF signaling. 
These results provide insights into a clinically relevant mechanism of action of bortezomib 
and as such a rational for its use in the treatment of diseases related to suppression of Wnt/β-
catenin/TCF signaling. Indeed, the clinical efficacy of bortezomib, currently used as a 
frontline treatment of MM, has been linked to an increase in bone anabolic markers in MM 
patients [133,134] and reduced myeloma induced bone disease in animal models in vivo 
[135,136,145]. 

 
 

6.3. Inhibition of Dkk1 
 
Additional potential therapeutic targets directed toward increasing Wnt signaling as a 

treatment for MM-triggered bone disease include Dkk1. In an in vivo model, SCID-rab mice 
were engrafted with primary MM cells expressing varying levels of Dkk1 and subsequently 
treated with control and anti-Dkk1 neutralizing antibodies [75]. Whereas bone mineral 
density (BMD) of the implanted myelomatous bone in control antibody treated mice was 
reduced during the experimental period, BMD in mice treated with anti-Dkk1 increased 
significantly from pretreatment levels. Histological examination revealed that myelomatous 
bones of anti-Dkk1-treated mice had increased numbers of osteocalcin-expressing osteoblasts 
and reduced numbers of multinucleated TRAP-expressing osteoclasts. The role of Dkk1 in 
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MM-triggered bone disease has been confirmed in the 5T2 murine myeloma model. Injection 
of 5T2 MM cells into appropriate recipient mice leads to the development of osteolytic bone 
lesions [114], but treatment with anti-Dkk1 neutralizing antibody results in decreased tumor-
induced suppression of osteoblast number and increase in bone formation. Efficacy of anti-
Dkk1 antibody on myeloma bone disease is currently being assessed in phase I clinical trials. 

 
 

7. Perspectives 
(Summary and Future Directions) 

 
Activation of the Wnt/β-catenin pathway is required for normal bone development and 

osteoblastogenesis. Suppression of osteoblast differentiation and dysregulation of 
osteoclastogenesis by MM-derived Dkk1 is likely one of the important molecular 
mechanisms associated with osteolytic bone disease. It remains to be determined if similar 
mechanisms cause bone lesions in advanced MM as Dkk1 is not expressed in MM cell lines 
which are derived from late stage patients. It is also unclear if other Wnt inhibitors, in 
particular sFRP3 which is also highly expressed in MM plasma cells, similarly play a role in 
osteolytic bone disease. These questions will need to be addressed by studies focusing on the 
role of the sFRP family in osteoblast differentiation. 

β-catenin is highly expressed endogenously in myeloma cell lines and primary myeloma 
cells, in contrast to lymphoma cells representing the preceding stage of B lymphocyte 
development. The cause for constitutive accumulation of β-catenin in myeloma cells has not 
been determined. Although mutations in the adenomatous polyposis coli (APC) and β-catenin 
(CTNNB1) genes in colorectal cancer are thought to be responsible for β-catenin 
accumulation in this and other cancers, such mutations are not found in myeloma cell lines 
and primary myeloma plasma cells [22,73]. In this context, recent studies have reported that 
methylation occurs in the sFRP1 gene in 42% of myeloma cells and suggests this may, in 
some way, cause constitutive activation of the Wnt/β-catenin pathway in myeloma [137]. 
However, this suggestion is difficult to reconcile with the presence of β-catenin in primary 
myeloma plasma cells where Dkk1 and sFRP3 are readily expressed [103,107,109].  

While the Wnt/β-catenin pathway is activated in MM plasma cells, much remains to be 
learned about the downstream targets of β-catenin/TCF transcriptional activity. In osteoblast 
progenitor cell lines and primary MSC, OPG and RANKL have been identified as 
downstream genes regulated by β-catenin/TCF. These two key factors are responsible for 
regulation of osteoclast maturation and activity by osteoblasts in the orchestration of bone 
formation and resorption. Other Wnt target genes that have been identified include Myc 
[138], cyclin D1[139], CD44 [140] and fibronectin [141]. However, expression of these 
genes is not increased by Wnt3a treatment of myeloma cells as evaluated by microarray 
analysis (Qiang et al, unpublished data). The basis for TCF failure to regulate growth-related 
genes in the nucleus of myeloma remains unknown. However, in other systems, CDK8 kinase 
activity was found necessary for β-catenin-driven transformation and for expression of 
several β-catenin transcriptional targets [142] and E2F1 represses β-catenin transcription 
activity [143]. Studies focused on elucidating the role of CDK8 kinase and E2F1 on β-
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catenin /TCF complex regulation in the nucleus of myeloma cells may provide insights to this 
question. 

Given that activation of the Wnt/β-catenin pathway is required for normal bone 
development and osteoblastogenesis, important questions remain to be answered regarding 
this signaling pathway. Which specific Wnts and Wnt receptors in MSCs are functionally 
important? Multiple Wnts are highly expressed in normal MSCs and, importantly, there are 
constitutive, high free β-catenin levels in primary MSCs and MSC cell lines. Is Wnt signaling 
in these cells paracrine or autocrine in nature? While sFRP proteins are thought to directly 
interact with Wnts, there is no known specificity to interactions between members of these 
two families so that sFRPs are unlikely to be useful in identifying biologically important 
Wnts. Similarly, Dkk proteins inhibit Wnts by blocking co-receptors and, therefore, are also 
unlikely to be useful in analyzing Wnt specificity. However, one possible approach is the use 
of siRNA technology to ‘knockdown’ specific Wnts, which may permit an analysis of the 
effects of each ligand individually. 

In summary, activation of the Wnt/β-catenin pathway is necessary for MSC/osteoblast 
differentiation [24] and maintenance of osteoblast/osteoclast balance by regulation of 
RANKL/OPG [25]. Suppression of Wnt/β-catenin signaling by myeloma-derived Dkk1 in 
osteoblasts promotes osteoclastogenesis and myeloma bone disease although direct effects of 
Wnt/β-catenin on osteoclast maturation and activity remain to be determined. Given this 
critical role of Wnt signaling in the complex process of bone remodeling, and the ability of 
myeloma derived proteins to create biologically harmful imbalances, the Wnt pathway would 
appear to be a prime candidate for therapeutic targeting in the treatment of this, and possibly 
other, disease(s) with associated bone lesions. 
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