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Wnt/�-catenin signaling is central to bone
development and homeostasis in adult-
hood and its deregulation is associated
with bone pathologies. Dickkopf-1 (DKK1),
a soluble inhibitor of Wnt/�-catenin signal-
ing required for embryonic head develop-
ment, regulates Wnt signaling by binding
to the Wnt coreceptor lipoprotein-related
protein-5 (LRP5)/Arrow. LRP5 mutations
causing high bone mass syndromes dis-
rupt DKK1-mediated regulation of LRP5.
Forced overexpression of Dkk1 in osteo-
blasts causes osteopenia, disruption of

the hematopoietic stem cell (HSC) niche,
and defects in HSC function. Dkk1 also
inhibits fracture repair. Studies suggest
that DKK1 activation in osteoblasts is the
underlying cause of glucocorticoid- and
estrogen deficiency–mediated osteoporo-
sis, and at least partially underlies the
teratogenic effects of thalidomide on limb
development. DKK1 induces proliferation
of mesenchymal stem cells (MSC) in vitro
and may play a role in the development of
high-grade undifferentiated pleomorphic
sarcomas derived from MSC and osteo-

sarcomas. DKK1 has been implicated in
causing erosive arthritis, the osteolytic
phenotypes of multiple myeloma and
metastatic breast cancer, and osteoblas-
tic metastases of prostate cancer. Preclini-
cal studies have shown that neutralizing
DKK1/Dkk1 and/or enhancing Wnt/�-cate-
nin signaling may prove effective in treat-
ing bone pathologies. Here, we review the
rapidly growing body of literature defin-
ing a pivotal role for DKK1 in bone health
and disease. (Blood. 2009;113:517-525)

Overview of Wnt signaling

The Wnt family of glycoproteins signals through a “canonical” or
“noncanonical” pathway (Figure 1). In the absence of Wnt’s,
glycogen synthase kinase-� (GSK3�), Axin, adenomatous polypo-
sis coli (APC), and casein kinase I� (CKI�) form a �-catenin
destruction complex.1 CKI� phosphorylates �-catenin at Ser45,
and then GSK3� phosphorylates �-catenin at Ser33/Ser37/Thr41.
Phosphorylated �-catenin is recognized by �-transducin repeat
protein, ubiquitinated, and degraded by proteasomes. In contrast,
activation of canonical Wnt signaling occurs when a Wnt protein
binds to one of the 10 members of the frizzled (FZD) receptor
family; Wnt-FZD then binds low-density lipoprotein-related
protein-5 (LRP5) or LRP6. The resultant complex activates Dishev-
elled (Dvl), a protein that attracts Axin away from the destruction
complex and antagonizes the ability of GSK3� to phosphorylate
�-catenin, thereby preventing destruction complex formation. If
�-catenin is not degraded, it translocates to the nucleus where it
binds to the transcription factor T-cell factor-4 (TCF4) and
enhances target gene expression.1

Canonical Wnt’s promote caveolin-dependent LRP internaliza-
tion and facilitate its interaction with Axin.2 In contrast, DKK1
binds to LRP5/6 causing the receptor to attract a Kremen; this
interaction promotes clathrin-mediated internalization, thereby
inactivating LRP, though some data suggest that Kremen may not
be essential for DKK1-mediated Wnt inhibition.3,4 Moreover,
R-Spondins amplify the activity of canonical Wnt’s while antago-
nizing DKK1-mediated interaction with LRP and Kremen.5 Wise
and SOST are also secreted Wnt inhibitors that bind to and
inactivate LRP.6,7 Wnt inhibitory factor (WIF) proteins, which are

structurally similar to the extracellular portion of the Derailed/Ryk
class of transmembrane Wnt receptors, and secreted forms of
frizzled proteins (sFRP, sizzled, and FrzB) act by directly binding
Wnt molecules and can function as Wnt inhibitors, but may also
stabilize Wnt’s and facilitate Wnt signaling.8,9

DKK1 regulates bone development and
accrual and maintenance of bone mass

Bone marrow–derived mesenchymal stem cells (MSC) can differ-
entiate into adipocytes, chondrocytes, or osteoblasts. Although the
precise orchestration of Wnt signaling during bone development is
dependent on complex microenvironmental cues, data from several
groups suggest that Wnt3a, Wnt5a, Wnt7b, and Wnt10b are central
to osteoblast differentiation (Figure 2).10-14 Increased �-catenin is
found in cells committed to the osteoblast lineage, and loss of
�-catenin in osteoblast precursor cells results in reduced bone
deposition.15 In addition to promoting osteoblast commitment,
canonical Wnt signaling inhibits adipocyte differentiation, primar-
ily through accrual of stabilized �-catenin and subsequent transac-
tivation of TCF-responsive genes.16,17 However, noncanonical Wnt
signaling through Wnt5a inactivates peroxisome proliferator-
activated receptor-� (PPAR�), a key adipogenic transcription
factor and activates Runx2.18

DKK1 counteracts the Wnt-mediated effects on bone differen-
tiation and adipogenesis. A transient increase in DKK1 mRNA and
protein expression occurred in preadipocytes within 6 hours of
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initiation of adipogenesis, and was associated with down-
regulation of cytoplasmic and nuclear �-catenin.19 Furthermore,
constitutive expression of DKK1 in 3T3-L1 preadipocytes pro-
motes adipogenic differentiation.19 Msx2 is a homeodomain tran-
scription factor first identified in osteoblasts. Recently, transgenic
overexpression of Msx2 in mice was found to inhibit adipogenesis
while enhancing osteogenic differentiation, increasing bone forma-
tion and bone volume, and resulting in increased Wnt7a and Wnt7b
and decreased DKK1 expression.20 In vitro examination of
C3H10T1/2 osteoprogenitor cells revealed that Msx2 inhibited
Dkk1 promoter activity and also reduced RNA polymerase associa-
tion with Dkk1 chromatin.20 These data suggest that DKK1 inhibits
osteoblastogenesis and induces adipogenesis, effectively switching
the MSC differentiation pathway (Figure 2). Finally, separate Wnt
family members, namely Wnt8 and to a lesser degree Wnt4,
promote chondrocyte differentiation. Not surprisingly, the frizzled-
related protein Frzb/sFRP3, which antagonizes Wnt1 and Wnt8
signaling, has been shown to inhibit chondrocyte differentiation in
vivo (Figure 2).21,22 Interestingly, recombinant bone morphogenic
protein-2 (Bmp2), implanted into the muscle of mice, up-regulated
Wnt ligands and receptors, activated �-catenin–mediated TCF-
dependent transcriptional activity, and facilitated endochondral
bone formation.23 In that model, Dkk1 inhibited �-catenin signal-
ing as well as chondrogenesis and osteogenesis, thereby preventing
endochondral bone formation.23

Dkk1 is known to promote programmed cell death (PCD) in the
developing limb and Dkk1 expression is induced by Bmp4 and
Bmp5.24-26 Using a chicken development model, we recently
reported that thalidomide induces oxidative stress in the developing
limb mesenchyme and up-regulates BMP signaling and DKK1

expression; this leads to an inhibition of canonical Wnt signaling
and increased PCD.27 Importantly, both thalidomide-induced PCD
and limb deformities could be partially inhibited by blocking Dkk1
or activating Wnt signaling downstream of the ligand-receptor
interaction.27

Evidence from animal models and human studies supports an
anabolic role for Wnt signaling in accrual and maintenance of bone
mass, mediated by enhanced osteoblast differentiation/activity with
concomitant suppression of osteoclast differentiation/activi-
ty.23,28-31 Osteoblasts produce osteoprotegrin (OPG) and receptor
activator of NF-�B (RANK) ligand (RANKL). RANKL binds to
RANK and enhances osteoclast differentiation/activity. OPG, a
soluble decoy receptor for RANKL, competitively inhibits RANKL-
RANK interaction; therefore, it is the OPG:RANKL ratio that
determines the net effect on osteoclasts.31,32

Dkk1�/� mice die shortly after birth and display severe develop-
mental phenotypes including head defects and limb dysmorphogen-
esis.25 The “doubleridge mouse” (Dkk1d/d) harbors a transgene
inserted 150 kb from the DKK1 gene, which acts cis to reduce
Dkk1 expression (ie, is hypomorphic for Dkk1).33 Genetic crosses
of Dkk1d/d by Dkk�/� mice result in incremental decreases in
Dkk1 expression (eg, [Dkk1] � Dkk1�/� � Dkk1�/d � Dkk1d/d

� Dkk1d/�) leading to concomitant incremental increases in bone

Figure 1. The presence of certain Wnt proteins activates “canonical signaling”
by binding to FZD and low-density LRP5 and LRP6 coreceptors causing Dvl to
attract proteins away from the �-catenin destruction complex thereby prevent-
ing �-catenin from being degraded. If not degraded, �-catenin is stabilized and
translocates to the nucleus where it binds to the transcription factor TCF4 and
enhances target gene expression, including cyclin D1, c-myc, c-jun, vascular
endothelial growth factor (VEGF), and several others that are associated with
enhanced cell growth. In the presence of DKK1, which competitively binds to LRP5/6
causing it to bind to Kremen and become inactive, GSK3�, Axin, APC, and CKI� form
a �-catenin destruction complex. CKI� and GSK3� phosphorylate �-catenin causing
it to be recognized by �-transducin repeat protein, ubiquitinated, and degraded by
proteasomes, thereby inhibiting “canonical signaling.”

Figure 2. The prevailing model of the role of DKK1 and the mesenchymal cell
lineage in bone development and bone mass homeostasis. Wnt 3a, 5a, and 7b
and Ihh cooperatively promote osteoblast differentiation, whereas DKK1 inhibits
osteoblastogenesis and shifts the developmental program toward adipogenesis.
�-catenin/TCF1 promotes early osteoblast lineage commitment through induction of
the master bone development protein Runx2.97 Runx2 then promotes transcriptional
activation of a second master bone development transcription factor Osterix (Osx),
which uses DKK1 to repress Runx2 expression to further promote osteoblast
progenitor maturation.98 Finally, phenotypic lineage-specific markers for osteoblast
maturation are illustrated.99,100
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mass.34 Interestingly, Dkk1d/d mice demonstrate postaxial polysyn-
dactyly, and that phenotype is partially or completely rescued by
reduced expression of Lrp5 or Lrp6.33 In agreement with DKK1
genetic studies, mice lacking Lrp5 (ie, Lrp5�/�) have lower bone
mass compared with wild-type littermates and, in contrast, mice
that express a mutant form of Lrp5, which does not bind to Dkk1,
display increased bone mass.35,36 Finally, mice that lack expression
of both Lrp5 and Lrp6 have more severe bone loss than Lrp5�/�,
suggesting that both Wnt coreceptors contribute to bone develop-
ment and homeostasis.32

Binding of DKK1 to LRP5 is currently the best-characterized
mechanism of modulation of Wnt signaling in bone in humans.28

LRP5 gain-of-function mutations which alter the first epidermal
growth factor (EGF)–like domain (ie, LRP5 �-propeller 1 region)
prevent DKK1-LRP5 interaction and are the cause of high bone
mass (HBM) and mandibular, bucca, and lingual exostoses.37,38

LRP5 protein from patients with HBM mutations is not as sensitive
to DKK1-mediated inhibition as the wild-type LRP5 protein.38

However, this finding was unexpected because when DKK1 was
first identified as an inhibitor of Wnt signaling, it was found to
interact strongly with the third and fourth EGF-like domains, not
the first and second.39 Wnt ligands interact with the first and second
EGF-like domains of LRP6 and by extension LRP5.39 Ai et al
recently found that all HBM mutant proteins were indeed less
inhibited by DKK1 than wild-type LRP5.40 LRP6 is a close
homolog of LRP5 and interacts with DKK1. Engineering LRP6 to
harbor a mutation in an equivalent amino acid as a HBM mutation
(G158V in LRP5) rendered it unable to interact with DKK1.40

SOST, the gene mutated in the bone dysplasia syndrome, scleroto-
sis, binds to LRP5 and inhibits its ability to transduce a Wnt
signal.6,41 The SOST protein binds to the first propeller domain of
LRP5 and HBM mutations inhibit SOST binding to LRP5.42

Investigators recently confirmed that neither DKK1 nor SOST
efficiently inhibited HBM-LRP5.43 This study also showed that
coexpression of DKK1 and SOST did not inhibit HBM-LRP5
mutants better than either inhibitor by itself, that DKK1 and SOST
do not simultaneously bind to wild-type LRP5, and that DKK1 is
able to displace SOST from previously formed sclerostin-LRP5
complexes.43 A separate and distinct LRP5 loss-of-function muta-
tion leads to reduced Wnt signaling, and is the genetic basis of the
familial syndrome osteoporosis-pseudoglioma (OPPG), a disease
characterized by low bone mass resulting in premature osteoporo-
sis, fractures, and bone deformities.28,32 These mutations do not
influence DKK1 function. Mice harboring null mutations in either
Kremen 1 (Krm1�/�) or Kremen 2 (Krm2�/�) have normal bone
formation and bone mass, while double mutants Krm1�/�; Krm2�/�

show enhanced Wnt signaling, ectopic postaxial forelimb digits,
expanded apical ectodermal ridges, and increased bone formation
and volume.44 Triple mutants Krm1�/�; Krm2�/�; Dkk1�/� showed
enhanced growth of ectopic digits, suggesting that Dkk1 has at
least some Kremen-independent function during limb
development.44

Genetic data regarding the effects of DKK1 on bone mass are
supported by experiments where ovariectomized or sham-operated
rats were given 20 	g/kg per day Dkk1 sense or antisense
oligonucleotide or vehicle for 28 days, and it was noted that Dkk1
antisense oligonucleotide significantly abrogated the suppressive
effect of ovariectomy (ie, estrogen deficiency) on femur weight,
mineral content, mineral density, and peak load.45 In contrast,
dexamethasone, an agent known to induce osteoporosis, up-
regulates Dkk1 expression in primary human osteoblasts and may
provide a molecular explanation for osteoporosis caused by

long-term glucocorticoid use.46 Moreover, knockdown of Dkk1
expression by antisense oligonucleotide (Dkk1-AS) abrogated
dexamethasone suppression of alkaline phosphatase activity and
osteocalcin expression in MC3T3-E1 preosteoblasts, and mitigated
dexamethasone-mediated suppression of mineral density, trabecu-
lar bone volume, osteoblast surface, and bone formation rate in
bone tissue and ex vivo osteogenesis of primary bone marrow
mesenchymal cells.47 The mechanism appears to be that Dkk1-AS
abrogates dexamethasone-induced expression of nuclear �-catenin
and phosphorylated Akt-Ser473.47 Dkk1 inhibited �-catenin signal-
ing as well as healing of tibia fractures.48 Evidence indicates that
DKK1 is also a major determinant of bone and joint pathology in
inflammatory arthritis.49 DKK1 protein expression is enhanced in
synovial fibroblasts and is increased in the serum of patients with
rheumatoid arthritis (RA) compared with healthy controls.49 An
anti–tumor necrosis factor-� (TNF-�) antibody reduced serum
DKK1 levels in patients with RA. In contrast to RA, where bone
erosion occurs, serum DKK1 concentrations in patients with
ankylosing spondylitis, a disease characterized by osteophyte
formation, were decreased compared with healthy controls.49 Dkk1
was induced in a TNF-�–transgenic mouse model of inflammatory
arthritis; anti-Dkk1 antibody prevented bone erosion and promoted
osteophyte formation, but did not affect inflammation.49 Finally,
the same group showed that the effects of Dkk1 on bone were
mediated by inhibition of Wnt signaling, which directly impaired
new bone formation and limited OPG expression, thereby shifting
the OPG:RANKL ratio to favor bone resorption. These data
support the concept that DKK1 inhibits bone formation while
promoting bone resorption (Figure 3).

DKK1 in cancer and bone metastases

DKK1 expression in normal tissues and cancer

DKK1 mRNA is expressed at low levels in most normal human
tissues with the exception of the placenta.50,51 A wide range of
DKK1 gene expression levels has been reported at various phases
of tumorigenesis in multiple cancer phenotypes including prostate,
breast, colorectal, esophageal, lung, and multiple myeloma
(MM).50,51 Prostate cancers usually express lower DKK1 levels
compared with normal prostate tissue, and bone metastases of
prostate cancer typically have excess new bone formation (osteo-
blastic metastases).52 Interestingly, the osteolytic human prostate
cancer cell line, PC-3, expresses significantly higher levels of
DKK1 than its derivative cell line PC-3M.52 However, DKK1
expression was undetectable in the mixed osteoblastic/osteolytic
prostate cancer cell lines LNCaP, C4-2, C4-2B, and ACE-1.52,53

DKK1 was found to be highly expressed by MDA-MB-231
(osteolytic model) and MCF7 (mixed osteolytic and osteoblastic
model) human breast cancer cell lines, whereas ZR-75-1 and T47D
cells (osteoblastic model) had no detectable levels.50,54 Bone
marrow aspirates taken from hindlimbs of mice inoculated with
human breast cancer cells that induce bone metastases (MDA-BO2,
a subclone of MDA-MB-231 cells) had higher DKK1 levels
compared with noninoculated control mice.55 In addition, serum
DKK1 concentrations from patients with breast cancer and bone
metastases were significantly higher compared with women with
breast cancer in complete remission, patients with breast cancer
metastases at nonbone sites, and healthy women.55 Human primary
lung and esophageal cancers, lung cancer cell lines, and esophageal
cancer cell lines express DKK1 mRNA.56 In colon cancer and
melanoma, DKK1 expression was down-regulated compared with
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the respective normal tissues.57,58 Qian et al reported that DKK1
protein expression was detected in most MM cell lines and clinical
MM samples.51

DKK1 in osteolytic and osteoblastic metastases

As described earlier, activation of canonical Wnt signaling induces
osteoblast differentiation and increases survival of pluripotent
mesenchymal progenitor cells. Bone is a frequent site of metastases
in some cancers, and evidence suggests that Wnt signaling and
DKK1 are involved in bone metastases. MM and neuroblastoma
metastasize to bone resulting in osteolytic lesions. Prostate cancer
bone metastases demonstrate both bone formation and bone
resorption, but formation of new woven bone typically predomi-
nates. Bone metastases in breast cancer are typically osteolytic, but
occasionally osteoblastic lesions occur.

Taken together, seemingly disparate data from several tumor
phenotypes suggest that DKK1 promotes osteolytic metastases,
and may facilitate the conversion of osteoblastic metastases to an
osteolytic phenotype and vice versa. Prostate cancer cells induce
osteoblastic metastases through activation of Wnt signaling.52,59

DKK1 was found to block prostate cancer-associated osteoblastic
metastases without affecting tumor growth, while inhibition of
DKK1 in osteolytic prostate cancer cells altered the nature of bone
metastases from osteolytic to osteoblastic.59 Consistent with this
notion, DKK1 was found to increase early in prostate cancer and
decrease as tumors progress from primary tumor to metastasis.60

The same group demonstrated that breast cancer cell-derived
DKK1 blocked Wnt3a-induced OPG expression and differentiation
of osteoblast precursor C2C12 cells, and that these effects could be
neutralized by anti-DKK1 antibody.61 Endothelin-1 (ET-1) binds to
ETA receptors and promotes new bone formation by increasing
osteoblast proliferation and maturation. ET-1 levels may be up-
regulated in prostate cancer patients with osteoblastic metastases,
and ET-1 overexpression in ZR-75-1 breast cancer cells resulted in
increased new bone formation at metastatic sites in nude mice.62

Although ET-1 had no effect on the expression of Wnt’s in
osteoblasts, it suppressed Dkk1 levels, which was associated with
an increase in osteoblast number and new bone formation.63 Most
recently, neuroblastoma cell lines were also found to secrete
DKK1.64 Proliferation of human (h) MSCs collected from pediatric-
aged donors increased when cultured in conditioned media from
neuroblastoma cells, and these effects were reversed by anti–DKK1-
neutralizing antibody.64

However, the most extensive data suggesting that DKK1
promotes osteolytic metastases come from studies of MM-
associated bone disease. MM cells secrete several Wnt-signaling
inhibitors, such as sFRP-2, sFRP-3, and DKK1, which have been
shown to increase bone loss by decreasing osteoblast function and
increasing osteoclast maturation.65 We found that DKK1 plays an
important role in MM-induced osteolysis by inhibiting osteoblast
differentiation.66 In addition, high serum and bone marrow DKK1
concentrations correlate with osteolytic bone lesions, and serum
from MM patients can block BMP-2-induced osteoblast differentia-
tion in vitro in a DKK1-dependent manner.66 Surprisingly, in-
creased DKK1 expression was not detected in patients with
advanced stages of MM, suggesting a role during early stages of the
malignancy when tumor-microenvironment interactions are essen-
tial for survival and resistance to chemotherapy. We subsequently
analyzed the functional role of activation and DKK1-mediated
inhibition of canonical Wnt signaling on BMP-2–induced osteo-
blast differentiation. We found that recombinant DKK1 (rDKK1)
and plasma from MM patients with high levels of DKK1 blocked
Wnt3a-induced �-catenin accumulation.67 In addition, DKK1 abro-
gated BMP-2–mediated osteoblast differentiation.67 Based on these
data, we concluded that autocrine Wnt signaling in osteoblasts is
necessary to promote BMP-2–mediated differentiation of preosteo-
blasts, while Wnt signaling alone is not capable of inducing such
differentiation. DKK1 inhibits this process and may be a key factor
regulating preosteoblast differentiation and MM bone disease.67

These findings led us to examine the effects of DKK1 on

Figure 3. DKK1 is both anabolic and anticatabolic in
bone. TNF-� enhances DKK1 secretion which inhibits MSC-
derived osteoblastogenesis and lowers OPG levels, resulting
in reduced bone accretion. In addition, DKK1 enhances
RANKL levels, and the increased RANKL:OPG ratio acti-
vates osteoclast activity, leading to bone resorption.
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Wnt3a-regulated OPG and RANKL expression in osteoblasts. We
confirmed that pretreatment with rDKK1 completely abolished
Wnt3a-induced OPG mRNA and protein expression by mouse and
human osteoblasts, and that coculture of osteoblasts with either a
DKK1-expressing MM cell line or primary MM cells diminished
OPG expression in the osteoblasts.68 Moreover, bone marrow sera
from MM patients suppressed Wnt3a-induced OPG expression and
enhanced RANKL expression in osteoblasts in a DKK1-dependent
manner.68 Giuliani et al showed that DKK1 and sFRP3 were
produced by MM cells, and that MM cells inhibited osteoblast
formation and differentiation.69,70 However, though they demon-
strated Dkk1-dependent inhibition of canonical Wnt signaling in
murine preosteoblasts, they found that DKK1 did not alter Wnt
signaling in human preosteoblasts or hMSC, and ascribed the
mechanism of osteoblast inhibition to MM-induced blockade of
Runt-related transcription factor-2/core-binding factor Runt do-
main-� subunit-1 (RUNX2/CBFA1) in human bone marrow osteo-
blast progenitors.69,70

The plasma cell dyscrasia monoclonal gammopathy of undeter-
mined significance (MGUS) is present in 3% of the population
older than 50 years of age, and is associated with a 1% per year risk
of converting to overt MM.71,72 A key differentiating feature
distinguishing MGUS from MM is the presence of focal osteolytic
bone lesions in MM. We showed that DKK1 expression by MM
tumor cells is significantly linked to the presence or absence of
bone lesions in MM, whereas cells from patients with MGUS
expressed low levels of DKK1.66 Kaiser et al recently conducted a
larger follow-up study where they correlated serum levels of DKK1
with skeletal X-rays in 184 newly diagnosed MM patients and
33 cases of MGUS. These investigators showed that serum DKK1
was elevated in MM as compared with MGUS, MM without lytic
lesions had significantly lower DKK1 levels than patients with lytic

bone disease, and DKK1 levels also correlated with the number of
bone lesions in MM.73

Proposed model of DKK1-mediated promotion of bone
metastases

A complex dynamic model is emerging that suggests that DKK1
has differential, context-specific effects on various tumor cell
phenotypes as well as on bone cells, often resulting in osteolytic
bone metastases. Various factors can regulate DKK1 secretion from
cancer cells. Some cancer cells secrete large amounts of DKK1,
which may or may not affect tumor cell growth. However, the bulk
of the evidence suggests that tumor-associated DKK1 secretion can
inhibit Wnt-mediated osteoblast differentiation and OPG secretion,
and increase RANKL production. A decrease in the OPG:RANKL
ratio serves to enhance osteoclastogenesis and promotes osteoclas-
tic bone resorption. We postulate that osteolysis serves to help
create a tumor microenvironment that physically permits tumors to
expand, and that undifferentiated osteoblast precursors and/or
activated osteoclasts produce factors that promote interaction of
tumor cells with the surrounding bone microenvironment, which
might enhance proliferation and increase chemotherapy resistance
of tumor cells within the lytic lesion. Indeed, in MM DKK1-
mediated suppression of MSC differentiation leads to increased
production of IL-6 and perhaps other MM growth factors. This would
create a vicious cycle of bone destruction and tumor growth. In addition
to DKK1, other tumor cell–derived factors such as RANKL, interleukin
3 (IL-3), sFRP-2, macrophage-inflammatory protein 1a (MIP1a), IL-1,
IL-6, IL-8, IL-11, TNF-�, prostaglandin E (PGE), and parathyroid
hormone-related protein (PTHrP) may also promote an osteolytic
environment.74,75 We have outlined a diagrammatic representation of
our proposed model as it relates to MM in Figure 4.

Figure 4. Metastatic cancer cells that secrete el-
evated levels of DKK1 disrupt the balance of osteo-
blastogenesis and osteoclastogenesis in favor of an
osteolytic microenvironment that is conducive to
tumor growth. MM has a unique and absolute require-
ment for the bone marrow microenvironment for its
growth and survival and MM plasma cells may cultivate
this “soil” by synthesizing and secreting DKK1. The
primary effect of DKK1 appears to be the disruption of the
differention of MSC in the osteoblasts (OB). RANK
signaling regulates osteoclast development and Wnt
signaling in MSC/OB differentially regulates RANKL and
OPG, a RANKL decoy, which together modulate oste-
oclast development. DKK1 suppression of Wnt in
MSC/OB leads to increased production of RANKL and
IL-6 and decreased production of OPG. The shift in
RANKL:OPG ratios leads to increased osteoclastogen-
esis and IL-6 is a potent survival factor of MM cells. The
subsequent loss of osteoblasts and increase in oste-
oclasts causes lytic bone destruction, hypercalcemia,
and loss of normal bone marrow function. A vicious cycle
of bone destruction and tumor growth ensues. The
absence of DKK1 in a subset of MM suggests that other
soluble factors produced by MM cells may contribute to
this process. These include MIP1a, sFRP-2, IL-3, RANKL,
and possibly sFRP-3 (see “Proposed model of DKK1-
mediated promotion of bone metastases” for more
details).
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Dkk1 in the regulation of the hematopoietic stem cell (HSC)
Niche and HSC function

Osteoblasts form the bone marrow hematopoietic stem cell niche.76

We originally postulated that increased expression of DKK1 in MM
bone marrow, and subsequent defects in osteoblast differentiation, might
lead to the immunosuppression and anemia that frequently accompany
this disease, via defects in HSCs. In support of a role for Dkk1 in causing
functional defects in HSC, Fleming and colleagues recently explored the
impact of Wnt signaling within the context of the HSC niche.77 Using an
osteoblast-specific promoter to drive the expression of DKK1, they
noted changes in trabecular bone and in HSC function in transgenic
mice. Wnt signaling was inhibited in HSCs, and the cells exhibited
reduced p21Cip1 expression, increased cell cycling, reduced numbers of
quiescent cells, and a decline in regenerative function after transplanta-
tion. This effect was microenvironment-determined and, importantly,
was irreversible if the cells were transferred to a normal host. The
authors suggest that Wnt-pathway activation in the HSC niche is
required to preserve the reconstituting function of endogenous HSC.77 In
agreement with these biological observations, MSCs secrete DKK1 that
serves to promote their proliferation and block their differentiation in an
autocrine manner.78 As mentioned above, high-grade undifferentiated
pleomorphic sarcoma was shown to be derived from MSCs, and DKK1
was shown to play a role in this process.79 Finally, DKK1 serum levels
in pediatric patients with osteosarcoma (OS) were significantly elevated,
and DKK1 was maximally expressed by the OS cells at the tumor
periphery, suggesting that DKK1 contributes to tumor expansion by
inhibiting repair of surrounding bone.80 In vitro, DKK1 and RANKLare
coexpressed by rapidly proliferating human OS cells.80 Both DKK1 and
conditioned media from OS cells reduced osteogenesis by human
MSCs, and immunodepletion of DKK1 or adding a GSK3� inhibitor
reduced the DKK1 effects.80

Given that autologous HSC transplantation plays such a pivotal
role in the management of MM, it is possible that the irreversible
loss of reconstitution capabilities of HSC exposed to high levels of
DKK1 may account for the poor engraftment and reconstitution of
hematopoiesis that can occur. Given that HSCs isolated from
DKK1-transgenic mice had fewer quiescent HSCs compared with
normal controls, it will be interesting to investigate whether HSC
mobilized from patients with MM also exhibit shifts in the ratios of
p21Cip1-expressing and quiescent HSC that is correlated with
DKK1 levels. Along these lines, it is noteworthy that several groups
have reported that use of the immunomodulatory drugs thalidomide and
lenalidomide, but not bortezomib, during induction chemotherapy is
associated with a significant reduction in cell yield during hematopoietic
stem cell mobilization in patients with MM.81 We have previously
shown that while bortezomib does not activate DKK1, thalidomide, and
to an even greater extent, lenalidomide, potently up-regulates DKK1
synthesis by MM plasma cells after short-term therapeutic doses.82,83

Collectively, these data suggest that the negative effects of thalidomide
and lenalidomide on HSC mobilization might be traced to supraphysi-
ological levels of DKK1. If this hypothesis is confirmed experimentally,
new therapeutic strategies to neutralize DKK1 might prevent the
negative effects of these drugs on hematopoietic stem cell biology.

Potential therapeutic advances that modulate
DKK1 effects

Amelioration of MM in an animal model using neutralizing
antibodies against DKK1 represents a key advance in the area of
modulating DKK1 for therapeutic benefit. We engrafted patient-

derived MM cells expressing varying levels of DKK1 into rabbit
bones which were implanted into severe combined immunodefi-
ciency (SCID) mice (ie, SCID-rab mice); the mice were then
treated with control or DKK1-neutralizing antibodies for 4 to
6 weeks.84 The MM-containing implanted bones in mice treated
with DKK1-neutralizing antibodies demonstrated a higher bone
mass, increased numbers of osteocalcin-expressing osteoblasts,
and a reduced number of multinucleated tartrate-resistant acid
phosphatase (TRAP)–expressing osteoclasts, and the anabolic
effects on bone were associated with reduced MM burden.84

Importantly, it was observed that bone mineral density (BMD) also
rose in noninvolved implanted bones as well as the femurs of the
mice treated with the antibody.84 Recently, we have been able to
show that delivery of Wnt3a to bone in the SCID-hu model of
human MM can ameliorate bone destruction and inhibit tumor
growth.85 Similar results were also observed in the 5TGM mouse
model of MM in mice treated with LiCl, a suppressor of GSK3�
and activator of Wnt signaling.86 These antitumor effects of Wnt
activation are noteworthy given the potential oncogenic effects of
Wnt3a and hyperactivation of canonical Wnt signaling. It is also
noteworthy that although capable of inducing stabilization of
�-catenin in MM cells in vitro, Wnt3a had no obvious proliferative
or growth-inhibitory effects in vitro or in vivo when grown
subcutaneously. Together these data suggest that Wnt activation in
the bone can have bone anabolic effects, which in turn have an
antitumor effect in MM.86,87

Several studies have recently reported that canonical Wnt
signaling regulates OPG and RANKL expression in osteoblasts,
suggesting that Wnt signaling in osteoblasts regulates osteoclasto-
genesis and, therefore, the coupling of bone accretion to bone
resorption (ie, bone turnover).30,88,89 We recently reported that
MM cell–derived DKK1 interrupts Wnt3a-regulated OPG and
RANKL expression in osteoblasts.68 We found that pretreatment of
these cells with rDKK1 completely abolished Wnt3a-induced OPG
mRNA and protein in mouse and human osteoblasts, and Wnt-3a-
induced OPG expression is diminished in osteoblasts cocultured
with a DKK1-expressing MM cell line or primary MM cells.68

Importantly, we showed that bone marrow serum from MM
patients significantly suppressed Wnt3a-induced OPG and en-
hanced RANKL expression in osteoblasts, in a DKK1-dependent
manner.68

Gunn and colleagues have shown that conditioned media from
MSC cultures can induce MM cell lines to produce DKK1,
suggesting that an MSC-derived soluble factor induces DKK1 in
MM cells.90 IL-6 is a growth and survival factor for MM cells.91

MSCs that produce high levels of DKK1 also produce high levels
of IL-6, and growth of IL-6–dependent MM cell lines in MSC-
conditioned media is inhibited when a neutralizing antibody to IL-6
is added to the culture.90 Fulciniti et al recently evaluated DKK1 as
a therapeutic target in MM using a DKK1-neutralizing antibody
and found that it increased differentiation of MSC to osteoblasts
and reduced IL-6 levels.92 Osteoblast differentiation of MSCs
cultured in the presence of the DKK1-producing and IL-6–
dependent cell line INA-6 was suppressed, and the anti-DKK1
antibody was able to restore osteoblast activity in this coculture
system in a dose-dependent manner. These investigators observed
no direct effect of the anti-DKK1 antibody on growth or survival of
human MM cell lines; however, the antibody induced growth
inhibition of MM cells cultured with bone marrow stromal cells
and this was associated with down-regulation of IL-6 produced by
MSCs. Growth of INA-6 MM cells in the SCID-hu murine model
revealed direct correlation between the level of soluble human
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DKK1 in murine blood and tumor growth. Anti-DKK1 treatment
was associated with increased trabecular bone, number of osteo-
blasts and osteocalcin within 1 mo, and the anti-DKK1 antibody
suppressed MM growth after 4 weeks. Taken together, these results
suggest that DKK1 may be a master regulator of MM-associated
osteolytic bone disease and disease progression by directly interrupt-
ing Wnt-regulated differentiation of osteoblasts, which in turn
leads to increased production of IL-6, which then leads to increased
osteoclastogenesis by increasing RANKL to OPG ratios.

Finally, the proteasome inhibitor bortezomib (Velcade) was
recently approved for the treatment of relapsed refractory MM.93

Although the mechanism of the anti-MM effect of this drug is not
known, recent studies suggest that it may act, at least in part, by
inducing osteoblast differentiation. Garrett et al were the first to
show that proteasome inhibition induces osteoblast differentia-
tion.94 Zangari and colleagues subsequently reported that response
to bortezomib could be linked to increases in bone alkaline-
phosphatase expression in patients with MM.95 Consistent with
these studies, Oyajobi et al showed that bortezomib stimulates new
bone formation and that was related to DKK1 down-regulation.96

Conclusions

DKK1 is central to embryonic and adult bone development and
bone health and disease, and has emerged as a central molecular
player among various factors that promote bone metastases. DKK1
ensures proper skeletal development and homeostasis, LRP5-
mediated DKK1 signaling is essential to maintain bone mass, and
DKK1 has been implicated in genetic bone metabolism syndromes
that result from LRP5 mutations. Preclinical data suggest that
DKK1 is involved in glucocorticoid- and estrogen deficiency–
mediated osteoporosis, and at least partially underlies the terato-
genic effects of thalidomide. In addition, DKK1 may contribute to
erosive arthritis. The timing of DKK1 expression and its role in
tumorigenesis and metastasis appears to be dependent on the
specific tumor phenotype and the type of bone metastasis. Evidence
suggests that DKK1 promotes osteolytic metastases, such as in

MM, and likely has a modulatory role in the development of
osteoblastic metastases as well. Finally, animal models have been
helpful in preclinical evaluation of neutralizing DKK1 antibodies
as potential therapy for MM-associated bone disease. Given the
central role of autologous stem cell transplantation in the clinical
management of MM and other diseases, we also eagerly await
further studies addressing the effects of DKK1 on HSC biology.
Over the next few years, additional studies on DKK1 will elucidate
more knowledge on bone biology, bone health and disease, and the
pathogenesis of bone metastases.

Acknowledgments

This work was supported by The National Cancer Institute
(CA101875 [J.J.P.] and CA55819 [J.D.S.]), The Lebow Fund to
Cure Myeloma (J.D.S.), The Nancy and Stephen Grand Philan-
thropic Fund (J.D.S.), and by a Senior and Translational Research
Award from the Multiple Myeloma Research Foundation (Y.-W.Q.).

Authorship

Contribution: J.J.P., B.M.H., N.K.T., T.J.R., M.V., Y.-W.Q., and
J.D.S. reviewed literature and each wrote portions of the paper;
B.M.H. had overall editorial responsibility for the figures; and
J.J.P., T.J.R., and J.D.S had overall editorial responsibility for the
manuscript.

Conflict-of-interest disclosure: J.D.S. and the University of
Arkansas Medical Center have a patent and patents pending on the
use of DKK1 as a therapeutic target and diagnostic. All other
authors declare no competing financial interests.

Correspondence: John D. Shaughnessy Jr, Myeloma Institute
for Research and Therapy, University of Arkansas Medical Center,
4301 West Markham Street, Little Rock, AR 72205; e-mail:
shaughnessyjohn@uams.edu; or Joseph J. Pinzone, The Ohio State
University Medical Center, 1581 Dodd Drive, Columbus, OH;
e-mail: joseph.pinzone@osumc.edu.

References

1. Clevers H. Wnt/beta-catenin signaling in develop-
ment and disease. Cell. 2006;127:469-480.

2. Yamamoto H, Sakane H, Yamamoto H, Michiue T,
Kikuchi A. Wnt3a and Dkk1 regulate distinct inter-
nalization pathways of LRP6 to tune the activa-
tion of beta-catenin signaling. Dev Cell. 2008;15:
37-48.

3. Glinka A, Wu W, Delius H, Monaghan AP,
Blumenstock C, Niehrs C. Dickkopf-1 is a mem-
ber of a new family of secreted proteins and func-
tions in head induction. Nature. 1998;391:357-
362.

4. Mao B, Wu W, Davidson G, et al. Kremen pro-
teins are Dickkopf receptors that regulate Wnt/
beta-catenin signalling. Nature. 2002;417:664-
667.

5. Kim KA, Wagle M, Tran K, et al. R-spondin family
members regulate the wnt pathway by a common
mechanism. Mol Biol Cell. 2008;19:2588-2596.

6. Semenov M, Tamai K, He X. SOST is a ligand for
LRP5/LRP6 and a Wnt signaling inhibitor. J Biol
Chem. 2005;280:26770-26775.

7. Itasaki N, Jones CM, Mercurio S, et al. Wise, a
context-dependent activator and inhibitor of Wnt
signalling. Development. 2003;130:4295-4305.

8. Hoang B, Moos M Jr, Vukicevic S, Luyten FP. Pri-
mary structure and tissue distribution of FRZB, a
novel protein related to Drosophila frizzled, sug-

gest a role in skeletal morphogenesis. J Biol
Chem. 1996;271:26131-26137.

9. Hsieh JC, Kodjabachian L, Rebbert ML, et al. A
new secreted protein that binds to Wnt proteins
and inhibits their activities. Nature. 1999;398:431-
436.

10. Baksh D, Tuan RS. Canonical and non-canonical
Wnts differentially affect the development poten-
tial of primary isolate of human bone marrow
mesenchymal stem cells. J Cell Physiol. 2007;
212:817-826.

11. Hu H, Hilton MJ, Tu X, Yu K, Ornitz DM, Long F.
Sequential roles of Hedgehog and Wnt signaling
in osteoblast development. Development. 2005;
132:49-60.

12. Baksh D, Boland GM, Tuan RS. Cross-talk be-
tween Wnt signaling pathways in human mesen-
chymal stem cells leads to functional antagonism
during osteogenic differentiation. J Cell Biochem.
2007;101:1109-1124.

13. Boland GM, Perkins G, Hall DJ, Tuan RS. Wnt 3a
promotes proliferation and suppresses osteo-
genic differentiation of adult human mesenchymal
stem cells. J Cell Biochem. 2004;93:1210-1230.

14. Etheridge SL, Spencer GJ, Heath DJ, Genever
PG. Expression profiling and functional analysis
of wnt signaling mechanisms in mesenchymal
stem cells. Stem Cells. 2004;22:849-860.

15. Day TF, Guo X, Garrett-Beal L, Yang Y. Wnt/beta-
catenin signaling in mesenchymal progenitors
controls osteoblast and chondrocyte differentia-
tion during vertebrate skeletogenesis. Dev Cell.
2005;8:739-750.

16. Ross SE, Hemati N, Longo KA, et al. Inhibition of
adipogenesis by Wnt signaling. Science. 2000;
289:950-953.

17. Morvan F, Boulukos K, Clement-Lacroix P, et al.
Deletion of a single allele of the Dkk1 gene leads
to an increase in bone formation and bone mass.
J Bone Miner Res. 2006;21:934-945.

18. Takada I, Mihara M, Suzawa M, et al. A histone
lysine methyltransferase activated by non-canoni-
cal Wnt signalling suppresses PPAR-gamma
transactivation. Nat Cell Biol. 2007;9:1273-1285.

19. Christodoulides C, Laudes M, Cawthorn WP, et
al. The Wnt antagonist Dickkopf-1 and its recep-
tors are coordinately regulated during early hu-
man adipogenesis. J Cell Sci. 2006;119:2613-
2620.

20. Cheng SL, Shao JS, Cai J, Sierra OL, Towler DA.
Msx2 exerts bone anabolism via canonical Wnt
signaling. J Biol Chem. 2008;283:20505-20522.

21. Enomoto-Iwamoto M, Kitagaki J, Koyama E, et al.
The Wnt antagonist Frzb-1 regulates chondrocyte
maturation and long bone development during
limb skeletogenesis. Dev Biol. 2002;251:142-156.

Dickkopf-1 IN BONE 523BLOOD, 15 JANUARY 2009 � VOLUME 113, NUMBER 3

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/113/3/517/1485603/zh800309000517.pdf by guest on 08 June 2024



22. Wang S, Krinks M, Moos M Jr. Frzb-1, an antago-
nist of Wnt-1 and Wnt-8, does not block signaling
by Wnts -3A, -5A, or -11. Biochem Biophys Res
Commun. 1997;236:502-504.

23. Chen Y, Whetstone HC, Youn A, et al. Beta-cate-
nin signaling pathway is crucial for bone morpho-
genetic protein 2 to induce new bone formation.
J Biol Chem. 2007;282:526-533.

24. Grotewold L, Ruther U. The Wnt antagonist Dick-
kopf-1 is regulated by Bmp signaling and c-Jun
and modulates programmed cell death. EMBO J.
2002;21:966-975.

25. Mukhopadhyay M, Shtrom S, Rodriguez-Esteban
C, et al. Dickkopf1 is required for embryonic head
induction and limb morphogenesis in the mouse.
Dev Cell. 2001;1:423-434.

26. Zuzarte-Luis V, Montero JA, Rodriguez-Leon J,
Merino R, Rodriguez-Rey JC, Hurle JM. A new
role for BMP5 during limb development acting
through the synergic activation of Smad and
MAPK pathways. Dev Biol. 2004;272:39-52.

27. Knobloch J, Shaughnessy JD Jr, Ruther U. Tha-
lidomide induces limb deformities by perturbing
the Bmp/Dkk1/Wnt signaling pathway. FASEB J.
2007;21:1410-1421.

28. Gong Y, Slee RB, Fukai N, et al. LDL receptor-
related protein 5 (LRP5) affects bone accrual and
eye development. Cell. 2001;107:513-523.

29. Baron R, Rawadi G. Targeting the Wnt/beta-cate-
nin pathway to regulate bone formation in the
adult skeleton. Endocrinology. 2007;148:2635-
2643.

30. Glass DA, 2nd Bialek P, Ahn JD, et al. Canonical
Wnt signaling in differentiated osteoblasts con-
trols osteoclast differentiation. Dev Cell. 2005;8:
751-764.

31. Glass DA, 2nd Karsenty G. In vivo analysis of
Wnt signaling in bone. Endocrinology. 2007;148:
2630-2634.

32. Holmen SL, Giambernardi TA, Zylstra CR, et al.
Decreased BMD and limb deformities in mice car-
rying mutations in both Lrp5 and Lrp6. J Bone
Miner Res. 2004;19:2033-2040.

33. MacDonald BT, Adamska M, Meisler MH. Hypo-
morphic expression of Dkk1 in the doubleridge
mouse: dose dependence and compensatory in-
teractions with Lrp6. Development. 2004;131:
2543-2552.

34. Macdonald BT, Joiner DM, Oyserman SM, et al.
Bone mass is inversely proportional to Dkk1 lev-
els in mice. Bone. 2007;41:331-339.

35. Kato M, Patel MS, Levasseur R, et al. Cbfa1-in-
dependent decrease in osteoblast proliferation,
osteopenia, and persistent embryonic eye vascu-
larization in mice deficient in Lrp5, a Wnt core-
ceptor. J Cell Biol. 2002;157:303-314.

36. Babij P, Zhao W, Small C, et al. High bone mass
in mice expressing a mutant LRP5 gene. J Bone
Miner Res. 2003;18:960-974.

37. Little RD, Carulli JP, Del Mastro RG, et al. A muta-
tion in the LDL receptor-related protein 5 gene
results in the autosomal dominant high-bone-
mass trait. Am J Hum Genet. 2002;70:11-19.

38. Boyden LM, Mao J, Belsky J, et al. High bone
density due to a mutation in LDL-receptor-related
protein 5. N Engl J Med. 2002;346:1513-1521.

39. Mao B, Wu W, Li Y, et al. LDL-receptor-related
protein 6 is a receptor for Dickkopf proteins. Na-
ture. 2001;411:321-325.

40. Ai M, Holmen SL, Van Hul W, Williams BO,
Warman ML. Reduced affinity to and inhibition by
DKK1 form a common mechanism by which high
bone mass-associated missense mutations in
LRP5 affect canonical Wnt signaling. Mol Cell
Biol. 2005;25:4946-4955.

41. Brunkow ME, Gardner JC, Van Ness J, et al.
Bone dysplasia sclerosteosis results from loss of
the SOST gene product, a novel cystine knot-
containing protein. Am J Hum Genet. 2001;68:
577-589.

42. Semenov MV, He X. LRP5 mutations linked to
high bone mass diseases cause reduced LRP5
binding and inhibition by SOST. J Biol Chem.
2006;281:38276-38284.

43. Balemans W, Piters E, Cleiren E, et al. The bind-
ing between sclerostin and LRP5 is altered by
DKK1 and by high-bone mass LRP5 mutations.
Calcif Tissue Int. 2008 Jun 3. [Epub ahead of
print].

44. Ellwanger K, Saito H, Clement-Lacroix P, et al.
Targeted disruption of the Wnt regulator Kremen
induces limb defects and high bone density. Mol
Cell Biol. 2008;28:4875-4882.

45. Wang FS, Ko JY, Lin CL, Wu HL, Ke HJ, Tai PJ.
Knocking down dickkopf-1 alleviates estrogen
deficiency induction of bone loss: a histomorpho-
logical study in ovariectomized rats. Bone. 2007;
40:485-492.

46. Hurson CJ, Butler JS, Keating DT, et al. Gene
expression analysis in human osteoblasts ex-
posed to dexamethasone identifies altered devel-
opmental pathways as putative drivers of osteo-
porosis. BMC Musculoskelet Disord. 2007;8:12.

47. Wang FS, Ko JY, Yeh DW, Ke HC, Wu HL. Modu-
lation of Dickkopf-1 attenuates glucocorticoid in-
duction of osteoblast apoptosis, adipocytic differ-
entiation, and bone mass loss. Endocrinology.
2008;149:1793-1801.

48. Chen Y, Whetstone HC, Lin AC, et al. Beta-cate-
nin signaling plays a disparate role in different
phases of fracture repair: implications for therapy
to improve bone healing. PLoS Med.
2007;4:e249.

49. Diarra D, Stolina M, Polzer K, et al. Dickkopf-1 is
a master regulator of joint remodeling. Nat Med.
2007;13:156-163.

50. Forget MA, Turcotte S, Beauseigle D, et al. The
Wnt pathway regulator DKK1 is preferentially ex-
pressed in hormone-resistant breast tumours and
in some common cancer types. Br J Cancer.
2007;96:646-653.

51. Qian J, Xie J, Hong S, et al. Dickkopf-1 (DKK1) is
a widely expressed and potent tumor-associated
antigen in multiple myeloma. Blood. 2007;110:
1587-1594.

52. Hall CL, Bafico A, Dai J, Aaronson SA, Keller ET.
Prostate cancer cells promote osteoblastic bone
metastases through Wnts. Cancer Res. 2005;65:
7554-7560.

53. Thudi NK, Martin CK, Nadella MV, et al.
Zoledronic acid decreased osteolysis but not
bone metastasis in a nude mouse model of ca-
nine prostate cancer with mixed bone lesions.
Prostate. 2008;68:1116-1125.

54. Schwaninger R, Rentsch CA, Wetterwald A, et al.
Lack of noggin expression by cancer cells is a
determinant of the osteoblast response in bone
metastases. Am J Pathol. 2007;170:160-175.

55. Voorzanger-Rousselot N, Goehrig D, Journe F, et
al. Increased Dickkopf-1 expression in breast
cancer bone metastases. Br J Cancer. 2007;97:
964-970.

56. Yamabuki T, Takano A, Hayama S, et al.
Dikkopf-1 as a novel serologic and prognostic
biomarker for lung and esophageal carcinomas.
Cancer Res. 2007;67:2517-2525.

57. Gonzalez-Sancho JM, Aguilera O, Garcia JM, et
al. The Wnt antagonist DICKKOPF-1 gene is a
downstream target of beta-catenin/TCF and is
downregulated in human colon cancer. Onco-
gene. 2005;24:1098-1103.

58. Kuphal S, Lodermeyer S, Bataille F, Schuierer M,
Hoang BH, Bosserhoff AK. Expression of Dick-
kopf genes is strongly reduced in malignant mela-
noma. Oncogene. 2006;25:5027-5036.

59. Hall CL, Kang S, MacDougald OA, Keller ET.
Role of Wnts in prostate cancer bone metasta-
ses. J Cell Biochem. 2006;97:661-672.

60. Hall CL, Daignault SD, Shah RB, Pienta KJ,
Keller ET. Dickkopf-1 expression increases early
in prostate cancer development and decreases

during progression from primary tumor to metas-
tasis. Prostate. 2008;68:1396-1404.

61. Bu G, Lu W, Liu CC, et al. Breast cancer-derived
Dickkopf1 inhibits osteoblast differentiation and
osteoprotegerin expression: implication for breast
cancer osteolytic bone metastases. Int J Cancer.
2008;123:1034-1042.

62. Yin JJ, Mohammad KS, Kakonen SM, et al. A
causal role for endothelin-1 in the pathogenesis
of osteoblastic bone metastases. Proc Natl Acad
Sci U S A. 2003;100:10954-10959.

63. Clines GA, Mohammad KS, Bao Y, et al. Dickkopf
homolog 1 mediates endothelin-1-stimulated new
bone formation. Mol Endocrinol. 2007;21:486-
498.

64. Granchi D, Baglio SR, Amato I, Giunti A, Baldini
N. Paracrine inhibition of osteoblast differentiation
induced by neuroblastoma cells. Int J Cancer.
2008;123:1526-1535.

65. Hideshima T, Mitsiades C, Tonon G, Richardson
PG, Anderson KC. Understanding multiple my-
eloma pathogenesis in the bone marrow to iden-
tify new therapeutic targets. Nat Rev Cancer.
2007;7:585-598.

66. Tian E, Zhan F, Walker R, et al. The role of the
Wnt-signaling antagonist DKK1 in the develop-
ment of osteolytic lesions in multiple myeloma.
N Engl J Med. 2003;349:2483-2494.

67. Qiang YW, Barlogie B, Rudikoff S, Shaughnessy
JD Jr. Dkk1-induced inhibition of Wnt signaling in
osteoblast differentiation is an underlying mecha-
nism of bone loss in multiple myeloma. Bone.
2008;42:669-680.

68. Qiang YW, Chen Y, Stephens O, et al. Myeloma-
derived Dickkopf-1 disrupts Wnt-regulated osteo-
protegerin and RANKL production by osteoblasts:
a potential mechanism underlying osteolytic bone
lesions in multiple myeloma. Blood. 2008;112:
196-207.

69. Giuliani N, Colla S, Morandi F, et al. Myeloma
cells block RUNX2/CBFA1 activity in human bone
marrow osteoblast progenitors and inhibit osteo-
blast formation and differentiation. Blood. 2005;
106:2472-2483.

70. Giuliani N, Rizzoli V. Myeloma cells and bone
marrow osteoblast interactions: role in the devel-
opment of osteolytic lesions in multiple myeloma.
Leuk Lymphoma. 2007;48:2323-2329.

71. Kyle RA, Therneau TM, Rajkumar SV, et al.
Prevalence of monoclonal gammopathy of unde-
termined significance. N Engl J Med. 2006;354:
1362-1369.

72. Kyle RA, Therneau TM, Rajkumar SV, et al. A
long-term study of prognosis in monoclonal gam-
mopathy of undetermined significance. N Engl
J Med. 2002;346:564-569.

73. Kaiser M, Mieth M, Liebisch P, et al. Serum con-
centrations of DKK-1 correlate with the extent of
bone disease in patients with multiple myeloma.
Eur J Haematol. 2008;80:490-494.

74. Hadjidakis DJ, Androulakis II. Bone remodeling.
Ann N Y Acad Sci. 2006;1092:385-396.

75. Steeve KT, Marc P, Sandrine T, Dominique H,
Yannick F. IL-6, RANKL, TNF-alpha/IL-1: interre-
lations in bone resorption pathophysiology. Cyto-
kine Growth Factor Rev. 2004;15:49-60.

76. Adams GB, Scadden DT. The hematopoietic
stem cell in its place. Nat Immunol. 2006;7:333-
337.

77. Fleming HE, Janzen V, Lo Celso C, et al. Wnt sig-
naling in the niche enforces hematopoietic stem
cell quiescence and is necessary to preserve
self-renewal in vivo. Cell Stem Cell. 2008;2:274-
283.

78. Gregory CA, Singh H, Perry AS, Prockop DJ. The
Wnt signaling inhibitor dickkopf-1 is required for
reentry into the cell cycle of human adult stem
cells from bone marrow. J Biol Chem. 2003;278:
28067-28078.

79. Matushansky I, Hernando E, Socci ND, et al.

524 PINZONE et al BLOOD, 15 JANUARY 2009 � VOLUME 113, NUMBER 3

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/113/3/517/1485603/zh800309000517.pdf by guest on 08 June 2024



Derivation of sarcomas from mesenchymal stem
cells via inactivation of the Wnt pathway. J Clin
Invest. 2007;117:3248-3257.

80. Lee N, Smolarz AJ, Olson S, et al. A potential role
for Dkk-1 in the pathogenesis of osteosarcoma
predicts novel diagnostic and treatment strate-
gies. Br J Cancer. 2007;97:1552-1559.

81. Kumar S, Dispenzieri A, Lacy MQ, et al. Impact of
lenalidomide therapy on stem cell mobilization
and engraftment post-peripheral blood stem cell
transplantation in patients with newly diagnosed
myeloma. Leukemia. 2007;21:2035-2042.

82. Colla S, Zhan F, Xiong W, et al. The oxidative
stress response regulates DKK1 expression
through the JNK signaling cascade in multiple
myeloma plasma cells. Blood. 2007;109:4470-
4477.

83. Shaughnessy JD Jr, Barlogie B. Interpreting the
molecular biology and clinical behavior of multiple
myeloma in the context of global gene expression
profiling. Immunol Rev. 2003;194:140-163.

84. Yaccoby S, Ling W, Zhan F, Walker R, Barlogie B,
Shaughnessy JD Jr. Antibody-based inhibition of
DKK1 suppresses tumor-induced bone resorption
and multiple myeloma growth in vivo. Blood.
2007;109:2106-2111.

85. Qiang YW, Shaughnessy JD Jr., Yaccoby S.
Wnt3a signaling within bone inhibits multiple my-
eloma bone disease and tumor growth. Blood.
2008;112:374-382.

86. Edwards CM, Edwards JR, Lwin ST, et al. In-

creasing Wnt signaling in the bone marrow micro-
environment inhibits the development of my-
eloma bone disease and reduces tumor burden in
bone in vivo. Blood. 2008;111:2833-2842.

87. Edwards CM. Wnt signaling: bone’s defense
against myeloma. Blood. 2008;112:216-217.

88. Holmen SL, Zylstra CR, Mukherjee A, et al. Es-
sential role of beta-catenin in postnatal bone ac-
quisition. J Biol Chem. 2005;280:21162-21168.

89. Spencer GJ, Utting JC, Etheridge SL, Arnett TR,
Genever PG. Wnt signalling in osteoblasts regu-
lates expression of the receptor activator of
NFkappaB ligand and inhibits osteoclastogenesis
in vitro. J Cell Sci. 2006;119:1283-1296.

90. Gunn WG, Conley A, Deininger L, Olson SD,
Prockop DJ, Gregory CA. A crosstalk between
myeloma cells and marrow stromal cells stimu-
lates production of DKK1 and interleukin-6: a po-
tential role in the development of lytic bone dis-
ease and tumor progression in multiple myeloma.
Stem Cells. 2006;24:986-991.

91. Kishimoto T. Interleukin-6: from basic science to
medicine–40 years in immunology. Annu Rev Im-
munol. 2005;23:1-21.

92. Fulciniti M, Tassone P, Hideshima T, et al. Anti-
DKK1 mAb (BHQ880) as a potential therapeutic
for multiple myeloma. Blood. 2007;110:Abstract
551.

93. Richardson PG, Barlogie B, Berenson J, et al. A
phase 2 study of bortezomib in relapsed, refrac-

tory myeloma. N Engl J Med. 2003;348:2609-
2617.

94. Garrett IR, Chen D, Gutierrez G, et al. Selective
inhibitors of the osteoblast proteasome stimulate
bone formation in vivo and in vitro. J Clin Invest.
2003;111:1771-1782.

95. Zangari M, Esseltine D, Lee CK, et al. Response
to bortezomib is associated to osteoblastic activa-
tion in patients with multiple myeloma. Br J
Haematol. 2005;131:71-73.

96. Oyajobi BO, Garrett IR, Gupta A, et al. Stimula-
tion of new bone formation by the proteasome
inhibitor, bortezomib: implications for myeloma
bone disease. Br J Haematol. 2007;139:434-438.

97. Gaur T, Lengner CJ, Hovhannisyan H, et al. Ca-
nonical WNT signaling promotes osteogenesis by
directly stimulating Runx2 gene expression. J Biol
Chem. 2005;280:33132-33140.

98. Nishio Y, Dong Y, Paris M, O’Keefe RJ, Schwarz
EM, Drissi H. Runx2-mediated regulation of the
zinc finger Osterix/Sp7 gene. Gene. 2006;372:
62-70.

99. Duplomb L, Dagouassat M, Jourdon P, Heymann
D. Concise review: embryonic stem cells: a new
tool to study osteoblast and osteoclast differentia-
tion. Stem Cells. 2007;25:544-552.

100. Huang W, Yang S, Shao J, Li YP. Signaling and
transcriptional regulation in osteoblast commit-
ment and differentiation. Front Biosci. 2007;12:
3068-3092.

Dickkopf-1 IN BONE 525BLOOD, 15 JANUARY 2009 � VOLUME 113, NUMBER 3

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/113/3/517/1485603/zh800309000517.pdf by guest on 08 June 2024


