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ABSTRACT

BACKGROUND
Myeloma cells may secrete factors that affect the function of osteoblasts, osteoclasts,
or both.

METHODS

We subjected purified plasma cells from the bone marrow of patients with newly diag-
nosed multiple myeloma and control subjects to oligonucleotide microarray profiling
and biochemical and immunohistochemical analyses to identify molecular determinants
of osteolytic lesions.

RESULTS

We studied 45 control subjects, 36 patients with multiple myeloma in whom focal lesions
of bone could not be detected by magnetic resonance imaging (MRI), and 137 patients
in whom MRI detected such lesions. Different patterns of expression of 57 of approxi-
mately 10,000 genes from purified myeloma cells could be used to distinguish the two
groups of patients (P<0.001). Permutation analysis, which adjusts the significance level
to account for multiple comparisons in the data sets, showed that 4 of these 57 genes
were significantly overexpressed by plasma cells from patients with focal lesions. One
of these genes, dickkopf1 (DKK1), and its corresponding protein (DKK1) were studied
in detail because DKK1 is a secreted factor that has been linked to the function of os-
teoblasts. Immunohistochemical analysis of bone marrow-biopsy specimens showed
that only myeloma cells contained detectable DKK1. Elevated DKK1 levels in bone mar-
row plasma and peripheral blood from patients with multiple myeloma correlated with
the gene-expression patterns of DKK1 and were associated with the presence of focal
bone lesions. Recombinant human DKK1 or bone marrow serum containing an elevated
level of DKK1 inhibited the differentiation of osteoblast precursor cells in vitro.

CONCLUSIONS
The production of DKK1, an inhibitor of osteoblast differentiation, by myeloma cells is
associated with the presence of lytic bone lesions in patients with multiple myeloma.
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UNG, BREAST, AND PROSTATE CANCER

and multiple myeloma have an affinity for

bone, where they cause osteoblastic lesions
(prostate cancer) or osteolytic lesions (lung and
breast cancer and multiple myeloma).* Research on
the mechanisms by which multiple myeloma cells
induce osteolysis has focused on the osteoclast’s
role in shifting the normal balance between bone
formation and bone resorption in favor of resorp-
tion.2 Bone resorption is blocked by bisphospho-
nates,3 but the inability of these compounds to re-
pair lytic lesions indicates that a functional defect of
osteoblasts is also important in the lytic process. In-
deed, the number and function of osteoblasts are
decreased in myeloma with osteolytic lesions.*7

The Wnt signaling pathway is important for the
growth and differentiation of osteoblasts and acts
in several developmental processes.8 Disabling mu-
tations in the gene for the Wnt coreceptor low-den-
sity lipoprotein receptor-related protein 5 (LRPS)
cause the osteoporosis—pseudoglioma syndrome,?®
and Lrp5-deficient mice have osteopenia with dimin-
ished osteoblast proliferation.1° In the syndrome of
hereditary high bone density,11:12 mutations in the
LRPS5 gene prevent binding of dickkopf1 (DKK1), a
soluble inhibitor of Wnt, to LRP5.12-16 The impor-
tance of DKK1 in skeletal development has been fur-
ther demonstrated by the extra digits in dkk1 null
mice!3 and by the loss of bony structures in chick-
en and mouse embryos after exposure to elevated
levels of DKK1.13:14 In vitro, short-term exposure
to low levels of DKK1 induces moderate prolifera-
tion of mesenchymal stem cells, whereas long-term
exposure to high levels of DKK1 causes a loss of cell
viability.15
In this study, we compared patterns of gene ex-

pression in myeloma cells, as has been done previ-
ously in the study of myeloma,16-18 to determine
whether they were related to the presence or absence
of bone lesions in myeloma.

METHODS

PATIENTS

We studied 173 patients with newly diagnosed mul-
tiple myeloma, 16 patients with monoclonal gam-
mopathy of undetermined significance, 9 patients
with Waldenstrom’s macroglobulinemia, and 45
control subjects. The institutional review board of
the University of Arkansas for Medical Sciences ap-
proved the research studies, and all subjects provid-
ed written informed consent. Table 1 shows the

characteristics of the patients with multiple my-
eloma.

BONE IMAGING

Images were reviewed by one of the investigators,
who had no prior knowledge of the gene-expression
data, using a Canon Picture Archiving and Catalog-
ing System. Magnetic resonance imaging (MRI)
scans were performed on 1.5-Tesla Signa scanners
(General Electric). The radiographs were digitized
from film in accordance with American College of
Radiology standards. MRI scans and radiographs
were transferred to the Canon Picture Archiving
and Cataloging System with the use of the Ameri-
can College of Radiology’s Digital Imaging and
Communications in Medicine standard. Imaging
was performed in accordance with the manufactur-
ers’ specifications. MRI images were created with
T;-weighting both before and after the administra-
tion of gadolinium, with fat suppression, and with
short-tau inversion recovery (STIR) weighting.

PLASMA-CELL ISOLATION AND GENE-EXPRESSION
PROFILING

After Ficoll-Hypaque gradient centrifugation, plas-
ma cells obtained from the bone marrow were iso-
lated from the mononuclear-cell fraction by im-
munomagnetic bead selection with the use of a
monoclonal mouse antihuman CD138 antibody
(Miltenyi-Biotec). More than 90 percent of the cells
used for gene-expression profiling were plasma
cells, as shown by two-color flow cytometry with the
use of CD138+/CD45—and CD38+/CD45— markers,
the presence of cytoplasmic immunoglobulin light
chains on immunocytochemical analysis, and mor-
phologic features as determined with the use of
Wright-Giemsa staining. Total RNA was isolated
with an RNeasy Mini Kit (Qiagen). Preparation of
labeled complementary RNA and hybridization to
U95Av2 microarrays containing approximately
10,000 genes (Affymetrix) were performed as pre-
viously described.1¢:17 RNA amplification was not
required. The results of gene-expression profiling
were deposited in Gene Expression Omnibus (http:
[Iwww.ncbi.nlm.nih.gov/geo/) under the accession
number GSE755.

IMMUNOHISTOCHEMISTRY

An antibody from a goat that had been immunized
against the entire human DKK1 protein (R&D Sys-
tems) was diluted 1:200 in TRIS buffer and added
to formalin-fixed, paraffin-embedded bone mar-
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of Bone Lesions on Magnetic Resonance Imaging (MRI).

Table 1. Relation of the Characteristics of 173 Patients with Multiple Myeloma to the Presence or Absence

Characteristic Total No. (%)
Age =65 yr 26/173 (15)
White race 149/172 (87)
Female sex 69/173 (40)
Kappa light chains 104/164 (63)
Lambda light chains 61/164 (37)
IgA subtype 39/168 (23)
Beta,-microglobulin =4 mg/liter 60/168 (36)
C-reactive protein =4 mg/liter 12/165 (7)
Creatinine =2 mg/d| (177 ymol/liter) 19/168 (11)
Lactate dehydrogenase =190 IU/liter 52/168 (31)
Albumin <3.5 g/dl 23/168 (14)
Hemoglobin <10 g/dI 39/168 (23)
Plasma-cell labeling index =1% 22/149 (15)
Bone marrow-aspirate plasma cells 108/165 (65)

=33%
Bone marrow-biopsy plasma cells 103/165 (62)

=33%
Cytogenetic abnormalities 57/151 (38)

Chromosome 13 deletion 37/57 (63)
or hypodiploidy
Other cytogenetic abnormalities 20/57 (35)

Interphase FISH13% 72137 (53)
Osteopenia 131/172 (76)
=1 Lesions on MRI 137/173 (79)
=3 Lesions on MRI 108/173 (62)
=1 Lesions on radiography 104/173 (60)
=3 Lesions on radiography 69/173 (40)

No. of Patients/

=1 Lesions on MRI 0 Lesions on MRI
(N=137) (N=36) P Value
no. /total no. (%)
20/173 (15) 6/36 (17) 0.76*
115/136 (85) 33/36 (92) 0.32*
56/137 (41) 13/36 (36) 0.607
79/128 (62) 24/36 (67) 0.59F
49/128 (38) 12/36 (33) 0.597
25/132 (19) 14/36 (39) 0.0127
47/132 (36) 13/36 (36) 0.967
11/129 (8) 1/36 (3) 0.47%*
16/132 (12) 3/36 (8) 0.77%
44/132 (33) 8/36 (22) 0.207
19/132 (14) 4/36 (11) 0.79%
31/132 (23) 8/36 (22) 0.877
18/119 (15) 4/30 (13) 1.00*
82/129 (64) 26/36 (72) 0.337
79/129 (61) 24/36 (67) 0.557
50/117 (43) 7/34 (21) 0.02
34/50 (68) 3/7 (43) 0.237
16/50 (32) 417 (57) 0.237
56/106 (53) 16/31 (52) 0.90F
103/136 (76) 28/36 (78) 0.80

* Fisher’s exact test was used.
T The chi-square test was used.

$ FISH13 denotes fluoresence in situ hybridization deletion of chromosome 13.

row-biopsy sections, which were then incubated for
two hours at room temperature. Adjacent sections
were stained with hematoxylin and eosin. Antigen—
antibody reactions were developed with diamino
DAB (after staining with biotinylated antigoat anti-
body [Vector Laboratories], at 1:400 dilution, and
streptavidin—horseradish peroxidase [Dako]) and
counterstained with hematoxylin-2.

ENZYME-LINKED IMMUNOSORBENT ASSAY

Microtiter plates (Nunc-Immuno MaxiSorp surface)
were coated with 50 pl of anti-DKK1 antibody at a
concentration of 1 pg per milliliter in phosphate-

buffered saline, pH 7.2, and incubated at 4°C over-
night, and the reaction was blocked with 4 percent
bovine serum albumin. Bone marrow plasma was
diluted 1:50 in dilution buffer (1x phosphate-buf-
fered saline plus 0.1 percent Tween-20 and 1 percent
bovine serum albumin). A total of 50 pl was loaded
per well and incubated overnight at 4°C, washed,
and incubated with biotinylated goat antihuman
DKK1 IgG (R&D Systems) diluted to a concentra-
tion of 0.2 pg per milliliter in dilution buffer, fol-
lowed by the addition of 50 pl of a 1:10,000 dilution
of streptavidin—horseradish peroxidase (Vector Lab-
oratories), all according to the manufacturers’ rec-
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ommendations. Color development was achieved
with the OPD substrate system (Dako), used accord-
ing to the manufacturer’s instructions. Serial dilu-
tions of recombinant human DKK1 (R&D Systems)
were used to establish a standard curve. The cell line
T293, which does not express endogenous DKK1,
and T293 with stably transfected DKK11° were used
to validate the enzyme-linked immunosorbent
assay.

OSTEOBLAST-DIFFERENTIATION ASSAYS

C2C12 mesenchymal precursor cells (American
Type Tissue Culture) were cultured in Dulbecco’s
minimal essential medium (Invitrogen) supple-
mented with 10 percent heat-inactivated fetal-calf
serum. Alkaline phosphatase activity in C2C12 cells
was measured as described previously.20:21 Cell ly-
sates were analyzed for protein content with the use
of the micro-BCA assay kit (Pierce). Each experi-
ment was done in triplicate.

STATISTICAL ANALYSIS

Logistic regression was used to model bone disease
in multiple myeloma. The independent variables
considered were gene-expression intensity values
(referred to as signals) from approximately 10,000
genes (12,625 probe sets), measured with the use
of MAS software, version 5.01 (Affymetrix), from
173 patients with newly diagnosed multiple myelo-
ma. The signal, a quantitative measure of gene ex-
pression, for each probe set was log transformed
on a base-2 scale before it was entered into the lo-
gistic-regression model and subjected to permuta-
tion analysis, which adjusts the significance level to
account for multiple comparisons in data sets with
high dimensionality.

There was no prior hypothesis with regard to
genes that might be associated with bone disease in
myeloma. As a result, we used a univariate model of
bone disease for each of the 12,625 probe sets. Can-
didate genes were refined with the use of t-tests with
permutation-adjusted significance levels.22 West-
fall and Young analysis was used to adjust for the
multiple univariate-hypothesis tests. Group differ-
ences in DKK1 signal and DKK1 protein levels were
tested with the use of the Wilcoxon rank-sum test.

Significant differences in patients’ characteris-
tics according to their bone-disease status were eval-
uated with the use of either Fisher’s exact test or the
chi-square test. The expression intensities of genes
identified by logistic regression were classified with
the use of Clusterview.23 Spearman’s correlation co-

efficient was used to measure the correlation be-
tween the level of gene expression and protein levels.
Significant differences in osteoblast differentiation
between the control and each experimental condi-
tion were tested with the use of the Wilcoxon rank-
sum test; separate comparisons were made for each
unique C2C12 experiment. Two-sided P values of
less than 0.05 were considered to indicate statistical
significance, and two-sided P values of less than
0.10 were considered to indicate marginal statistical
significance.

RESULTS

GENE-EXPRESSION PROFILING
OF MYELOMA CELLS

We sought to identify genes that were overexpressed
and associated with the presence of bone lesions in
patients with myeloma by comparing microarray
data for patients who had bone lesions with data for
those who did not have bone lesions. Since focal le-
sions of bone can be seen on MRI before lytic lesions
can be identified radiologically, we used T,-weight-
ed and STIR-weighted imaging to detect bone le-

Figure 1 (facing page). Differences in Global Patterns

of Gene Expression between 137 Patients with Myeloma
and One or More Bone Lesions on MRI and 36 Patients
with Myeloma without Bone Lesions on MRI (Panel A)
and DKK1 Gene Expression in Plasma Cells from 45 Con-
trol Subjects with Normal Bone Marrow, 16 Patients with
Monoclonal Gammopathy of Undetermined Significance
(MGUS), 9 with Waldenstrém’s Macroglobulinemia
(WM), and the 173 with Multiple Myeloma (Panel B).

Panel A shows normalized expression levels of 57 genes
identified by logistic-regression analysis as being ex-
pressed significantly differentially in malignant plasma
cells from patients with no focal lesions on MRI and pa-
tients with one or more focal lesions on MRI (P<0.001).
The 28 genes with elevated levels of expression in plas-
ma cells from patients with one or more lesions on MRI
are rank ordered from top to bottom on the basis of sig-
nificance. Likewise, the 29 genes with significantly elevat-
ed levels of expression in patients with no lesions on
MRI are rank ordered from bottom to top on the basis of
significance. The genes (or Affymetrix probe-set identifi-
ers in cases in which the gene is unnamed) are listed on
the left. The four genes that remained significantly corre-
lated with the presence of bone lesions after permutation
adjustment are underlined. In Panel B, the Affymetrix sig-
nal, a quantitative measure of gene expression, is indi-
cated on the y axis. The level of expression of DKK1 in
each sample is indicated by the height of the bar. Sam-
ples are ordered from the lowest to highest level of ex-
pression of DKK1 gene from left to right on the x axis.
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sions. The patterns of expression of approximately
10,000 genes in purified plasma cells from the mar-
row of 36 patients with no detectable bone lesions
and 137 with one or more focal lesions on MRI were
modeled by logistic-regression analysis. The model
identified 57 genes that were expressed differently
(P<0.001) in the two groups of patients (Fig. 1A).

These 57 genes were further analyzed by t-tests
after adjustment for permutation.22 These statistical
tests showed that 4 of the 57 genes were overex-
pressed in patients with one or more lesions on
MRI: the genes for dihydrofolate reductase (DHFR),
proteasome activator subunit (PSME2), CDC28 pro-
tein kinase 2 (CKS2), and DKK1. Given that the gene
for the Wnt-signaling antagonist DKK1 is the only
one of the four that codes for a secreted factor and
that Wnt signaling is implicated in bone formation,
we carried out further tests on DKKI.

An analysis of the results from the 173 patients
with myeloma showed that the DKK1 plasma-cell
signal for patients who had one or more lesions on
MRI and no radiographic evidence of lesions dif-
fered significantly from the signal for patients who
had no lesions detectable on MRI or radiography
(the median signals were 2220 and 285, respective-
ly; P<0.001) (Table 2). The DKK1 plasma-cell signals
for patients who had one or more lesions on MRI
and no radiographic evidence of lesions did not dif-
fer significantly from those for patients with one or
more lesions on MRI and radiography (the median
signals were 2220 and 1865, respectively; P=0.63)
(Fig. 1B and Table 2).

Monoclonal gammopathy of undetermined sig-

nificance is a plasma-cell dyscrasia that does not
cause lytic bone lesions and that can precede multi-
ple myeloma. In 15 of 16 patients with monoclonal
gammopathy of undetermined significance, DKK1
was expressed by bone marrow plasma cells at levels
similar to those in patients with multiple myeloma
who had no lesions of bone on MRI or radiology
(Fig. 1B). DKK1 was essentially undetectable in plas-
ma cells from 45 control subjects and 9 patients with
Waldenstrom’s macroglobulinemia, a plasma-cell
cancer of the bone that does not cause bone lesions
(Fig. 1B).

SYNTHESIS OF DKK1 BY PLASMA CELLS

Serial sections of bone marrow—biopsy specimens
from 65 patients with multiple myeloma were
stained for the presence of DKK1 (Fig. 2). The levels
of DKK1 in plasma cells from these patients were
consistent with the level of expression of DKK1 (data
not shown). Similar experiments with biopsy spec-
imens from five control subjects failed to identify
DKK1 in any cell. Forty-two of 45 DKK1-positive
myelomas had low-grade morphologic findings
(abundant cytoplasm without apparent nucleoli)
with an interstitial pattern of growth; staining was
greatest in plasma cells adjacent to bone. Nineteen
of 20 DKK1-negative myelomas had high-grade,
plasmablastic morphologic findings (enlarged nu-
clei and prominent nucleoli) with a nodular or oblit-
erative pattern of growth. In biopsy specimens with
an interstitial pattern of growth, DKK1 was either
present in various percentages of cells or absent. In
contrast, DKK1 was uniformly absent from myelo-
mas with the more aggressive nodular growth pat-
tern. In the three patients with both interstitial and

Table 2. Levels of Expression of the DKK1 Gene and DKK1 Protein in Patients nodular growth, the interstitial cells were POSIUVG
with Multiple Myeloma, According to the Presence or Absence of Bone for DKK1, and the nodular cells were negative.
Lesions on MRI and Radiography.
DKK1 IN BONE MARROW PLASMA
0 Lesions =1 Lesions . .
onMRIand on MRI, 0 Lesions =1 Lesionson MRl | A enzyme-linked immunosorbent assay showed
Variable Radiography on Radiography  and Radiography that the mean (£SD) level of DKK1 protein in the
o bone marrow plasma from 107 of the 173 patients
No. of patients 36 33 104 with newly diagnosed multiple myeloma for whom
M?a.n +SD 536.1£720.7 3146.5+3079.9 3415.1+4870.8 gene-expression data were also available was
Minmum 252 2,228 " o 24.0+49.6 ng per milliliter. In contrast, the DKK1
Maximum 3810 10,828 28,859 level was 8.9+4.2 ng per milliliter in bone marrow
DKK1 plasma from 14 control subjects, 7.5+4.5 ng per
No. of patients 18 9 41 milliliter in 14 patients with monoclonal gammop-
mie:ir:nfn? ((:gg// r’:ll)) 9'01'42'7 24'01'177'7 34'31'752'3 athy of undetermined significance, and 5.5+2.4 ng
Median (ng/ml) 9 20 14 per milliliter in 9 patients with Waldenstrém’s mac-
Maximum (ng/ml) 20 62 476 roglobulinemia. The level of DKK1 expression and
the level of DKK1 in bone marrow plasma were pos-
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of plasma cells with anti-DKK1 antibody.

Figure 2. Overexpression of DKK1 in Low-Grade Myeloma, with the Loss of Expression with Disease Progression.

The level of expression of DKK1 was examined immunohistochemically in bone marrow—biopsy specimens from pa-
tients with myeloma. Panels A and B show specimens with high levels of DKK1 expression, and Panels C and D show
specimens with low levels of DKK1 expression (x550). Slides are stained with hematoxylin and eosin (Panels A and C)
or anti-DKK1 antibody and secondary antibody (Panels B and D). Use of secondary antibody alone failed to stain cells
(data not shown). The insets in Panels A and C show a higher magnification (x1200). Panel A shows a myeloma with an
interstitial pattern of involvement, in which plasma cells have low-grade morphologic features with abundant cytoplasm
and no apparent nucleoli. Panel B shows staining of plasma cells with anti-DKK1 antibody in an interstitial pattern that
was greatest adjacent to bone. Panel C shows a myeloma with a nodular or obliterative pattern of growth, in which plas-
ma cells have high-grade morphologic features with enlarged nuclei and prominent nucleoli. Panel D shows no staining

itively correlated (r=0.65, P<0.001) in the 107 pa-
tients with myeloma (Fig. 3A). There was also a
strong correlation between DKK1 protein levels in
bone marrow plasma and peripheral-blood plasma
in 41 patients with myeloma from whom both
samples were obtained simultaneously (r=0.57,
P<0.001). In 68 patients in whom both DKK1 levels
in the bone marrow plasma and the presence of
bone lesions were determined, DKK1 levels in pa-
tients with one or more lesions on MRI and no radi-
ographic evidence of lesions differed significantly
from those in patients with no lesions on MRI or
radiography (median level, 20 ng per milliliter and

9 ng per milliliter, respectively; P=0.002), but not
from those in patients with one or more lesions on
both MRI and radiography (median level, 14 ng per
milliliter; P=0.36) (Fig. 3B and Table 2).

EFFECT OF BONE MARROW PLASMA

ON OSTEOBLAST DIFFERENTIATION IN VITRO
Bone morphogenetic protein type 2 (BMP-2) can in-
duce differentiation of the uncommitted mesenchy-
mal progenitor-cell line C2C1224 into osteoblasts
through a mechanism that involves Wnt/B-catenin
signaling.2526 Only small amounts of alkaline phos-
phatase, a specific marker of osteoblast differen-
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tiation, were detectable in C2C12 cells grown in
5 percent fetal-calf serum for five days (Fig. 4A).
Treatment of C2C12 cells with 50 ng of BMP-2 per
milliliter for five days induced them to produce al-
kaline phosphatase, whereas alkaline phosphatase
was inhibited in C2C12 cells that were concomi-
tantly cultured with BMP-2 and 50 ng of recombi-
nant human DKK1 per milliliter. This in vitro effect
on alkaline phosphatase production was neutral-
ized by a polyclonal anti-DKK1 antibody but not by
a nonspecific polyclonal goat IgG. Bone marrow
plasma with a DKK1 level of more than 12 ng per
milliliter, obtained from five patients with myeloma,
inhibited the production of alkaline phosphatase
by C2C12 cells treated with BMP-2, and this effect
was reversed by the anti-DKK1 antibody but not by
nonspecific IgG (Fig. 4B). By contrast, C2C12 cells
treated with 50 ng of BMP-2 per milliliter and 10 per-
cent plasma from the bone marrow of a control sub-
jectinduced the production of alkaline phosphatase
by the cells (Fig. 4B).

DISCUSSION

Using oligonucleotide microarrays, we examined
the expression of approximately 10,000 genes by
purified plasma cells from the marrow of 137 pa-
tients with and 36 without detectable bone lesions
at the time of diagnosis of multiple myeloma. After
logistic-regression analysis and permutation adjust-
ment, we found significant overexpression of four
genes by plasma cells from patients with bone le-
sions. Only one of these four, DKK1, codes for a se-
creted protein with a demonstrated role in bone for-
mation. We also detected DKK1 protein in myeloma
cells from patients with bone lesions but not in nor-
mal plasma cells or in plasma cells from patients
who had myeloma without bone lesions, and we
found that marrow plasma and blood plasma from
patients with myeloma and bone lesions contained
higher amounts of the protein. Moreover, an elevat-
ed level of DKK1 was associated not only with the
presence of bone lesions, but also with increased
levels of DKK1 transcripts in myeloma cells. We also
demonstrated that plasma from the marrow of some
patients with myeloma can block osteoblast differ-
entiation in vitro and that this effect was neutral-
ized by an anti-DKK1 antibody.

The function of osteoblasts is dramatically re-
duced when the proportion of myeloma cells in the
marrow exceeds 50 percent,>7:27:28 g finding that
suggests a link between elevated DKK1 levels in the

Figure 3 (facing page). Correlation between Levels of
DKK1 in Bone Marrow Plasma and Level of DKK1 Expres-
sion in Plasma Cells (Panel A) and Correlation of Levels
of DKK1 in Bone Marrow Plasma and the Presence

or Absence of Bone Lesions (Panel B).

In Panel A, the level of expression of DKK1 messenger
RNA (mRNA) was quantitated by microarray analysis
and DKK1 protein was determined by enzyme-linked
immunosorbent assay (ELISA) in 107 patients with
newly diagnosed myeloma. Results of both assays were
log transformed with the use of a base-2 scale and nor-
malized to give a mean of 0 and variance of 1. Each bar
indicates the relative relation of DKK1 expression and
DKK1 expression in a single sample. There was a signifi-
cant correlation between the level of DKKI mRNA ex-
pressed in myeloma plasma cells and the level of DKK1
protein in bone marrow plasma (r=0.65, P<0.001).
Panel B shows DKK1 protein levels in bone marrow
plasma from 14 control subjects, 14 patients with mono-
clonal gammopathy of undetermined significance
(MGUS), 9 patients with Waldenstrém'’s macroglobulin-
emia (WM), and 68 patients with multiple myeloma. To
make possible comparisons of DKK1 levels in the lower
ranges, a value of 200 ng per milliliter was made the max-
imum. This resulted in the truncation of a single sample
with a DKK1 level of 476 ng per milliliter. The DKK1 level
in each sample is indicated by the height of the bar. Sam-
ples are ordered from the lowest to highest DKK1 levels
from left to right on the x axis.

circulating blood and the diffuse osteopenia that can
occur in multiple myeloma. Recent in vitro studies
have shown that short-term exposure of mesenchy-
mal stem cells (osteoblast precursors) to low levels
of recombinant DKK1 caused them to proliferate,
whereas long-term exposure to high levels caused
a loss of viability.1> Thus, in addition to blocking
the terminal differentiation of osteoblasts, the sus-
tained high levels of DKK1 in the bone marrow of
patients with multiple myeloma may also cause a
loss in viability of osteoblast stem cells.
Immunosuppression and anemia represent seri-
ous complications in patients with multiple myelo-
ma and are thought to be caused by a cancer-related
defect in hematopoiesis. Given that hematopoietic
stem-cell proliferation is dependent on a bone mar-
row niche that is created by osteoblasts29:3° and that
canonical Wnt signals can directly regulate the ca-
pacity of hematopoietic stem cells for self-renew-
al,31.32 elevated levels of DKK1 may also have a role
in causing immunosuppression and anemia. We hy-
pothesize that DKK1 could block proliferation of
hematopoietic stem cells directly by blocking ca-
nonical Wnt signaling on such cells or indirectly by
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inhibition of osteoblast differentiation — hence the
establishment of the bone marrow microenviron-
mental niche that hematopoietic stem cells require
for proliferation. Elevated levels of DKK1 may also
negatively influence several important steps in the
mobilization, engraftment, and proliferation of he-
matopoietic stem cells during the course of autolo-
gous transplantation, which is now considered the

N ENGL J MED 349;26 WWW.NEJM.ORG

therapy of choice in the treatment of multiple my-
eloma.33

Not all patients with newly diagnosed multiple
myeloma who had lytic bone lesions had elevated
levels of expression of the DKK1 gene or protein.
DKK1 is rarely detected in plasma cells from patients
with monoclonal gammopathy of undetermined
significance or patients with myeloma who have
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Figure 4 (facing page). Effect of Recombinant DKK1
(rhDKK1) and Bone Marrow Plasma from Patients with
Multiple Myeloma on Alkaline Phosphatase Production
in C2C12 Cells Treated with Bone Morphogenetic Protein
Type 2 (BMP-2).

In Panel A, alkaline phosphatase levels, a marker of os-
teoblast differentiation, were measured in C2C12 cells af-
ter five days of culture in the presence of 5 percent fetal-
calf serum alone or with 50 ng of BMP-2 per milliliter;
BMP-2 and 50 ng of rhDKK1 per milliliter; BMP-2,
rhDKK1, and anti-DKK1 antibody; or BMP-2, rhDKK1,
and polyclonal IgG. Each bar represents the mean (+SE)
of triplicate experiments. The activity of alkaline phos-
phatase increased in the presence of BMP-2 and was sig-
nificantly reduced by coincubation with rhDKK1. Anti-
DKK1 antibody, but not polyclonal IgG, blocked the sup-
pressive activity of rhDKK1. P values are for the compari-
son with BMP2 alone. In Panel B, alkaline phosphatase
levels were measured in C2C12 cells after culturing these
cells for five days in 5 percent fetal-calf serum; 50 ng of
BMP-2 per milliliter and 10 percent normal bone marrow
plasma; BMP-2 and 10 percent bone marrow plasma
from 10 patients with newly diagnosed myeloma; BMP-2,
10 percent bone marrow plasma from the patients, and
anti-DKK1 antibody; or BMP-2, 10 percent bone marrow
plasma from the patients, and goat polyclonal IgG. Each
bar represents the mean (+SE) of triplicate experiments.
The DKK1 level in each bone marrow plasma sample
(shown in parentheses below the graph) was determined
by enzyme-linked immunosorbent assay, and final levels
in culture after 1:10 dilution are indicated. Samples with
more than 12 ng of DKK1 per milliliter had an effect on
alkaline phosphatase production that could be signifi-
cantly inhibited by anti-DKK1 antibody. P values are for
the comparison between the alkaline phosphatase levels
in response to BMP-2 plus 10 percent serum and in re-
sponse to BMP-2, 10 percent serum, and anti-DKK1 in all
10 patients.

end-stage disease or secondary plasma-cell leuke-
mia (unpublished data), indicating that increased
DKK1 expression is restricted to a specific stage of
the disease.

An interaction between the receptor activator of
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