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Osteoporosis is a disease in which the density and quality of
bone are reduced, causing bones to become weak and so brittle
that a fall or even mild stresses can cause a fracture. Current
drug treatment consists mainly of antiresorptive agents that
are unable to stimulate new bone formation. Our recent studies
have defined a critical role of gingiva-derived mesenchymal
stem cells (GMSCs) in attenuating autoimmune arthritis
through inhibition of osteoclast formation and activities, but
it remains to be ruled out whether the administration of
GMSCs to patients with osteoporosis could also regulate oste-
oblasts and eventually affect bone formation and protection.
With the use of an ovariectomized mouse model, we here
demonstrated that adoptive transfer of GMSCs regulated the
balance of osteoclasts and osteoblasts, eventually contributing
to dynamic bone formation. Validation by RNA sequencing
(RNA-seq), single-cell sequencing, revealed a unique popula-
tion of CD39+ GMSC that plays an important role in promot-
ing bone formation. We further demonstrated that CD39
produced from GMSC exerted its osteogenic capacity through
the Wnt/b-catenin pathway. Our results not only establish a
previously unidentified role and mechanism of GMSC for
bone promotion but also a potential therapeutic target for
management of patients with osteoporosis and other bone
loss conditions.

INTRODUCTION
Osteoporosis-induced fractures are becoming more commonly seen
in women over the age of 55 and in men after the age of 65, leading
to severe bone-related diseases and increased mortality and health
care costs.1 Although the long-term use of bisphosphonates can
reduce the risk of fracture in patients with osteoporosis, their thera-
peutic effect is slow, requiring long-term treatment cycles and an
accompanying increased risk of adverse events.2,3 Consequently,
there is an urgent need for development of new therapeutic agents
for regulating bone resorption and formation in patients with
osteoporosis.
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Mesenchymal stem cells (MSCs) are stromal cell progenitors with
significant differentiation and immunomodulatory effects that hold
potential promise for combating osteoporosis.4–6 Gingival tissue-
derived MSCs (GMSCs) are a homogeneous population of MSCs
isolated from human gingiva that proliferate more rapidly than
bone marrow-derived MSCs (BMSCs).7–11 More importantly, recent
studies have suggested that GMSCs may have a superior role in treat-
ing xenograft-versus-host diseases than BMSCs.12

Previous studies have shown that GMSCs can inhibit T helper (Th)1,
Th17 function; upregulate regulatory T cell (Treg) induction; pro-
mote macrophage polarization to M2; and inhibit inflammatory cell
infiltration at the injury site in a variety of different rheumatic and
allergic diseases.12–17 Recent studies have also shown that GMSCs
can directly regulate osteoclast activity and inhibit bone erosion in
autoimmune arthritis.18 Based upon these observations, it would be
of interest to investigate whether GMSCs can treat osteoporosis by
promoting osteoblastogenesis and subsequent bone formation.

Here, we evaluated the therapeutic potential of GMSCs in treating
osteoporosis induced by estrogen deficiency in an ovariectomy
(OVX)-induced osteopenic model. After 8 weeks of treatment,
GMSCs were shown to have a clear therapeutic effect on trabecular
bone densities. GMSC infusion significantly decreased frequency
of osteoclasts and increased osteogenic index in vivo. To identify
underlying molecular mechanism(s), we demonstrated that GMSCs
.
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can migrate and stay in the bone marrow and other organs after
infusion. We also identified that CD39 inhibitor (POM-1) markedly
increased the osteogenic potential of GMSCs in vitro and almost
completely abolished the therapeutic effect of GMSCs on osteopo-
rosis. At the molecular level, we further observed that CD39 pro-
duced from GMSCs promoted bone formation through the Wnt/
b-catenin pathway. Collectively, our results suggest that the proper-
ties of GMSCs not only highlight the key role of the CD39 signal
pathway in regulating the balance between osteoclasts and
osteoblasts in GMSC function but also may offer potential therapeu-
tic promise for patients with osteoporosis and other bone-loss
conditions.
RESULTS
Infusion of GMSCs Alleviates Osteoporosis in OVX Mice

Our recently published study showed that infusion of GMSCs can
regulate osteoclasts and inhibit bone erosion in autoimmune
arthritis;18 as such, we sought to determine whether GMSCs can treat
osteoporosis by promoting osteoblastogenesis and promoting bone
formation. We evaluated the therapeutic potential of GMSCs in oste-
oporosis induced by estrogen deficiency, which is the most common
cause of osteoporosis worldwide, using the OVX-induced osteopenia
model.19

Each osteoporosis mouse received an intravenous injection of 2
million GMSCs or control cells, 14 days after OVX, following which,
all treated mice were sacrificed at 56 days after cell injection (Fig-
ure 1A). Since bone loss consistently occurred at 14 days after
OVX,20 the rationale of infusion of GMSCs at this time point
attempted to have significant therapeutic value. As expected, the
distal femoral trabecular bone was sparse and discontinuous in the
OVX group, and GMSC infusion showed a clear therapeutic effect
on osteoporosis compared to the control cell prepuce-derived fibro-
blast (PDF) treatment (Figure 1B). In addition, we observed that
bone volume/tissue volume (BV/TV), trabecular thickness (Tb.Th),
and trabecular number (Tb.Nb) were all greater in GMSC-treated
than in the control cell-treated or OVX model-only groups (Fig-
ure 1C). In addition, bone surface area/bone volume (BS/BV),
trabecular spacing (Tb.Sp), and trabecular pattern factor (Tb.PF)
were also significantly lower in GMSC-treated OVX compared to
the OVX model and PDF-treated OVX (Figure 1C). These results
demonstrate that GMSC treatment significantly alleviates the osteo-
porosis in OVX mice.
Figure 1. Infusion of GMSCs Alleviates Osteoporosis by Diminishing Osteoclas

OVXmice were treated with gingiva-derived mesenchymal stem cells (GMSCs) or contro

mice were sacrificed on 56 days after injection. (A) Study design of the experiment. Fem

illustrating trabecular bone mass of the distal metaphysis of femur. Region of interest (RO

showing the treatment of osteoporosis by GMSC therapy. BV/TV, bone volume/tissue vo

trabecular number; Tb.Sp, trabecular spacing; Tb.PF, trabecular pattern factor; n = 8. (D

The ratio of TRAP-positive cells in the field was counted in each group; n = 8. (E) Represen

injection of 10 mg/kg calcein at 14 and 2 days before sacrifice. Corresponding paramet

The levels of bone-remodeling markers secretion from the sham, model, PDF, and GM

experiments (mean ± SEM), *p < 0.05, **p < 0.01, ***p < 0.001 by Mann-Whitney tests
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GMSC Infusion Diminishes Osteoclast Formation and Promotes

Bone Formation In Vivo

To determine further why GMSCs alleviate the osteoporosis, we
analyzed osteoblasts and osteoclasts in bones of OVX mice through
tartrate-resistant acid phosphatase (TRAP) staining assessment and
dynamic bone formation. With respect to osteoclasts status, we not
only observed that GMSC treatment resulted in a lower number of
TRAP+ osteoclasts in vivo compared to untreated controls but also
that the PDF treatment group (Figure 1D) and histomorphometric
analysis of osteoclasts’ surface ratio decreased significantly (Fig-
ure 1D). With the use of calcein to show osteoid mineralization
function, we found a higher mineral apposition rate (MAR) in the
GMSC group (Figure 1E). Consistent with this finding, the clinical
bone formation markers osteocalcin (OC) and procollagen type
1-N-terminal propeptide (PINP) increased in serum after GMSC
treatment (Figure 1F). We also analyzed the osteoprotegerin
(OPG)-receptor activator of nuclear factor kB (NF-kB) ligand
(RANKL) system, since this axis is a crucial determinant of bone re-
modeling.21 The circulating RANKL increased after OVX and
reduced in GMSC-treated mice relative to control mice, whereas
OPG showed the opposite changes. In addition, the OPG/RANKL ra-
tio showed more obvious results (Figure 1F). Taken together, GMSC
treatment alleviates the osteoporosis by diminishing osteoclast for-
mation and promoting osteoblast formation.

GMSCs Contribute to Bone Formation after Injection into Mice

To determine whether GMSCs contributed to bone formation solely
by themselves without the participation of the immunoregulatory
function in vivo, we used a cell transplantation model (Figure 2A).
We observed that GMSC administration in immunocompromised
mice formed tissue clumps and generated bone organoids detected
by micro-computed tomography (micro-CT) (Figure 2B). To track
the distribution of GMSCs in the ovariectomized mouse model, we
used an in vivo imaging systems (IVIS) imaging system (Figure 2C).
GMSCs not only migrated into lung and liver but also into upper and
lower limbs (Figure S1A). Interestingly, the distribution of GMSCs
could not only be clearly visualized in bonemarrow tissue (Figure 2D)
but also detected by labeled GMSCs by flow cytometry (Figure S1B)
and fluorescence microscopy (Figure S1C). We systemically tracked
the distribution of GMSCs in bone marrow and found GMSCs en-
grafted to the host tissue for more than 8 weeks (Figure 2E). Thus,
GMSCs can migrate into bone marrow to achieve long-term thera-
peutic effects, presumably through paracrine and immune-regulatory
functions that modulate the local milieu. In addition to their robust
t Formation and Promoting Bone Formation in OVX Mice

l cells prepuce-derived fibroblasts (PDFs) or PBS (OVX) on 14 days after surgery, and

ur, tibiae, and blood were sampled at sacrifice. (B) Representative micro-CT images

I) was defined 1–2 mm away from epiphyses; n = 8. (C) Corresponding parameters

lume; BS/BV, bone surface area/bone volume; Tb.Th, trabecular thickness; Tb.Nb,

) Representative TRAP-stained femur tissue sections from the different groups’ mice.

tative calcein-labeling images exhibiting bone formation rates. Mice received double

ers showing osteoid mineralization function. MAR, mineral apposition rate; n = 4. (F)

SC treatment groups of OVX mice; n = 5. The results represent three independent

or t test or ANOVA test.
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osteogenesis capacity, we found that GMSCs promoted osteoblast
progenitor mineralization (Figure 2F). Based upon our previous study
indicating that GMSCs maintain their phenotype, osteogenic capac-
ity, and functional activity following injection into C57BL/6 mice,22

we also found that GMSCs can differentiate into osteoblasts in mouse
bone marrow tissue (Figure S1D). Our current findings strongly sug-
gest that GMSCs can directly contribute to bone formation in vivo.

Osteogenic Function of GMSCs Depends upon CD39

To identify the molecular signaling pathway(s) associated with
GMSC function, we used an RNA sequencing (RNA-seq) methodol-
ogy to analyze the differences between GMSCs and PDFs. We found
that RNA-seq could identify a much higher transcriptional level of
CD39 in GMSCs than in control cells, a difference that achieved sig-
nificant statistical significance (Figure 3A). This observation was
also further validated by the demonstration that the expression of
CD39 was significantly greater in GMSCs than in fibroblast via
qPCR and western blot analyses (Figures 3B and 3C). We observed
that pretreatment of GMSCs with a CD39 inhibitor (POM-1), but
not other inhibitors, almost completely abolished their osteogenic
activity in vitro (Figure 3D). These results were also confirmed by
quantification of hexadecyl pyridinium chloride monohydrate (Fig-
ure 3D). Pretreatment of POM-1 at doses employed failed to change
GMSC viability, including apoptotic and cell-proliferative activity
and excluding the possibility that these inhibitors nonspecifically
affected GMSCs and then altered their functional activity, support-
ing our previous findings (Figures S2A–S2C). Based on single-cell
sequence properties, we identified five GMSC clusters used by
t-distributed stochastic neighboring clusters that significantly
displayed higher activity than that in other clusters (Figure 3E).
Interestingly, BMP-2 and Runx2, genes that clearly associated with
osteogenesis, were also found to be higher in cluster 4 activity
than in other clusters (Figure 3E). Based upon these observations,
it seems likely that CD39 might reflect the osteogenesis function
of GMSCs. With the use of qPCR and western blotting, we further
examined the expression of genes related to osteoblast formation
and development, including Runx2 and Osx. Blockade of CD39 on
GMSCs significantly suppressed the expression of these genes as
well (Figures 3F and 3G).

Antagonist of CD39 Impairs the Bone Remodeling of GMSCs in

Osteoporosis

We further explored whether these mechanisms could have effects
of GMSCs on bone remodeling during osteoporosis in vivo. We
Figure 2. GMSCs Contribute to Bone Formation after Injection into Mice

(A and B) A 50-mL Matrigel plug containing 1 � 105 GMSCs was implanted subcutaneo

Representative gross look of subcutaneous tissue and micro-CT images illustrating o

taneous tissues, n = 3. (C–E) 2� 106 of GMSCs were fluorescently labeled with DiR and

(D) Representative digital IVIS images in different groups on 3 days after injection, n = 3.

different time points, n = 3. (F) GMSCs and osteoblast precursors (OBPs) cocultured (GM

with alizarin red staining. Representative gross look and image under microscope wer

chloride monohydrate in different treatment groups n = 3. The results represent three ind

Whitney tests or t test or ANOVA test.
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chose the CD39-specific inhibitor to pretreat GMSCs and then
transferred these GMSCs or unpretreated GMSCs into OVX
mice (Figure 4A). As shown in Figure 4, GMSCs displayed a clear
therapeutic effect on bone density, increased bone volume and
trabecular parameters, decreased the frequency of TRAP+ osteo-
clasts, promoted bone formation, and regulated the biomarkers
in bone remodeling. Blockade of CD39 signal on GMSCs almost
completely abrogated their effects on these manifestations (Figures
4B–4F). We additionally used short hairpin (sh)RNA to knock
down CD39 in GMSCs to confirm the function in vivo experiments
(Figures 4G and 4H; Figure S3).

CD39 Contributes to the Immunomodulation of GMSCs in

Osteoporosis

In addition to osteoblasts and osteoclasts, immune cells and in-
flammatory cytokines play an important role in the development
of osteoporosis as well.23 A number of studies have shown that
Tregs can inhibit osteoporosis in OVX mice.24–26 Moreover, previ-
ous research found that interleukin (IL)-17, produced by Th17
cells, further increases RANKL expression and promotes osteoclast
differentiation.27 Many cytokines contribute to Th17 differentia-
tion,28–30 which may also directly or indirectly promote osteoclast.
We previously reported that GMSCs not only suppressed Th1
and Th17 but also promoted Treg induction in mouse and
humanized animal model systems.12,13 To identify the immunoreg-
ulatory function of GMSCs in osteoporosis, we measured the levels
of lymphocytes, cytokines, and osteoclast precursors in different
groups.

Regulatory T cells were significantly increased, and the inflamma-
tory cells (interferon [IFN]-g+, IL-17+) were decreased in
bone marrow cells of GMSC-treated OVX compared to the OVX
model and PDF-treated OVX (Figures 5A and 5B). Pretreatment
of GMSCs with POM-1 also significantly abolished these changes
(Figures 5A and 5B). We also observed that osteoclast precursors
(CD115+ CD11b+) were reduced in bone marrow cells after
GMSC treatment (Figure 5C). To confirm this finding, we isolated
CD11b+ cells from bone marrow to induce osteoclast formation
and found that the osteoclast-inducing capacity of monocytes
in the GMSC-treated group was markedly lower than in other
groups (Figure 5D). These results further highlight the contribu-
tion of CD39 in promoting the immunomodulatory function(s)
of GMSCs in bone remodeling and in alleviating the progress of
osteoporosis.
usly in immunocompromised mice. (A) Schematic of the transplantation model. (B)

rganoids in a transplantation model. The quantification of bone volumes in subcu-

adoptively infused into C57BL/6 mice. (C) Schematic of the GMSC tracking model.

(E) Representative digital IVIS images and quantification of fluorescence intensity in

SCs to OBPs = 1:10) in the Transwell system; then induced osteogenesis followed

e shown under different conditions and the quantification by hexadecyl pyridinium

ependent experiments (mean ± SEM), *p < 0.05, **p < 0.01, ***p < 0.001 by Mann-
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GMSCs Exert Their Osteogenic Capacity by CD39 through the

Wnt/b-Catenin Pathway

In order to explore underlying mechanism(s) of CD39 on GMSCs in
regulating osteogenic functions, we used a quantitative RT-PCR array
to compare GMSCs and POM-1-pretreated GMSCs. We found that
Wnt3A displayed a remarkably high transcript level in GMSCs
compared to blockade of the CD39 population (Figure 6A). The pro-
tein level of Wnt3A also decreased in POM-1-pretreated GMSCs
(Figure 6B). In addition, data obtained from laser confocal experi-
ments indicated that overnight pretreatment of GMSCs with the
CD39 inhibitor decreased the concentration of b-catenin in the nu-
cleus of GMSCs (Figure 6C). We further demonstrated that the oste-
ogenic function of POM-1-pretreated GMSCs was restored by addi-
tion of Wnt3A protein to the osteogenic medium (Figure 6D).
These results suggest that the CD39-specific inhibitor suppresses
the expression of the Wnt3A gene, thereby reducing intranuclear
transcription of b-catenin and ultimately resulting in a loss of the
osteogenic potential of GMSCs. Since Wnt signaling pathway is one
of the strongest paracrine signals stimulating osteogenesis, we further
demonstrated that blocking CD39 on GMSCs affected their capacity
to secrete soluble (s)Wnt3A in the cell culture supernatant (Fig-
ure 6E). These results also confirmed that blocking CD39 reduced
the paracrine mineralization-inducing effects of osteoblast progenitor
cells (Figure 6F).

DISCUSSION
There are over 200 million individuals suffering from osteoporosis
throughout the world and more than one-third of menopausal
women who experience osteoporotic fractures after the age of 50.31

Current drug treatment regimens consist mainly of antiresorptive
agents, which are unable to stimulate new bone formation. The
only osteoanabolic-approved drug, recombinant parathyroid hor-
mone (rPTH [teriparatide]), must be discontinued after 2-year usage
because prolonged duration of treatment may increase risk of bone
neoplasia, limiting its usefulness for life-long treatment.2

GMSCs, like other MSCs, are progenitor cells with a capacity of im-
munomodulation and repair regeneration.7 We have previously re-
ported that GMSC infusion may be a promising therapeutic approach
for rheumatoid arthritis, graft-versus-host disease (GVHD), type 1
diabetes mellitus (T1DM), stroke, and other autoimmune and/or in-
flammatory diseases.12–16 We recently reported GMSCs suppressed
osteoclastogenesis and bone erosion in autoimmune arthritis.18 In
the current study, we demonstrated that GMSCs not only directly
Figure 4. Antagonist of CD39 Impairs the Bone Remodeling in Osteoporosis

OVXmice were treated with GMSCs or CD39 blocking GMSCs (POM-1) or PBS (OVX) o

after injection. (A) Study design of the experiment. Femur, tibiae and blood were sampled

the distal metaphysis of femur. ROI was defined 1–2mm away from epiphyses, n = 8. (C)

completely abrogated their effects, n = 8. BV/TV, bone volume/tissue volume; BS/BV

number; Tb.Sp, trabecular spacing; Tb.PF, trabecular pattern factor. (D) Representative

cells in the field and the mineral apposition rate was counted, n = 8. (E) Representative ca

(F) The levels of bone-remodelingmarkers secretion from themodel, GMSCs, and GMSC

GMSCs and transfectedGMSCswas determined using western blotting, n = 3. (H) Repre

of femur, n = 5. The results represent three independent experiments (mean ± SEM), *
suppressed the formation of osteoclasts but also promoted osteoblast
formation, eventually contributing to the balance of the osteoblast-to-
osteoclast ratio and to potential treatment of osteoporosis. This leads
to an important implication: that GMSCs, in the near future, may be
deployed in clinical transplantation therapy. Indeed, our recent
preclinical safety studies have demonstrated that GMSC infusion
therapy is both feasible and fairly safe,22 moving this possibility for-
ward toward eventual clinical implementation.

Due to the low immunogenicity of MSCs, GMSCs have been demon-
strated to be useful mouse and humanized animal models.12,13 In the
present study, we chose fibroblasts as a control cell, not only because
of their morphologic similarity to GMSCs, but also because of their
diverse biological activities. This control has helped to exclude the
possibility of a nonspecific role that GMSCs may be playing in the
treatment of osteoporosis.

We recently systemically studied the dynamic distribution and fates
of GMSCs through various routes of injection and found that GMSCs
are distributed and survive in many important organs.22 It has been
previously reported that although a part of MSCs are trapped in the
lungs after injection into mice, enough cells are still available to reach
their bone marrow target to ensure stable engraftment.32 Here, we
confirmed that transferred GMSCs can distribute in bone marrow.
Therefore, it is reasonable to conclude that GMSCs can specifically
regulate bone remodeling in their bone marrow niche.

There is now convincing evidence to document that MSCs have
osteogenic repair ability.33,34 In recent years, additional studies
have shown that MSCs can also lead to bone mineralization in
animal model systems.35 In addition, MSCs can support microen-
vironments for bone promotion in host tissue. As previously
reported, MSCs may promote osteoblastogenesis by reducing
tumor necrosis factor (TNF)-a levels at the injured site. Mechanis-
tically, this occurs by the known action of TNF-a to inhibit
osteoblastogenesis by inhibiting the expression of essential tran-
scription factors for bone formation, although the TNF-a receptor
signal is somewhat complicated.36–38 An interesting experimental
study showed that transplanted MSCs promote fracture healing
by expressing BMP-2, which induces bone and cartilage forma-
tion.39 It was also proved that vascular endothelial growth factors
secreted by MSCs enhance osteoblast proliferation and differentia-
tion.40 Herein, we have shown that GMSCs not only display strong
osteogenic differentiation capability but also manifest a facilitated
r transfected GMSCs on 14 days after surgery, and mice were sacrificed on 56 days

at sacrifice. (B) Representativemicro-CT images illustrating trabecular bonemass of

Corresponding parameters showing blockade of the CD39 signal on GMSCs almost

, bone surface area/bone volume; Tb.Th, trabecular thickness; Tb.Nb, trabecular

TRAP-stained and calcein-labeling images in each group. The ratio of TRAP-positive

lcein-labeling images in each group. Themineral apposition rate was counted, n = 4.

s pretreated with CD39 inhibitor groups of OVXmice, n = 5. (G) CD39 expression on

sentative micro-CT images illustrating trabecular bonemass of the distal metaphysis

p < 0.05, **p < 0.01, ***p < 0.001 by Mann-Whitney tests or t test or ANOVA test.
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in vitro and in vivo capacity for osteogenesis from osteoblast
progenitors.

CD39 is a transmembrane hydrolase that degrades extracellular
ATP to adenosine, which is known to display anti-inflammatory
effects on immune cells.41–43 Moreover, CD39 has been
previously reported to be involved in the suppressive activity of
CD4+forkhead box p3 (Foxp3)+ Tregs and CD8+ Tregs,44–47 which
are not only known to be important immune suppressors but also
to inhibit directly or indirectly osteoclast activity.48–51 In our pre-
vious study, we found the suppressive function of GMSCs to be
carried out by the CD39-CD73-adenosine signal pathway, and pre-
treatment of GMSCs with a CD39 inhibitor distinctly, significantly
abolished their immunosuppressive function.18 Adenosine recep-
tors also regulate bone remodeling. The A1 receptor is constitu-
tively activated and required for osteoclast differentiation and
function, whereas the A2A receptor exerts the opposite effect.52

A2B adenosine receptor has been reported to promote MSC differ-
entiation to osteoblasts and bone formation.53 Recently, it has been
demonstrated that CD39/CD73 expression and extracellular aden-
osine levels in the bone marrow are substantially decreased in an-
imals with osteoporotic bone loss.54 Here, we demonstrated that
CD39 plays an important role in the osteogenic function of
GMSCs, partially through the Wnt/b-catenin axis. Thus, CD39
signaling not only regulates the suppression of osteoclasts and pro-
motion of osteoblasts but also provides a crucial molecular target
for treatment of bone-related diseases.

The Wnt proteins are a family of 19 highly conserved, secreted glyco-
proteins that display important roles in regulating osteoblast lineage
cells.55,56 b-catenin will enter the nucleus whenWnt binds to Frizzled
receptors and their coreceptors; subsequently, b-catenin stimulates
the transcription of osteogenic target genes, such as Runx2 and
Osx.57,58 In addition, canonical Wnt signaling is known to suppress
osteoclastogenesis by inducing OPG, which regulates bone remodel-
ing.59,60 The Wnt signaling pathway has, therefore, emerged as a crit-
ical regulatory component of processes that control bone formation
and bone resorption, therefore providing new therapeutic targets
for the management of osteoporosis.61

In conclusion, we have demonstrated that GMSCs regulate the bal-
ance of osteoclasts and osteoblasts in osteoporosis by a CD39-depen-
dent Wnt/b-catenin signaling pathway. Our data suggest that appli-
cation of GMSCs represents a new, potential therapeutic approach
for patients with osteoporosis and other related bone-related diseases
and highlight the key role of CD39 in GMSC function.
Figure 5. CD39 Contributes to the Immunomodulation of GMSCs in Osteoporo

OVX mice were treated with GMSCs, CD39-blocking GMSC (POM-1), or PBS (OVX) 1

expression of Foxp3 by CD4+ T cells in bone marrow cells was determined by flow cyto

cells was determined by flow cytometry, n = 4. (C) The osteoclast precursors (CD115+

CD11b+ cells from bone marrow to induced osteoclast formation, followed with TRAP

positive osteoclast numbers of per area under different conditions were quantified, n = 4.

0.01, ***p < 0.001 by Mann-Whitney tests or t test or ANOVA test.
MATERIALS AND METHODS
Mice

C57BL/6 mice (female, 6–8 weeks old) and nonobese diabetic/severe
combined immunodeficient (NOD/SCID) mice (female, 6–8 weeks
old) were obtained from Beijing Vital River Laboratory Animal Tech-
nology and Jackson Laboratory. All mice were housed in the center of
experimental animals of the Sun Yat-sen University and The Ohio
State University Wexner Medical Center. The use of animals was
approved by the Institutional Animal Care and Use Committee at
Sun Yat-sen University and The Ohio State University.
GMSCs

Human gingival tissue samples were collected by routine dental pro-
cedures at the Oral andMaxillofacial Surgery Clinic in the Division of
Dentistry at the Third Affiliated Hospital of Sun Yat-sen University
and The Ohio State University and were approved by the medical
ethics committees of the Institutional Review Boards (IRB) at the
two institutions. Human GMSCs were prepared from these samples,
as previously described.13,62
Mouse Models

At 8 weeks of age, mice were either sham or ovariectomized. Surgi-
cally removed ovaries were examined by the histology to verify suc-
cessful ovariectomy. 2 � 106 GMSCs or human dermal fibroblasts
(control cells) were intravenously injected into each mouse on day
14 after surgery. To determine underlying mechanisms, GMSCs
were pretreated with CD39 inhibitor POM-1 (Tocris Bioscience;
100 mM) overnight and washed twice with PBS before being injected
into mice. Mice were subsequently analyzed at 18 weeks of age for
assessment of dynamic bone formation by intraperitoneal calcein in-
jection (10 mg/kg per mouse) at 14 days and 2 days prior to comple-
tion of the experiments, which were repeated at least three times.
GMSCs that had been used at each time period were obtained from
different donors, and mice in each experimental time interval
received the same cell population from the same donor.
Micro-CT Analysis

CT imaging was performed using Siemens Inveon CT Scanner, and
voxel size is 9 mm. Image reconstruction was carried out using Inveon
Acquisition workplace software. Trabecular bone densities were
manually segmented from cortical bone, and trabecular bone param-
eters were analyzed over 100 slices, starting 1 mm distal from the
growth plate.
sis

4 days after surgery, and mice were sacrificed on 56 days after injection. (A) The

metry, n = 4. (B) The expression of IFN-g and IL-17 by CD4+ T cells in bone marrow

CD11b+) in bone marrow cells were determined by flow cytometry, n = 4. (D) Isolate

staining. Representative images of osteoclast generation in each group and TRAP-

The results represent three independent experiments (mean ± SEM), *p < 0.05, **p <
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ELISA

Mouse OPG, sRANKL, OC, PINP in serum/plasma, and human
sWnt3A in cell culture supernatants were measured using the ELISA
kit (Elabscience Biotechnology), according to the manufacturer’s
instruction.

Histology

Mice femurs were fixed in formalin, embedded in paraffin, and
sectioned. TRAP staining was performed with a TRAP kit (Sigma-Al-
drich; 387A). MAR was performed on methacrylate-embedded, un-
decalcified plastic sections. All quantifications were performed by dig-
ital image analysis.

Flow Cytometric Analysis

For cytometric flow analysis, cells were prepared in single-cell suspen-
sions. Antibodies against mouse CD3, CD4, CD115, IFN-g, IL-17a,
Foxp3, and isotype were obtained from BioLegend. Results were ob-
tained on a Becton Dickinson (BD) fluorescence-activated cell sorting
(FACS) Fortessa flow cytometer and analyzed using FlowJo.

Osteoclastogenesis

CD11b+ cells were isolated from bone marrow of mice by autoMACS
with biotin anti-mouse CD11b antibody (BioLegend) and anti-biotin
MicroBeads (Miltenyi Biotec), purity >95%. The CD11b+ cells were
suspended and cultured in 48 wells in a-minimum essential medium
(MEM) culture medium (containing 10% fetal bovine serum [FBS])
in the presence of mouse macrophage colony-stimulating factor
(M-CSF; 50 ng/mL) for 3 days and then stimulated with mouse
RANKL (50 ng/mL) (R&D Systems) and mouse M-CSF (50 ng/mL)
(R&D Systems) for an additional 6 days to induce osteoclast forma-
tion. To evaluate osteoclast formation, cells were stained with a
TRAP kit (Sigma-Aldrich; 387A), according to the manufacturer’s
instructions, and TRAP+ cells were enumerated by microscopy.51

Osteogenesis

BMSCs were purchased from Cyagen Biosciences as osteoblast pro-
genitors (OBPs). OBPs were cocultured with GMSCs (GMSCs to
OBPs = 1:10) in a Transwell system using the StemPro Osteogenesis
Diff Kit (Gibco), according to the manufacturer’s protocol. Calcifica-
tion was verified by alizarin red staining.

To determine GMSC osteogenesis function, GMSCs were induced
using the StemPro Osteogenesis Diff Kit (Gibco), according to the
manufacturer’s protocol. Calcification was verified by alizarin red
Figure 6. GMSCs Exert Their Osteogenic Capacity by CD39 through the Wnt/b

Pretreated with the CD39 inhibitor (POM-1, 100 mM) overnight, GMSCs were used in th

GMSCs. (B) Western blotting of CD39 and Wnt3A levels of the GMSCs and POM-1-p

expression in the nucleus was detected by immunofluorescence on GMSCs and POM

Wnt3A protein (R&D Systems [R&D]; 25 ng/mL). Representative gross look, followed

conditions and the quantification by hexadecyl pyridinium chloride monohydrate in diffe

supernatant from GMSCs or POM-1-pretreated GMSCs, n = 3. (F) GMSCs or POM-1-p

1:10) in the Transwell system; then, induced osteogenesis followed with alizarin red st

pendent experiments (mean ± SEM), *p < 0.05, **p < 0.01, ***p < 0.001 by Mann-Whi
staining. Quantification was solubilized by 100 mM hexadecyl pyridi-
nium chloride monohydrate for 30 min and measured at 540 nm. To
determine underlying molecular mechanisms in different groups,
GMSCs were pretreated with the CD39 inhibitor (POM-1), indole-
amine-2,3-dioxygenase (IDO) inhibitor (1-methyl-L-tryptophan
[1-MT]; Sigma-Aldrich; 500 mM), p38 inhibitor (SB203580; Sigma-
Aldrich; 10 mM), activin receptor-like kinase 5 (ALK5) inhibitor
(LY364947; Sigma-Aldrich; 20 mM), selective cyclooxygenase 1
(COX-1) inhibitor (indomethacine; Sigma-Aldrich; 20 mM), or selec-
tive COX-2 inhibitor (NS-398; Sigma-Aldrich; 20 mM).
GMSC Transplantation Model

As previously described,35,63,64, 8- to 10-week-old female immuno-
compromised mice were anesthetized. A 50-mL Matrigel plug
(Corning Matrigel Growth Factor Reduced Basement Membrane
Matrix, 356231) containing 1 � 105 GMSCs was implanted subcu-
taneously, and the contralateral site was injected with a Matrigel
plug as a control. Animals were euthanized by CO2 after 5 weeks.
After death, subcutaneous tissues at the injection site were fixed
with 4% paraformaldehyde (PFA), and bone formation was detected
by micro-CT.
GMSC Tracking in Bone Marrow

To investigate whether transferred GMSCs can migrate into bone
marrow, 2 � 106 of GMSCs were fluorescently labeled with DiR (In-
vitrogen) and adoptively infused into C57BL/6 mice. Femurs of
GMSC-transferred mice were imaged using an IVIS imaging system
to determine the distribution of GMSCs. Because of limited fluores-
cence wavelength-detection capability, we used the Cell Tracker
Red CMTPX dye (Thermo Fisher Scientific)-labeled GMSCs injected
into another cohort of mice. With the use of this modification, the
bone marrow cells were detected by a Leica fluorescence microscope
and BD FACS Fortessa flow cytometer to confirm the ratio of GMSCs.
Transfection

Lentiviral vectors, expressing an shRNA (sequence 50-CCTTC
TGCAAGGCTATCATTT-30) against CD39, were designed, con-
structed, amplified, and purified by GenePharma (Shanghai, China),
and a negative control recombinant vector, which expressed green
fluorescence protein, was also generated. Transfection was applied
for knockdown, according to the manufacturer’s protocol (Gene-
Pharma). After 8 h of transfection, GMSCs were washed and cultured
in normal growth medium for 72 h before use.
-Catenin Pathway

e experiments. (A) Quantitative RT-PCR array of the GMSCs and POM-1-pretreated

retreated GMSCs. The relative density to GAPDH was shown, n = 3. (C) b-catenin

-1-pretreated GMSCs, n = 3. (D) To induce osteogenesis, with or without human

with alizarin red staining and image under microscope, was shown under different

rent treatment groups, n = 3. (E) The levels of soluble Wnt3A secretion in cell-culture

retreated GMSCs cocultured with osteoblast precursors (OBPs) (GMSCs to OBPs =

aining. (G) Schematic of the working hypothesis. The results represent three inde-

tney tests or t test or ANOVA test.

Molecular Therapy Vol. 28 No 6 June 2020 1529

http://www.moleculartherapy.org


Molecular Therapy
qPCR

Total RNA was extracted from GMSCs with a RNeasy Mini Kit
(Omega; R6834-2), and cDNA was synthesized using RT-Master
Mix (Takara). Runx2, Osx, mitogen-activated protein kinase
(MAPK), STAT3, NF-kB, JAK, Fas-L, transforming growth factor b
receptor (TGF-bR), mammalian target of rapamycin (mTOR), and
IL-10 mRNA expression was quantified by using TB Green Premix
Ex Taq II (Takara). Analysis of samples was performed in triplicate,
and the relative expression of the above molecules was determined
by normalizing the expression of each target gene to glyceraldehyde
3-phosphate dehydrogenase (GAPDH) by using the 2-DDCt method.
Western Blot

GMSCs were collected and lysed by lysing buffer (Sigma). Protein ex-
tracts were separated by 10% polyacrylamide-SDS gels and electro-
blotted onto nitrocellulose membranes (GenScript). After blocking
with 5% nonfat dry milk/Tris-buffered saline (TBS), the membranes
were incubated with antibodies against CD39 (Abcam), Osx (Ab-
cam), Runx2 (Cell Signaling Technology [CST]), and Wnt3A (Cell
Signaling Technology), followed by incubation with horseradish
peroxidase (HRP)-conjugated secondary antibody (Cell Signaling
Technology). The blots were normalized to GAPDH to read out
(Cell Signaling Technology).
RNA-Seq and Single-Cell Sequence

GMSCs and fibroblasts were prepared as described above,62 and total
RNA was extracted with the RNeasy mini kit (Invitrogen). cDNA li-
brary construction and Illumina sequencing were completed by Bei-
jing Novogene Bioinformatics Technology. Briefly, sequencing li-
braries were generated using the NEBNext Ultra RNA Library Prep
Kit, following the manufacturer’s recommendations. The products
were sequenced on an Illumina HiSeq platform using a 125-bp/
150-bp paired-end mode. Single cells were encapsulated into emul-
sion droplets using the Chromium Controller (10x Genomics).
Single-cell sequence libraries were constructed using the Chromium
Single Cell 30 version (v.)2 Reagent Kit, according to the manufac-
turer’s protocol. RNA-seq data used in this study are available at
the NCBI Sequence Read Archive (SRA) database under accession
number NCBI: PRJNA540091.
Immunofluorescence Staining

The cell slides were fixed in 1% PFA for 15 min at room temperature,
followed by permeabilization in 0.5% Triton X-100 for 20 min, block-
ing overnight in 6% BSA in PBS-T (PBS containing 0.3% Tween) and
incubated with primary antibody (CST; 8480) in blocking solution
overnight. The slides were then washed twice in PBS-T and incubated
with secondary antibodies (AlexaFluor 675 goat anti-rabbit immuno-
globulin G [IgG]; 1:100 in 0.03% BSA) for 2 h before final washes in
PBS-T and examined in high-resolution confocal images obtained
using a Leica confocal microscope equipped with a 100� objective
lens (Leica).
1530 Molecular Therapy Vol. 28 No 6 June 2020
Statistical Analysis

For comparison of treatment and control groups, we performed
Mann-Whitney tests (where appropriate), unpaired t tests, paired t
tests, and one-way or two-way ANOVA (where appropriate)
methods. All statistical analyses were performed by GraphPad Prism
software. p < 0.05 was considered as statistically significant.
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Supplementary Fig.1

Supplementary figure 1

(a-c) 2×106 of GMSC were fluorescently labeled with DIR and adoptively infused into C57BL/6 mice, and mice were sacrificed on 

3 days after injection. (a) Representative digital IVIS images were shown. (b) The labeled GMSC in bone marrow were 

determined by flow cytometry on 3 days after injection. (c) The labeled GMSC in bone marrow were detected by fluorescence 

microscope on 3 days after injection. (d) OVX mice were treated with transfected GMSC on 14 days after surgery, and mice were

sacrificed on 56 days after injection. Osx and GFP expression in femur tissue sections was detected by immunofluorescence. 

The results represent three independent experiments (mean ± SEM), * P<0.05, **P<0.01, ***p<0.001 by Mann-Whitney tests, t 

test or ANOVA test.



Supplementary Fig.2

Supplementary figure 2

(a) GMSC were pretreated with CD39 inhibitor (POM1, 100μM) overnight and then cultured for 24h, 48h and 72h, the cell 

proliferation was detected using CCK8 assay. (b) GMSC were cultured for 24h, 48h and 72h in the presence of CD39 inhibitor 

(POM1, 100μM), the cell proliferation was detected using CCK8 assay. (C) GMSC were pretreated with CD39 inhibitor (POM1, 

100μM) overnight, the apoptosis rate was determined by flow cytometry. The results represent three independent experiments 

(mean ± SEM), * P<0.05, **P<0.01, ***p<0.001 by Mann-Whitney tests, t test or ANOVA test.



Supplementary Fig.3

Supplementary figure 3

(a-c) OVX mice were treated with GMSC or transfected GMSC on 14 days after surgery, and mice were sacrificed on 56 days 

after injection. Corresponding parameters showing the treatment of osteoporosis by GMSC therapy. Abbreviations: BV/TV, bone 

volume / tissue volume; Tb.Nb, trabecular number; Tb.Sp, trabecular spacing. The results represent three independent 

experiments (mean ± SEM), * P<0.05, **P<0.01, ***p<0.001 by Mann-Whitney tests, t test or ANOVA test.
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