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Background: Dickkopf-1 (DKK1) regulates bone formation by inhibiting canonical Wnt/B-catenin pathway signaling, and indirect-
ly enhances osteoclastic activity by altering the expression ratio of receptor activator of nuclear factor-kB ligand (RANKL) relative
to osteoprotegerin (OPG). However, it is difficult to explain continued bone loss after allogeneic stem cell transplantation (allo-SCT)
in terms of changes in only RANKL and OPG. Few studies have evaluated changes in DKK1 after allo-SCT.

Methods: We prospectively enrolled 36 patients with hematologic malignancies who were scheduled for allo-SCT treatment. Serum
DKK1, OPG, and RANKL levels were measured before (baseline), and at 1, 4, 12, 24, and 48 wecks after allo-SCT treatment. Bone
mineral density (BMD) was assessed using dual-energy X-ray absorptiometry before (baseline) and 24 and 48 weeks after allo-SCT
treatment.

Results: After allo-SCT treatment, the DKK1 level decreased rapidly, returned to baseline during the first 4 weeks, and remained el-
evated for 48 weeks (P<0.0001 for changes observed over time). The serum RANKL/OPG ratio peaked at 4 weeks and then de-
clined (P<0.001 for changes observed over time). BMD decreased relative to the baseline at all timepoints during the study period,
and the lumbar spine in female patients had the largest decline (—11.3% = 1.6% relative to the baseline at 48 weeks, P<0.05).
Conclusion: Serum DKKI1 levels rapidly decreased at 1 week and then continued to increase for 48 weeks; bone mass decreased for
48 weeks following engraftment in patients treated with allo-SCT, suggesting that DKK 1-mediated inhibition of osteoblast differen-
tiation plays a role in bone loss in patients undergoing allo-SCT.
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INTRODUCTION

Loss of bone mass after allogeneic hematopoietic stem cell
transplantation (allo-SCT) treatment is a common complication

that is characterized by a paradoxical uncoupling of impaired
bone formation with increased bone resorption, which is reflect-
ed by markers of bone turnover [1-4]. Although the underlying
mechanisms are not completely understood, osteocalcin is sup-
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pressed and C-terminal cross-linking telopeptide of type-1 col-
lagen (CTX) levels increase during the high bone turnover peri-
od early after transplantation [1,5]. Furthermore, bone mineral
density (BMD) decreases rapidly during the first 6 months after
allo-SCT treatment [ 1,6-8] and remains low for 48 months [8,9].

Dickkopf-1 (DKK1), a protein encoded by the DKK/ gene,
binds to low-density lipoprotein receptor-related protein (LRP)
5/6 and inactivates the canonical Wnt/B-catenin pathway, there-
by suppressing Wnt-mediated osteoblast differentiation [10-12].
Despite the complexity of DKK1 model dynamics, evidence
suggests that DKK1 inhibits osteoprotegerin (OPG) secretion
and increases serum receptor activator of nuclear factor-xB li-
gand (SRANKL) production, thereby shifting the sSRANKL/
OPG ratio toward osteoclast activation, which results in in-
creased bone resorption in patients with postmenopausal osteo-
porosis [10,12,13].

We previously observed altered osteoclast activity after allo-
SCT treatment and found that the SRANKL/OPG ratio and
CTX levels increased immediately after treatment [1-3,5]. Al-
though previous studies have reported a decline in osteocalcin
levels immediately after allo-SCT treatment, this evidence is in-
sufficient to explain the bone loss observed due to osteoblast
changes that occur immediately after treatment. In previous
studies, the occurrence of bone loss after transplantation was
mainly studied in terms of osteoclast activity. However, it is dif-
ficult to completely explain bone loss that persists after trans-
plantation; therefore, a study evaluating osteoblast activity is
needed. DKKI1 is a good indicator for indirectly observing os-
teoblastic activity; however, no studies have simultaneously ob-
served changes in DKK1 and BMD in patients with allo-SCT.
Therefore, the purpose of this study was to further investigate
changes in DKK1 levels, concurrently with those of SRANKL
and OPG, after allo-SCT treatment and to determine their ef-
fects on BMD.

METHODS

Study design

We prospectively evaluated the changes in DKK1, OPG, and
sRANKL levels for 48 weeks after allo-SCT treatment in patients
who underwent hematopoietic stem cell transplantation (HSCT).
Thirty-six patients (15 female and 21 male) with hematological
malignancies awaiting allo-SCT treatment were enrolled and
followed for 48 weeks. Exclusion criteria included secondary
osteoporosis caused by factors other than hematologic malignan-
cies (e.g., rheumatoid arthritis, Paget disease, primary hyper-
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parathyroidism, and hyperthyroidism), a history of other treat-
ment that affected bone metabolism during the preceding 3
months (e.g., glucocorticoids, calcitonin, fluoride, sex hormones,
other anti-resorptive agents, and parathyroid hormone), elevated
serum creatinine (>1.5 mg/L in males or >1.4 mg/dL in fe-
males), or liver enzymes =2.5-fold higher than the upper limit
of normal. This study was approved by the Institutional Review
Board of Yeouido St. Mary’s Hospital (KC10SI-S10114). Writ-
ten informed consent was obtained from all subjects before their
enrollment in the study.

Measurements

Venous blood was obtained in the morning after an overnight
fast, immediately centrifuged to obtain serum, and stored at
—70°C until assayed. DKK1, OPG, and sSRANKL levels were
measured before and 1, 4, 12, 24, and 48 weeks after allo-SCT
treatment. DKK 1 levels were measured using an enzyme-linked
immunosorbent assay (ELISA) (Biomedica, Vienna, Austria;
intra-assay coefficient of variation [CV] 7% to 8% and inter-as-
say CV 9% to 12%) on a V-MAX 220 VAC ELISA reader (Mo-
lecular Devices, San Jose, CA, USA). OPG and RANKL levels
were measured using an ELISA (R&D Systems, Minneapolis,
MN, USA; PeproTech, Rocky Hill, NJ, USA). The BMD of the
lumbar spine (lumbar vertebrae L1-L4), total hip, and femoral
neck was measured using dual-energy X-ray absorptiometry
(Hologic Delphi W, Watham, MA, USA) before and 24 and 48
weeks after allo-SCT treatment. The calculated CV was 1.2%
for the lumbar spine and 1.9% for the femoral neck.

Transplantation procedure

The conditioning regimen comprised cyclophosphamide (50 to
60 mg/kg/day for 2 days; total of 100 to 120 mg/kg) with frac-
tionated total-body irradiation (total of 400 to 1,320 cGy), fol-
lowed by graft-versus-host disease (GVHD) prophylaxis with
tacrolimus or cyclosporine, and a short-term course of metho-
trexate (5 mg/m’ intravenous bolus on days 1, 3, 6, and 11).
Bone marrow stem cells or granulocyte colony-stimulating fac-
tor-mobilized peripheral blood stem cells were administered on
day 0. During the allo-SCT procedures, all patients were treated
in a designated room with laminar airflow isolation. General
supportive care was provided, including administration of gran-
ulocyte colony-stimulating factor, prophylaxis of veno-occlu-
sive disease, and administration of prophylactic antibiotics.

Primary and secondary outcomes of interest
The primary outcomes of interest were the changes in the serum
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levels of DKK1, sSRANKL, OPG, and sSRANKL/OPG ratio ob-
served during the 48 weeks after allo-SCT treatment. The sec-
ondary outcomes of interest were the changes in areal BMD of
the lumbar spine, femoral neck, and total hip 24 and 48 weeks
after allo-SCT treatment. Changes in the percentage of BMD
from baseline were also investigated.

Statistical analysis

Serum DKK 1, sSRANKL, OPG, and BMD levels were analyzed
using repeated-measures analysis of variance (ANOVA) to de-
termine the significance of the changes observed over the time-
lines indicated. All P values were two-sided; the level of signifi-
cance was <0.05. All values are based on 95% confidence in-
tervals and are presented as the mean+ standard error or number
(%). All statistical analyses were performed using SPSS for
Windows version 24.0 (IBM Corp., Armonk, NY, USA). Graph-
ics were produced using GraphPad Prism version 5.0 (GraphPad
Software Inc., San Diego, CA, USA).

RESULTS

Baseline characteristics

The clinical and biochemical data obtained from 36 patients are
summarized in Table 1. The mean patient age was 36.0+ 1.8 years
(35.4£2.4 years for male subjects and 36.7+2.5 years for female
subjects). The mean body mass index was 23.7+0.8 kg/m® for
male subjects and 21.240.8 kg/m? for female subjects. The most
common underlying malignancy was acute lymphocyte leuke-
mia (33.3%). All patients received total-body irradiation and
were treated with immunosuppressants as prophylactic treatment
for GVHD. The serum levels of DKK 1, sSRANKL, and OPG were
164.4+25.9, 1,352.6+550.1, and 563.9+94.1 pg/mL, respec-
tively. The mean BMD for all patients was 0.941+0.164 g/cm?
for the lumbar spine, 0.816+0.129 g/cm? for the femoral neck,
and 0.81940.094 g/cm? for the total hip.

Changes in serum DKKI1 levels and the RANKL/OPG ratio
Fig. 1 shows the changes in the serum levels of DKK1, sSRANKL,

Male subjects (n=21) Female subjects (n=15)

354424 36.742.5
237408 2124038
7(33.3) 4(26.7)
7(33.3) 5(33.3)
2(9.5) 1(6.7)
3(14.4) 2(13.3)
2(9.5) 3(20.0)
15 (71.4) 10 (66.7)
21 (100) 15 (100)
21 (100) 15 (100)
12(57.1) 9.(60.0)
12(57.1) 8(53.0)
190.4431.2 138.3+22.7
1,833.6+412.3 871.24301.5
615.2+101.3 512.7487.6
0.912+0.174 0.972+0.147
0.850£0.132 0.782+0.118
0.858+0.127 0.779+0.164

Table 1. Baseline Characteristics of the Study Population
Clinical parameter All subjects (n=36)
Age, yr 36.0£1.8
Body mass index, kg/m? 22.240.6
Hematologic disease
Acute myeloid leukemia 11 (30.6)
Acute lymphoblastic leukemia 12(33.3)
Severe aplastic anemia 4(11.1)
Myelodysplastic syndrome 6(16.7)
Others 3(8.3)
Steroid exposure after transplantation 25(69.4)
Immunosuppressant for GVHD prophylaxis 36 (100)
Total-body irradiation 36 (100)
Acute GVHD (grade ITI-1V) 21(58.3)
Chronic GVHD (moderate to severe) 20 (55.6)
Serum level, pg/mL
DKK1 164.4£259
sRANKL 1,352.6+£550.1
OPG 563.9+94.1
Bone mineral density, g/cm?
Lumbar spine 0.941+0.164
Femoral neck 0.816+0.129
Total hip 0.8191+0.094
Values are expressed as mean=standard deviation or number (%).

GVHD, graft-versus-host disease; DKK1, dickkopf-1; sSRANKL, serum receptor activator of nuclear factor-xB ligand; OPG, osteoprotegerin.
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OPG, and the SRANKL/OPG ratio during the study period. Se-
rum DKK1 levels decreased abruptly immediately after allo-SCT
treatment, recovered to baseline at about 4 weeks, and subse-
quently increased consistently over the remaining weeks studied
(P<0.0001 for changes observed over time) (Fig. 1A). Serum
sRANKL levels increased progressively until 4 weeks after allo-
SCT treatment and then declined to baseline after 12 weeks, re-
maining low for the remainder of the study (P<0.0001 for
changes observed over time) (Fig. 1B). Serum OPG levels in-
creased immediately after allo-SCT treatment (1 week post—al-
lo-SCT treatment) and then declined (Fig. 1C). The sSRANKL/
OPG ratio declined immediately after allo-SCT treatment,
peaked at 4 weeks, and then declined progressively for the re-
mainder of the study (P<0.0001 for changes observed over
time) (Fig. 1D). This result was consistent even when several
clinical parameters were adjusted. DKK1 levels were higher in

500

P for trend <0.05

400

300 |

200

DKKI1 (pg/mL)

100

0 1 1 1 1 1 J
Baseline 1wk 4wk 12 wk 24wk 48wk

A

1,500 P for trend <0.05

1,250

—_
[=3
(=3
(=}

T

750 |

OPG (pg/mL)

500 |

250

0 1 1 1 1 1 J
Baseline 1wk 4wk 12 wk 24wk 48wk

CJ

men than in women during the study period, and the SRANKL
and OPG levels and SRANKL/OPG ratio were all higher in men
than in women except at 4 weeks (Fig. 1, dotted blue line for
male subjects and red line for female subjects).

Changes in BMD after allo-SCT treatment

The changes in BMD relative to baseline at 24 and 48 weeks af-
ter allo-SCT treatment were analyzed (Fig. 2). In the entire
study population, BMD decreased relative to the baseline at all
skeletal sites at both 24 and 48 weeks (P<0.05), and this change
was also significant in the subgroup analysis according to sex
(Table 2). A greater reduction in BMD relative to baseline was
observed in women than in men at all measurement sites at both
timepoints. The lumbar spine BMD decreased by 6.2%+2.9%
(P<0.05) in men and 11.3%=+1.6% (P<0.05) in women rela-
tive to baseline at 48 weeks post-treatment (Fig. 2A). The femo-
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Fig. 1. Changes in the serum levels of (A) dickkopf-1 (DKK1), (B) serum receptor activator of nuclear factor-kB ligand (sSRANKL), (C) os-
teoprotegerin (OPG), and (D) the receptor activator of nuclear factor-kB ligand (RANKL)/OPG ratio before and after allogeneic stem cell
transplantation treatment. Data are presented as the mean+ standard deviation. Solid line, all subjects; blue dotted line, male subjects; red

dotted line, female subjects.
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ral neck BMD decreased by 8.8%+4.8% (P<0.05) in men and
10.9%+4.2% (P<0.05) in women relative to baseline at 48
weeks post-treatment (Fig. 2B). For the total hip, significant
bone loss was detected relative to baseline at 48 weeks post-
treatment (-7.3%=%2.0%, P<0.05 in men and —7.6%%3.4%,

48 weeks and in the lumbar spine in women at 48 weeks. Re-
gression analysis showed that the DKK1 change at week 48
showed a significant inverse correlation with lumbar spine
BMD at week 48 in the entire study population (3=-0.0366,
P<0.05). Changes in DKK1 levels measured at different peri-

P<0.05 in women) (Fig. 2C). The greatest decreases in BMD  ods and the associations with BMD all showed inverse correla-

relative to baseline were observed in the femoral neck in men at  tions, but these were not statistically significant.
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Fig. 2. Changes in bone mineral density at each measurement site relative to baseline. (A) Lumbar spine, (B) femoral neck, (C) total hip.
*P<0.05 relative to baseline.
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Table 2. Percentage Changes in Bone Mineral Density at the
Measurement Sites Relative to Baseline
Lumbar spine  Femoral neck Total hip

All subjects

24 weeks -4.613.6 -6.0t4.1 -6.0x£2.9

48 weeks -83+£3.5 -9.7t4.6 ~7.412.6
Male subjects

24 weeks —23+2.7 -5.7£3.8 —5.4+2.7

48 weeks —-6.2129 -8.81+4.8 -7.3£2.0
Female subjects

24 weeks -8.0t1.6 -6.4+4.7 —6.7£3.2

48 weeks —11.3£1.6 -10.9+4.2 -7.6£34
P<0.05 relative to baseline.

DISCUSSION

In this prospective study of 36 patients who underwent allo-
SCT treatment, serum DKK1 levels increased progressively for
48 weeks after treatment, whereas the SRANKL/OPG level
steadily declined after peaking at 4 weeks. Areal BMD contin-
ued to decrease at all measurement sites during the 48 weeks
monitored after allo-SCT treatment. The femoral neck was the
site with the largest decline in male patients, and the lumbar
spine was the site with the largest decline in female patients.

DKKI1, a soluble inhibitor of the canonical Wnt/B-catenin
pathway, inhibits the differentiation of mesenchymal stem cells
into osteoblasts [10,14]. Reduced DKK1 expression induces an
increase in trabecular and cortical bone mass in vivo [15]. Li et
al. [16] reported that DKK1 directly influences bone formation
in vivo via dose-dependent suppression of osteoblast matrix
mineralization. DKK1 is involved in several bone diseases [14],
such as glucocorticoid-induced osteoporosis [17,18], ovariecto-
my-associated osteoporosis [19], and postmenopausal osteopo-
rosis [20-22].

We previously suggested that bone marrow stromal cells are
of recipient origin and that delayed osteoblast differentiation in
recipient bone marrow is the cause of bone loss after SCT [5].
We also investigated changes in the bone turnover markers CTX
and osteocalcin, monitored changes in osteoclast activity by
measuring serum RANKL and OPG levels, and concluded that
bone loss occurs after allo-SCT treatment [1,2]. However, the
changes in RANKL and OPG favoring bone loss occurred early
(within 3 months after allo-SCT treatment), which is not suffi-
cient to explain the continuing bone loss observed up to 1 year
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after allo-SCT treatment. Therefore, in this study, we sought to
determine the mechanisms underlying the observed bone loss
after allo-SCT treatment by investigating the changes in DKK1,
which is presumed to be of osteocyte origin and influences os-
teoblast differentiation, and changes in the levels of RANKL
and OPG, which play roles in osteoclast activity.

In the present study, serum DKK1 levels progressively in-
creased for 48 weeks after allo-SCT treatment. This persistent
increase in DKKI1 levels suggests that progressive impairment
of bone formation occurs, which provides an explanation for the
sustained bone loss observed after allo-SCT treatment. BMD
decreased rapidly for the first 24 weeks following allo-SCT
treatment and continued to decrease for the remainder of the
study. This decrease can be attributed to an initial synergistic ef-
fect between the increasing levels of DKK1 and the RANKL/
OPG ratio. Subsequently, the RANKL/OPG ratio gradually de-
creased, whereas DKK1 levels continued to increase, suggest-
ing that bone loss continued to occur even if the observed dif-
ferences in bone loss were not as significant. The BMD de-
crease in the femoral neck and total hip was significant during
the study period. We previously reported that bone loss occur-
ring after transplantation was more pronounced in the femur
than in the lumbar spine [1]. Kang et al. [1] reported that 12
months after transplantation, lumbar BMD decreased by 2.2%
and femoral BMD decreased by 6.2%, which is in agreement
with our results.

Based on the observations of increased osteoclast activity, as
reflected by changes in RANKL and OPG, the current recom-
mendation for the prevention and treatment of bone loss after a
patient receives HSCT is bisphosphonate administration to in-
hibit osteoclast activity [23-25]. Administration of denosumab,
another potent anti-resorptive agent [26], is also a possible op-
tion [27]. However, there are conflicting results regarding the
effect of bisphosphonates on the level of RANKL/OPG. Vega et
al. [28] reported that levels of RANKL/OPG were not affected
by bisphosphonates. It is unknown whether bisphosphonates ef-
fectively regulate the mechanisms underlying the DKK1-medi-
ated inhibition of osteoblast differentiation. Studies evaluating
the effects of anti-resorptive agents on DKKI1 levels and the
prevention and treatment of bone loss after transplantation have
yet to be presented in the literature. Mechanical loading is also
an important intervention in bone formation [29,30], and com-
pressive loading increases the anabolic bone response in DKK1-
knockout mice [31]. Based on our findings that DKK1 levels
continue to increase after allo-SCT treatment, increasing physi-
cal activity and ensuring a sufficient mechanical load after allo-
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