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Anti-DKK1 Enhances the Early Osteogenic Differentiation
of Human Adipose-Derived Stem/Stromal Cells

Yiyun Wang,1 Stefano Negri,1 Zhao Li,1 Jiajia Xu,1 Ching-Yun Hsu,1 Bruno Peault,2,3

Kristen Broderick,4 and Aaron W. James1,2

Adipose-derived stem/stromal cells (ASCs) have been previously used for bone repair. However, significant cell
heterogeneity exists within the ASC population, which has the potential to result in unreliable bone tissue for-
mation and/or low efficacy. Although the use of cell sorting to lower cell heterogeneity is one method to improve
bone formation, this is a technically sophisticated and costly process. In this study, we tried to find a simpler and
more deployable solution—blocking antiosteogenic molecule Dickkopf-1 (DKK1) to improve osteogenic dif-
ferentiation. Human adipose-derived stem cells were derived from = 5 samples of human lipoaspirate. In vitro, anti-
DKK1 treatment, but not anti-sclerostin (SOST), promoted ASC osteogenic differentiation, assessed by alizarin
red staining and real-time polymerase chain reaction (qPCR). Increased canonical Wnt signaling was confirmed
after anti-DKK1 treatment. Expression levels of DKK1 peaked during early osteogenic differentiation (day 3).
Concordantly, anti-DKK1 supplemented early (day 3 or before), but not later (day 7) during osteogenic differ-
entiation positively regulated osteoblast formation. Finally, anti-DKK1 led to increased transcript abundance of the
Wnt inhibitor SOST, potentially representing a compensatory cellular mechanism. In sum, DKK1 represents a
targetable ‘‘molecular brake’’ on the osteogenic differentiation of human ASC. Moreover, release of this brake by
neutralizing anti-DKK1 antibody treatment at least partially rescues the poor bone-forming efficacy of ASC.

Keywords: perivascular stem cell, adipose-derived stem cells, Dickkopf-1, sclerostin

Introduction

Adipose-derived stem cells (ASCs) have been used
for two decades to induce bone repair in both research

and clinical settings [1,2]. ASCs can accelerate tissue re-
generation through multiple mechanisms, including direct
tissue formation, stimulation of progenitor cell proliferation
and differentiation, modulation of the immune system, and
induction of vascularization (see Zuk [3] for a review).

Despite many communications demonstrating the ability
of ASCs to contribute to bone healing [4–6], low bone-
forming efficacy and batch-to-batch variability have been
identified [5,7]. One potential limiting factor is cellular
heterogeneity, which is present within ASC preparations
[7,8]. Indeed, nonprogenitor cells and endothelial cells have
been observed to decrease the osteogenic efficacy of ASCs
in some contexts [9–11]. Recent studies have concluded that
without additional biological supplements, ASCs have lim-
ited potential for use in bone tissue engineering [12,13].

Several methods have been utilized to purify mesenchymal
stem cell fractions within adipose tissue [7,14–18]. One

method that our group has used is to fluorescence activated
cell sorting (FACS) purify stromal vascular fraction (SVF)
based on positive selection of the perivascular antigens CD34
or CD146 [7,15]. These cells, termed human perivascular
stem cells (PSCs), have higher innate bone-forming potential
compared to ASCs [7,19]. Other antigens used to purify hu-
man ASCs have been examined, for example, use of CD90,
CD105, or CD73 [14,16–18,20].

However, the use of cell purification methods for tissue en-
gineering is a relatively complex and costly procedure. A much
simpler solution would be to target those signaling pathways
differentially expressed between unpurified stromal cell popu-
lation and purified progenitor cell fractions, and leverage this
information for improved cell-mediated bone repair using ASCs.

Extracellular Wnt antagonists regulate bone formation
either by directly binding to Wnt ligands, such as secreted
frizzled-related proteins, or by competing with Wnt ligands
for binding to co-receptors lipoprotein-related protein 5 and
6 (LRP5 and LRP6) expressed on the cell surface, such as
sclerostin (SOST) and Dickkopf-1 (DKK1–1) [21]. Genetic
deletion of sclerostin results in increased bone formation in

Departments of 1Pathology and 4Plastic Surgery, Johns Hopkins University, Baltimore, Maryland, USA.
2UCLA and Orthopaedic Hospital Department of Orthopaedic Surgery and the Orthopaedic Hospital Research Center, Pittsburgh,

Pennsylvania, USA.
3Center for Cardiovascular Science and MRC Center for Regenerative Medicine, University of Edinburgh, Edinburgh, United Kingdom.

STEM CELLS AND DEVELOPMENT

Volume 29, Number 15, 2020

� Mary Ann Liebert, Inc.

DOI: 10.1089/scd.2020.0070

1007



both mice and humans [22,23]. Antibodies that neutralize
sclerostin have previously been shown to have the potential
to promote bone formation [24,25].

DKK1 is a well-known secreted protein that acts as
antagonist of Wnt signaling [26]. Its impact on bone
physiology was first sparked by the identification of loss of
function mutations in LRP5, responsible for the disease
osteoporosis pseudo glioma [27]. Knockout of DKK1 re-
sults in a dose-dependent increase of bone mass in mice
[28–30]. Many preclinical studies have shown that DKK1
neutralizing antibodies (anti-DKK1) stimulate bone for-
mation at both cortical and trabecular sites, effectively
combating ovariectomy-induced bone loss in mice and
increasing bone mineral density in nonhuman primates
[31–33].

The importance of DKK1 in fracture repair has also been
established [33,34]. Previously, it had been reported that
long bone injury induces canonical Wnt signaling activation
among osteoprogenitor cell populations [35]. Conversely,
failed fracture healing (such as in human nonunion fractures)
shows elevated levels of DKK1 among stromal cells of
the fracture site [36]. In mouse studies, adenoviral delivered
DKK1 has been observed to result in impaired fracture
healing [35], associated with accumulation of undifferentiated
stromal cells [37]. Recently, systemic anti-DKK1 treatment
has improved fracture healing in two independent mouse long
bone fracture models [34,38]. Despite this accumulating
translational evidence, the use of anti-DKK1 treatment in the
context of cell-mediated bone repair is an entirely novel av-
enue of investigation.

Previously, we observed that DKK1 was highly over-
expressed in ASCs compared to purified PSCs. To test the
potential use of DKK1 neutralization to augment unpurified
adipose-derived stromal cell (termed ASC)-mediated bone
repair, anti-DKK1 neutralizing antibody was applied to
ASCs in vitro. In this study, we confirmed that DKK1 ex-
pression is enriched among human ASCs during early os-
teogenic differentiation. The effect of anti-DKK1 on human
adipose-derived MSC biology was assessed. We identified
an overall pro-osteogenic effect of anti-DKK1 in human
ASCs, defined the intersample variability of responsiveness
to DKK1 neutralization, and deciphered potential mecha-
nisms of this variation.

Materials and Methods

Isolation of human ASCs from human
adipose tissue

Under IRB approval with a waiver of informed consent,
human lipoaspirate was acquired from five healthy adult
donors. Patient demographics can be found in Supplemen-
tary Table S1. Before processing, fat tissue had been stored
at 4�C for <48 h. According to previously published meth-
ods [7], ASCs were obtained by collagenase digestion.

Lipoaspirate was rinsed with equal volume of phosphate-
buffered saline (PBS). The rinsed lipoaspirate was digested
with 1 mg/mL type II collagenase in Dulbecco’s modified
Eagle’s medium (DMEM) containing 3.5% bovine serum
albumin (Sigma-Aldrich, St. Louis, MO) at 37�C for 70 min
under agitation. Adipose cells were separated and elimi-
nated by centrifugation. Cell particles are resuspended and

incubated in red blood cell lysis buffer (155 mM NH4Cl,
10 mM KHCO3, and 0.1 mM ethylenediaminetetraacetic
acid) at room temperature for 10 min. After centrifugation,
the cells were resuspended in PBS and sifted at 40 mm.

Cells were cultured at 37�C in a humidified atmosphere,
which contained 95% air and 5% CO2. Standard growth
medium consisted of DMEM (Gibco, Grand Island, NY),
15% fetal bovine serum (FBS; Gibco), 1% penicillin/strep-
tomycin (Gibco), and 2 mg/mL human basic fibroblast
growth factor (R&D System, Minneapolis, MN).

For PSC FACS, uncultured ASCs were further processed
using a mixture of the following directly conjugated antibodies:
anti-CD34-R-phycoerythrin (1:50; BD Pharmingen, San Diego,
CA), anti-CD45-allophycocy-anin-cyanin 7 (1:100; BD Phar-
mingen), anti-CD146-fluorescein isothiocyanate (1:100; Bio-
Rad, Hercules, CA), and anti-CD31-allophycocyanin-cyanin
7 (1:100; Bi-Rad). See Supplementary Table S2 for anti-
body information. All incubations were performed at 4�C
for 20 min. In this manner, a combined population of mi-
crovessel pericytes (CD146+CD34-CD45-CD31-) and
adventitial cells (CD34+CD146-CD45-CD31-) were iso-
lated to constitute the PSC population.

Proliferation assay

After 48–96 h, cell proliferation was measured with the
CellTiter96� Aqueous One Solution Cell Proliferation As-
say kit (MTS, G358A; Promega, Madison, WI), in which
2,000 cells were cultured in 96-well dishes. Briefly, 200mL
of MTS solution was added into each well. After incubation
for 1 h at 37�C, the absorbance was measured at 490 nm
with an Epoch microspectrophotometer (Bio-Tek, Wi-
nooski, VT). N = 3 wells were used in each group, and all
studies were performed in biologic triplicate.

RNA isolation and real-time
polymerase chain reaction

To analyze gene expression, TRIzol (Life Technology,
Waltham, MA) was adopted for total RNA isolation. Ac-
cording to the manufacturer’s instructions, RNA was reverse
transcribed into cDNA through iScript cDNA Synthesis Kit
(Bio-Rad). Real-time polymerase chain reaction (qPCR)
was performed with SYBR Green PCR Master Mix (Life
Technology). Primer information is presented in Supple-
mentary Table S3. N = 3 wells were used in each group, and
all studies were performed in biologic triplicate.

Osteogenic differentiation

ASCs or PSCs were cultured in osteogenic differentiation
medium that was composed of DMEM, 10% FBS, 1% peni-
cillin/streptomycin with 100 nM dexamethasone, 10 mM b
glycerophosphate, and 50mM ascorbic acid (Sigma-Aldrich).
Anti-DKK1, anti-SOST (Bio-Rad), and/or recombinant DKK1
(R&D Systems) were added to osteogenic differentiation
medium at defined concentrations. IgG was used as an isotype
control. See Supplementary Table S2 for antibody information.
Medium was changed every 3 days. To detect mineralization,
cultures were stained with alizarin red S (Sigma-Aldrich)
up to 14 days of differentiation. 0.1 N sodium hydroxide was
used to dissolve the calcium precipitate and quantified by
absorbance at 548 nm.
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Western blot analysis

Proteins were separated by SDS-PAGE (sodium dodecyl
sulfate–polyacrylamide gel electrophoresis) and were trans-
ferred onto a nitrocellulose membrane. Blots were probed
with primary antibodies to b-catenin (1:1,000; Cell Signaling
Technology, Danvers, MA) and glyceraldehyde 3-phophate
dehydrogenase (1:2,000; Cell Signaling Technology) over-
night at 4�C. Afterward, these blots were incubated with goat
anti-rabbit secondary antibodies that were conjugated with
horseradish peroxidase and visualized by the ChemiDoc
Touch Imaging System (Bio-Rad).

Statistical analysis

Results are expressed as the mean – standard deviation.
Statistical analysis was performed with a Student’s t-test for
a two-sample comparison, an analysis of one-way ANOVA
with Dunnett’s multiple comparisons test, or two-way AN-
OVA with Sidak’s multiple comparisons test (GraphPad
Software 6.0). *P < 0.05, **P < 0.01, and ***P < 0.001 were
considered significant.

Results

Effect of anti-DKK1 on osteogenic
differentiation of human ASCs

Gene expression of the Wnt signaling antagonists DKK1
and SOST was first assessed across time during the osteo-
genic differentiation of human ASCs by qPCR (Fig. 1A, B).
Results showed that the levels of DKK1 transcripts peaked
early in osteogenic differentiation (90% increase on day 3,
**P < 0.01) and returned to slightly below baseline on days 7
and 10 of differentiation (50% reduction from baseline ex-
pression on day 10). The levels of SOST transcripts followed
a similar trend with a slight increase on day 3 of osteogenic
differentiation (31% increase, which did not reach statistical
significance), followed by a reduction by 10 days (38% re-
duction from baseline on day 10).

The cellular effects of neutralizing antibodies to either DKK1
or SOST were next assessed. In each case, control cells were
treated with an IgG isotype control at the same concentration.
When neutralizing anti-DKK1 antibody was used to treat ASCs
during culture, a slightly higher proliferative rate was observed,
assessed by MTS assays (2% increase at 72 h, Fig. 1C). In ad-
dition, anti-DKK1 treatment promoted osteogenic differentia-
tion dose dependently, starting from the 1mg/mL (Fig. 1D, E).
This was detected by alizarin red staining (Fig. 1D) for bone
nodule deposition and quantification (Fig. 1E, 13%–40% in-
crease from 0.5 to 4mg/mL). In contrast, across a wide range of
concentrations, anti-SOST did not increase ASC osteogenic
differentiation at any dosage (Fig. 1F, G).

Previously, we observed that DKK1 was less expressed in
purified PSCs in comparison to ASCs. To know whether
PSCs have different response to anti-DKK1 compared to
ASCs, we performed FACS to further process SVF using the
detection of two perivascular antigens (CD34 and CD146)
to obtain PSCs as previously described (Supplementary
Fig. S1A–D) [7]. Next, we detected the effect of anti-DKK1
in PSC osteogenic differentiation. In contrast to ASCs, anti-
DKK1 did not induce a significant increase in PSC osteo-
genic differentiation (Supplementary Fig. S1E, F).

Anti-DKK1 induces changes in osteogenic and Wnt
signaling-related genes in human ASCs

Overall, we observed an increase in ASC osteogenesis with
anti-DKK1, but not anti-SOST treatment. To confirm and ex-
pand on this observation, we next assessed changes in osteo-
genic gene expression by qPCR with anti-DKK1 or isotype
control treatment (Fig. 2A–C). Results showed a significant
increase in osteogenic gene expression among anti-DKK1-
treated samples in comparison to IgG isotype control. This
included increased expression of the master osteogenic tran-
scription factor RUNX2 (runt-related transcription factor 2, 1.8-
fold increase, Fig. 2A) and the enzyme ALP (alkaline phos-
phatase, 82% increase, Fig. 2B). A trend toward an increase in
the bone matrix encoding gene COL1A1 (collagen type I alpha
1) was also observed (26% increase, Fig. 2C).

Next, we assessed gene expression of markers indicative
of overall canonical Wnt signaling activity, including
AXIN2 (axis inhibition protein 2) and CCND1 (cyclin D1)
(Fig. 2D, E). Confirming bioactivity of anti-DKK1, both
gene transcripts were more highly expressed among anti-
DKK1-treated cells in comparison to isotype control (2.4-
fold and 65% increase in AXIN2 and CCND1 transcripts,
respectively). Furthermore, Western blot for total b-catenin
expression confirmed activation of canonical Wnt signaling
pathway after anti-DKK1 treatment (Fig. 2F).

Neutralization of a Wnt antagonist such as DKK1 may
lead to compensatory changes, such as increased transcrip-
tion of the same or other Wnt antagonists. Such compensa-
tory changes have been reported with anti-DKK1 treatment
in rodent models [33]. To investigate, we examined gene
expression of both DKK1 and SOST after anti-DKK1 treat-
ment. Results indicated that anti-DKK1 induced no change
in DKK1 expression (Fig. 2G). In contrast, anti-DKK1 led to
a significant increase in SOST transcript abundance (Fig. 2H,
72% increase in SOST transcripts).

Timing of DKK1 neutralization
on ASC osteogenesis

To confirm the anti-DKK1 neutralizing function further, we
employed recombinant DKK1 to impair osteogenic differen-
tiation in ASCs. Results demonstrated that DKK1 treatment
decreased mineralization at a concentration of 50 ng/mL, but
not at lower concentrations (Fig. 3A). Next, anti-DKK1 was
supplemented with DKK1 during osteogenic differentiation
conditions. In this study, anti-DKK1 rescued the impairment
of osteogenesis induced by recombinant DKK1 (Fig. 3B).

After baseline effects of anti-DKK1 treatment were de-
termined, the effects of timing of DKK1 neutralization on
ASC osteogenesis were assessed (Fig. 3C–E). Anti-DKK1
supplemented at early time points of differentiation (treat-
ment beginning at either days 0 or 3) led to an increase in
ASC osteogenic differentiation (Fig. 3C, D). This was
quantified to determine a 9% and 20% increase in miner-
alization if anti-DKK1 treatment was initiated on days 0 and
3, respectively. In contrast, initiating anti-DKK1 treatment
at the later time point of day 5 of differentiation had no
significant effect on mineralization (Fig. 3E). This obser-
vation was concordant with the peak of expression levels of
DKK1 during early osteogenic differentiation (see again
Fig. 1A).
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The expressions of basal DKK1 and SOST correlate
with anti-DKK1-induced osteogenic differentiation
in human ASCs

We observed an elevation of SOST expression after anti-
DKK1 treatment, a phenomenon that potentially represented a
compensatory cellular mechanism as has been demonstrated
in other contexts [25,28]. Therefore, we examined the corre-
lation of basal DKK1 and SOST expression with respon-
siveness to anti-DKK1 in terms of osteogenic differentiation
within five distinct human ASC preparations (Fig. 4A–C).

Some variability in responsiveness to anti-DKK1 was
observed. Specifically, osteogenic differentiation was most
prominently induced in patient samples #1 and 5, while it
was less robust in patient samples #2–4 (Fig. 4A). Inter-
estingly, high responsiveness of patient sample #1 correlated

with high basal expression of DKK1 transcripts, as as-
sessed by qPCR (Fig. 4B). Conversely, high SOST tran-
scripts were observed in patient samples #2–4 (Fig. 4C),
which showed comparatively lower responsiveness to
anti-DKK1 treatment. Thus, high basal DKK1 and low
basal SOST expression correlate with a pro-osteogenic
effect of anti-DKK1 in human ASCs.

Discussion

In this study, anti-DKK1 treatment promoted ASC oste-
ogenic differentiation. As expression levels of DKK1 peaked
during early osteogenic differentiation, anti-DKK1 supple-
mented early, but not late, during osteogenic differentiation
positively regulated osteoblast formation. Furthermore, the
capacity of anti-DKK1 to enhance osteogenic differentiation

FIG. 1. Anti-DKK1, but not anti-SOST, enhances the osteogenic differentiation of human ASCs. (A, B) Gene expression
of DKK1 and SOST across time during the osteogenic differentiation of human ASC (0–10 days of differentiation). Each
group of different time points was compared with that of 0 days. (C) Effects of anti-DKK1 on ASC proliferation, assessed
by MTS assay at 24–72 h (1 mg/mL). (D, E) Effects of anti-DKK1 on ASC osteogenic differentiation, assessed by alizarin
red staining and quantification after 7 days of differentiation (0.5–4mg/mL). Whole well images shown. (F, G) Effects of
anti-SOST on ASC osteogenic differentiation, assessed by alizarin red staining and quantification after 7 days of differ-
entiation (0.5–5 mg/mL). All experiments performed with an appropriate isotype IgG control. Experiments performed in at
least experimental and biological triplicate. Error bars represent one standard deviation. *P < 0.05; **P < 0.01; ***P < 0.001.
ASC, adipose-derived stem/stromal cell; DKK1, Dickkopf 1; SOST, sclerostin.
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varied between cell batches. Finally, anti-DKK1 led to in-
creased transcript abundance of the Wnt inhibitor SOST,
potentially representing a compensatory cellular mechanism.

ASCs that reside within vessel walls can accelerate bone
regeneration [3–6]. ASCs have been used in both research and
clinical settings [1,2]. Unfortunately, significant cell heteroge-
neity exists within the ASC population, including high num-
bers of nonstem cells, nonviable cells, and endothelial cells that
may inhibit osteogenesis [9,11], which may result in low bone-
forming efficacy and batch-to-batch variability.

Preclinical studies have shown that DKK1 neutralizing an-
tibodies can stimulate bone formation [31–33]. Moreover,
failed fracture healing (such as in human nonunion fractures)
shows elevated levels of DKK1 among stromal cells of the
fracture [36]. Also DKK1 was upregulated transiently in the
early stages of adipogenesis, and knockdown of DKK1 can in-
hibit adipogenic differentiation of ASCs [39]. Thus, DKK1
enrichment among ASCs could be a plausible molecular
mechanism for its poor bone forming efficacy for several rea-
sons. However, heterogeneity in ASC varies from batch to
batch, which may contribute to variable response to anti-DKK1.

Besides mesenchymal stem cell populations, various types
of cell types express DKK1 and potentially respond to DKK1
neutralization [40]. Endothelial cells, in which the majority
of DKK1 was expressed other than smooth muscle cells and

macrophages, are commonly found in the aortic plaques
[41]. DKK1 promotes human umbilical vein endothelial cell
(HUVEC) apoptosis through activating JNK signaling and
inhibiting canonical Wnt signaling, and then activating the
IRE1a and eif2a/CHOP pathways [41]. In aortic endothelial
cells, DKK1 can upregulate ALP enzyme activity and en-
hances mineralization by Smad activation [42]. Therefore, it
is rational to speculate that the contamination of endothelial
cells in the ASCs may have an adverse effect on osteogenesis
induced by anti-DKK1.

Apart from endothelial cells, platelets have been found to be
a major source of DKK1 in the circulatory system [43]. Platelet-
derived DKK1 has been reported to be involved in the in-
flammation responding to tissue damage [43–45]. Neutraliza-
tion of DKK1 attenuates neutrophil influx into the lungs during
acute pulmonary inflammation [44]. DKK1 induces patho-
logical type 2 (Th2) cell-mediated immune response through
the MAPK and mTOR signaling pathway. Moreover pharma-
cological inhibition of DKK1 impaired Th2 cell cytokine
production and leukocyte infiltration in house dust mite-
induced asthma or Leishmania major infection models [45].

Moreover, DKK1 expression is elevated in serum, syno-
vial tissue, and cartilage of arthritis models. DKK1 neu-
tralization decreased osteoclast formation in the inflamed
joint, but induces osteophyte formation [46,47]. Therefore,

FIG. 2. Anti-DKK1 induces changes in osteogenic and Wnt signaling-related genes in human ASCs. (A–C) Gene
expression during osteogenic differentiation with anti-DKK1 treatment for 3 days, including (A) RUNX2, (B) ALP, and (C)
COL1A1. (D, E) Wnt signaling gene expression with anti-DKK1 (1mg/mL) treatment for 3 days, including (D) AXIN2 and
(E) CCND1. (F) Total b-catenin expression with anti-DKK1 treatment for 1 day by Western blot. (G, H) Gene expression of
Wnt signaling antagonists with anti-DKK1 (1 mg/mL) treatment for 3 days, including (G) DKK1 and (H) SOST. All
experiments performed with an appropriate isotype IgG control. Experiments performed in at least experimental and
biological triplicate. Error bars represent one standard deviation. *P < 0.05; **P < 0.01; ***P < 0.001. ALP, alkaline
phosphatase; AXIN2, axis inhibition protein 2; CCND1, cyclin D1; COL1A1, collagen type I alpha 1; RUNX2, runt-related
transcription factor 2.
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FIG. 3. Effects of DKK1 and timing of anti-DKK1 neutralization on ASC osteogenesis. (A) Alizarin red staining (above)
and quantification (below) on day 7 of osteogenic differentiation with recombinant DKK1 (1–50 ng/mL). Whole well
images shown. (B) Alizarin red staining (above) and quantification (below) on day 7 of osteogenic differentiation with
DKK1 (50 ng/mL) with or without anti-DKK1 (2mg/mL). (C–E) Effects of anti-DKK1 treatment beginning at different time
points of osteogenic differentiation. (C) Anti-DKK1 treatment (1mg/mL) initiated on day 0 of osteogenic differentiation,
with alizarin red staining (above) and quantification (below) performed on day 7 of differentiation. (D) Anti-DKK1
treatment (1mg/mL) initiated on day 3, with alizarin red staining (above) and quantification (below) performed on day 7 of
differentiation. (E) Anti-DKK1 treatment initiated on day 5 (1mg/mL), with alizarin red staining (above) and quantification
(below) on day 7 of differentiation. All experiments performed with an appropriate isotype IgG control. Experiments
performed in at least experimental and biological triplicate. Error bars represent one standard deviation. *P < 0.05;
***P < 0.001.

FIG. 4. Anti-DKK1-induced osteogenic differentiation in human ASCs is related to both basal DKK1 and SOST ex-
pression. (A) Fold change in alizarin red staining among anti-DKK1 versus IgG (1 mg/mL) within five distinct human ASC
preparations. See Supplementary Table S1 for a description of patient demographics. (B) Relative baseline DKK1 ex-
pression among each ASC preparation, as determined by qPCR. (C) Relative baseline SOST expression among each ASC
preparation, as determined by qPCR. Each data point represents a mean value, while error bars represent one standard
deviation. qPCR, real-time polymerase chain reaction.
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in an inflammatory environment, anti-DKK1 has potential to
inhibit inflammation as well as to promote osteogenesis.

DKK1 and SOST are both Wnt inhibitors by inhibiting
LRP5/6. The anabolic effects of bone were well established
by blocking DKK1 or SOST [25,28,48,49]. However in some
circumstances, DKK1, is inefficacious for building bone. For
example, blocking DKK1cannot improve bone in adult es-
trogen-deficient rats [33]. Moreover, blocking either DKK1 or
SOST could increase the other one expression and combined
blocking of DKK1and SOST produced a synergistic effect on
bone gain [25,49]. An engineered bispecific heterodimeric
antibody (Hetero-DS), by which both SOST and DKK1 were
targeted, has been established. Hetero-DS shows greater ac-
tivity for bone repair comparing with either anti-DKK1 or
anti-SOST alone, and it can robustly increase Wnt signaling
target gene and markers of osteogenesis [49].

However, our results show that the dynamic regulation of
SOST during osteogenic differentiation in ASCs is not high.
Indeed, SOST is primarily considered to be an osteocyte-
derived protein, rather than an MSC-derived protein [50,51].
This cell-specific expression, and/or lack of dynamic upre-
gulation during ASC osteogenesis, may represent possible
reasons for the nonresponsiveness of ASC to anti-SOST
treatment. In addition, our results also show a potential
compensatory mechanism between DKK1 and SOST, yet the
molecular mechanism in ASCs is still not clear. However,
one major determinant in anti-DKK1 efficacy in our study
was the level of SOST transcripts in each cell preparation.

There are some limitations to this study. First, all human
samples were only from female patients. Evidence suggests
that ASC osteogenic differentiation potential differs on the
basis of gender. Specifically, male-derived ASCs isolated
from superficial adipose layer have greater capability of os-
teogenic differentiation than female-derived ASCs [52]. The
mechanisms regulating ASC osteogenesis may differ to some
degree between male and female donors.

Second, all donors had a narrow age range (42–57 years
old). Age has clear effects on ASC osteogenic differentia-
tion potential. For example, one research group described a
distinct relationship between donors’ age, ranging from 20
to 58 years old, and osteogenic potential of ASCs. Older
donors, whose ages range from 40 to 49, exhibited a de-
crease in matrix calcification compared to younger donors.
However, donors over 50 years of age showed an increase of
matrix calcification potential compared to others [53]. This
finding suggests likewise that age of donor may result in
different underlying regulatory mechanisms in terms of
ASC osteogenic capability.

In conclusion, DKK1 represents a targetable ‘‘molecu-
lar brake’’ on the osteogenic differentiation of ASCs, and
that ‘‘release’’ of this brake by use of neutralizing anti-
DKK1 antibody treatment will ‘‘rescue’’ the poor bone-
forming efficacy of ASCs.

In future studies, the combination of anti-DKK1 antibody
with ASCs may be applied in vivo for bone regeneration. In
future studies, it will be important to determine the most
appropriate mode of delivery for anti-DKK1 treatment. Both
local anti-DKK1 implantation or systemic anti-DKK1
treatment are potential modalities for DKK1 neutralization.
In addition, anti-DKK1 treatment in combination with cell
therapies may be particularly valuable in certain other
clinical contexts, for example, in patients with senile oste-

oporosis, or even in patients with multiple myeloma, in
which levels of DKK1 are known to be increased [54].

Acknowledgments

The content is solely the responsibility of the authors and
does not necessarily represent the official views of the National
Institute of Health, Department of Defense, or U.S. Army.
We thank the JHU microscopy core facility, JHMI deep se-
quencing and microarray core facility, and Hao Zhang within
the JHU Bloomberg Flow Cytometry and Immunology Core.

Author Disclosure Statement

A.W.J. is a paid consultant for Novadip. This arrange-
ment has been reviewed and approved by the JHU in ac-
cordance with its conflict of interests polices. A.W.J.
receives funding for unrelated research from MTF Biologics
and Novadip. B.P. is the inventor of perivascular stem cell-
related patents held by the UC Regents. All other authors
declare no conflicts of interest.

Funding Information

A.W.J. was supported by the NIH/NIAMS (R01 AR070773
and K08 AR068316), NIH/NIDCR (R21 DE027922), De-
partment of Defense (W81XWH-18-1-0121, W81XWH-18-1-
0336, and W81XWH-18-10613), American Cancer Society
(Research Scholar Grant, RSG-18-027-01-CSM), the Mary-
land Stem Cell Research Foundation, and MTF Biologics. In
addition, MTF Biologics donated reagents for the study.

Supplementary Material

Supplementary Figure S1
Supplementary Table S1
Supplementary Table S2
Supplementary Table S3

References

1. Lendeckel S, A Jödicke, P Christophis, K Heidinger, J
Wolff, JK Fraser, MH Hedrick, L Berthold and HP Ho-
waldt. (2004). Autologous stem cells (adipose) and fibrin
glue used to treat widespread traumatic calvarial defects:
case report. J Craniomaxillofac Surg 32:370–373.

2. Cowan CM, Y-Y Shi, OO Aalami, Y-F Chou, C Mari, R
Thomas, N Quarto, CH Contag, B Wu and MT Longaker.
(2004). Adipose-derived adult stromal cells heal critical-
size mouse calvarial defects. Nat Biotechnol 22:560–567.

3. Zuk P. (2013). Adipose-derived stem cells in tissue re-
generation: a review. ISRN Stem Cells 12:822.

4. Grottkau BE and Y Lin. (2013). Osteogenesis of adipose-
derived stem cells. Bone Res 1:133–145.

5. Müller AM, A Mehrkens, DJ Schäfer, C Jaquiery, S Güven,
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