
Page 1/30

Extracellular vesicles from  deciduous pulp stem
cells recover bone loss by regulating telomerase
activity in an osteoporosis mouse model
Soichiro Sonoda 

Kyushu University
Sara Murata 

Kyushu University
Kento Nishida 

Kyushu University
Hiroki Kato 

Kyushu University
Norihisa Uehara 

Kyushu University
Yukari N. Kyumoto 

Kyushu University
Haruyoshi Yamaza 

Kyushu University
Ichiro Takahashi 

Kyushu University
Toshio Kukita 

Kyushu University
Takayoshi Yamaza  (  yamazata@dent.kyushu-u.ac.jp )

https://orcid.org/0000-0001-7055-3370

Research

Keywords: Human deciduous pulp stem cells, Extracellular vesicles, MicroRNA, Telomerase activity,
Osteoporosis

Posted Date: June 30th, 2020

DOI: https://doi.org/10.21203/rs.3.rs-20407/v2

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-20407/v2
mailto:yamazata@dent.kyushu-u.ac.jp
https://orcid.org/0000-0001-7055-3370
https://doi.org/10.21203/rs.3.rs-20407/v2
https://creativecommons.org/licenses/by/4.0/


Page 2/30

Version of Record: A version of this preprint was published on July 17th, 2020. See the published version
at https://doi.org/10.1186/s13287-020-01818-0.

https://doi.org/10.1186/s13287-020-01818-0


Page 3/30

Abstract
Background: Systemic transplantation of stem cells from human exfoliated deciduous teeth (SHED)
recover bone loss in animal models of osteoporosis; however, the mechanisms underlying this remain
unclear. Here, we hypothesized that trophic factors within SHED-releasing extracellular vesicles (SHED-
EVs) rescue osteoporotic phenotype.

Methods: EVs were isolated from culture supernatant of SHED. SHED-EVs were treated with or without
ribonuclease and systemically administrated into ovariectomized mice, followed by the function of
recipient bone marrow mesenchymal stem cells (BMMSCs) including telomerase activity, osteoblast
differentiation, and sepmaphorine-3A (SEMA3A) secretion. Subsequently, human BMMSCs were
stimulated by SHED-EVs with or without ribonuclease treatment, and then human BMMSCs were
examined the function of telomerase activity, osteoblast differentiation, and SEMA3A secretion.
Furthermore, SHED-EVs treated human BMMSCs were subcutaneously transplanted into dorsal skin of
immunocompromised mice with hydroxyapatite tricalcium phosphate (HA/TCP) careers and analyzed
the de novo bone forming ability.

Results: We revealed that systemic SHED-EV-infusion recovered bone volume in ovariectomized mice and
improved the function of recipient BMMSCs by rescuing the mRNA levels of Tert and telomerase activity,
osteoblast differentiation, and SEMA3A secretion. Ribonuclease treatment depleted RNAs, including
microRNAs, within SHED-EVs and these RNA-depleted SHED-EVs attenuated SHED-EV-rescued function of
recipient BMMSCs in the ovariectomized mice. These �ndings were supported by in vitro assays using
human BMMSCs incubated with SHED-EVs.

Conclusion: Collectively, our �ndings suggest that SHED-secreted RNAs, such as microRNAs, play a
crucial role in treating postmenopausal osteoporosis by targeting the telomerase activity of recipient
BMMSCs.

Background
Stem cells from human exfoliated deciduous teeth (SHED) are isolated from the pulp tissues of
deciduous teeth, and exhibit self-renewal properties and differentiate into osteoblasts, chondrocytes,
adipocytes, neural cells, endothelial cells, and hepatocytes [1,2]. SHED also exhibit improved properties
including colony formation, proliferation, and immunomodulatory function, and are less tumorigenic than
bone marrow mesenchymal stem cells (BMMSCs) [3,4]. Human clinical trials aimed at treating trauma-
induced tooth injury [5] as well as animal pre-clinical studies for diseases including systemic lupus
erythematosus (SLE), spinal injury, and Wilson’s disease [2,3,6,7] have reported that SHED are promising
candidates for cell-based therapies [8]. Systemic SHED transplantation-based therapy employs multiple
mechanisms, including direct conversion into target tissue-speci�c cells, release of trophic factors, and
cell-cell contact [3,6,7,9–11].
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Recent studies have also shown that systemic SHED transplantation increases bone volume in SLE-
model Fas-mutated MRL/lpr mice and postmenopausal osteoporosis-model ovariectomy-induced (OVX)
mice, but the frequency of engrafted SHED in recipient bone tissues were very low [12,13]. Further, the
interplay between SHED and other immune cells, especially T cells, via the Fas ligand-Fas pathway
improves osteoporotic phenotype in OVX mice [13]. Osteoporotic condition in MRL/lpr and OVX mice
impairs the functions of endogenous BMMSCs [14,15]. Speci�cally, systemic SHED transplantation
rescues recipient BMMSC function in MRL/lpr and OVX mice [12–15]. However, the mechanism(s) of
rescuing recipient BMMSC function underlying SHED transplantation remains unclear.

Telomerase reverse transcriptase (TERT) is the main catalytic telomerase subunit that is required to
maintain telomere length [16]. Although telomerase activity is undetectable in most normal human
somatic cells, it acts at varying degrees in stem/progenitor cells [17], which induces feedback regulation
[18]. This activity confers properties of self-renewal, proliferation, osteogenic differentiation, and tissue
regeneration in mesenchymal stem cells (MSCs) [19–21] and is also involved in immunomodulating
donor MSCs to improve systemic sclerosis-like symptoms in Tsk/+ mice [22]. However, it is not fully
understood whether telomerase activity of recipient organs/tissues/cells can be targeted in SHED-based
therapy.

Extracellular vesicles (EVs) are membrane-bound vesicles secreted from cells that exist as either
exosomes (40–100 nm in diameter) or plasma membrane-derived microvesicles (100–1000 nm in
diameter). Stem cell-derived EVs contain enriched small RNAs, mostly microRNAs (miRNAs) as compared
to parental cells [23], participate in intercellular communication and therapeutic effects [24]. SHED are
able to release EVs including exosomes and microvesicles [25]. Administration of SHED-EVs abrogate
disease-speci�c disorders associated with acute in�ammation, brain injury, and Parkinson’s disease [26–
28]. However, the therapeutic e�cacy and mechanisms of SHED-EV-based cell-free therapy remain
unclear in postmenopausal osteoporosis. Thus, in the present study, we identi�ed important roles of
SHED-EVs in rescuing the recipient BMMSC function via activation of telomerase activity, and we suggest
that SHED-EV-based cell-free therapy might be a novel therapeutic strategy for postmenopausal
osteoporosis.

 

Methods
Mice

C57BL/6J mice (female, 8 weeks old) and Balb/c nu/nu mice (female, 10 weeks old) were purchased
from CLEA Japan, Inc. (Tokyo, Japan). All animal experiments were approved by the Institutional Animal
Care and Use Committee of Kyushu University (Approval Number: A21-044-1).
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Antibodies

Additional �le 1: Supplementary Table1 lists the antibodies used in this study.

 

Isolation, culture, and characterization of SHED, human BMMSCs, and mouse BMMSCs

SHED, human BMMSCs (hBMMSCs), and mouse BMMSCs (mBMMSCs) were isolated and cultured
according to previous reports [1,29]. The isolated cells were characterized as MSCs according to the
published criteria [30]. The details have been described in the Additional �le 1: Supplementary Methods.

 

Isolation, characterization, and ribonuclease A treatment of SHED-EVs

Conditioned medium (CM) was collected from three-day SHED cultures with Dulbecco’s minimum
essential medium low glucose type (Thermo Fisher Scienti�c, Waltham, MA). The CM was centrifuged at
500 ×g for 5 min and used for SHED-EV isolation using the exoEasy Maxi kit (Qiagen, Valencia, CA)
according to the manufacturer’s protocol. SHED-EV particle size was measured using the qNano analyzer
(Izon Science, Christchurch, New Zealand). A fraction of the SHED-EVs were treated with ribonuclease A
(RNase A; 5 U/mL; Thermo Fisher Scienti�c) at 37 °C for 3 h and incubated with RNase inhibitor (40
U/mL; Thermo Fisher Scienti�c) at room temperature for 10 min followed by ultracentrifugation at
110,000 ×g for 1 h. SHED-EVs were subjected to �ow cytometry (FCM) analysis using the ExoAB Antibody
kit (ExoAB-KIT-1, System Bioscience, Palo Alto, CA) and R-phycoerythrin-conjugated anti-rabbit IgG (Cell
Signaling Technology, Danvers, MA) according to the manufacturer instructions. Total proteins were
extracted from the SHED-EVs and SHED using the M‐PER mammalian protein extraction reagent (Thermo
Fisher Scienti�c) with proteinase inhibitor cocktail (Nacalai Tesque) and quanti�ed using a Bio-Rad
protein assay (Bio-Rad, Hercules, CA) following which they were used for Western blotting. Total RNA was
extracted from SHED-EVs using a miRNeasy Mini kit (Qiagen) according to the manufacturer’s
instructions. RNA quality and quantity were determined using the Agilent 2100 Bioanalyzer (Agilent Santa
Clara, CA).

 

Systemic infusion of SHED-EVs into mice with postnatal osteoporosis

Ovariectomized female C57BL/6J mice (10 weeks old; OVX mice) were intravenously administered SHED-
EVs (100 μg in 100 μL PBS) pretreated with or without ribonuclease A (RNase) two days post-surgery and
sacri�ced four weeks post-surgery. Age-matched sham-operated C57BL/6J and OVX mice infused with
PBS (100 mL/10g body weight) served as experimental controls.
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In vivo and in vitro tracing assays

Carboxy�uorescein diacetate succinimidyl ester (CFSE; Thermo Fisher Scienti�c) or PBS was used for
labeling according to the kit instructions. CSFE-labeled SHED-EVs (100 μg in 100 μL PBS) were
intravenously infused into OVX mice (10 weeks old) 2 days post-surgery. After three days of infusion,
prepared frozen sections were mounted using Vectashield mounting medium containing 4′,6-diamidino-2-
phenylindole (Vector Laboratories, Burlingame, CA, USA). CSFE-labeled SHED-EVs (20 mg/mL) were
incubated with cultured hBMMSCs for three days and were subjected to histological and FCM analyses.

 

Bone analysis by micro-computed tomography

We used third vertebral bodies for bone assays, because of the difference of strain and skeletal site on
bone reduction and therapeutic action in mouse estrogen-de�cient condition [31,32]. Bone mineral density
(BMD) and bone structural indices including trabecular bone volume versus total volume (BV/TV),
trabecular numbers (Tb.N), and trabecular thickness (Tb.Th) of mouse third lumber vertebrae (L3) were
analyzed using a 1076 micro-computed tomography (micro-CT) system micro-CT scanner (Skyscan,
Kontich, Belgium) and the CTAn software (Skyscan) as described previously [12]. Density values were
calibrated using hydroxyl apatite phantoms with BMD values of 0.25 and 0.75 g/cm3 (Skyscan).

 

Telomerase activity analysis

Telomerase activity was analyzed by quantitative telomerase repeated ampli�cation protocol (RQ-TRAP)
using a quantitative telomerase detection kit (Allied Biotech, Inc., Ijamsville, MD) according to the
manufacturer’s instructions as reported previously [29]. HEK293T cells were used as the positive control.
Heat-inactivated cell lysates were used as negative controls.

 

Colony forming units-�broblast assays

Colony forming units-�broblast (CFU-F) assays was performed as described in the Additional �le 1:
Supplementary Methods.

 

Cell proliferation assay

Bromodeoxyuridine (BrdU)-uptake assay was performed as described in the Additional �le 1:
Supplementary Methods.
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Surface antigen analysis

BMMSCs (0.1 × 106) were stained with R-phycoerythrin-conjugated antibodies (1 μg) or isotype-matched
control antibodies and analyzed by FCM as described in the Additional �le 1: Supplementary Methods.

 

In vitro osteoblast function of mouse and human BMMSCs

Mouse and human BMMSCs were cultured under osteogenic condition [29]. Gene and protein expression
of osteoblast functional markers were assayed by reverse transcription-quantitative polymerase chain
reaction (RT-qPCR), Western blot analyses and enzyme-linked immunosorbent assay (ELISA) one week
after the osteogenic induction. Mineralized tissue formation was analyzed by Alizarin Red-S staining four
weeks after the osteogenic induction. Seven representative images were randomly selected to measure
the area of Alizarin Red-S-positive area per total culture disk area using the Image J software (National
Institutes of Health, Bethesda, MA).

 

RT-qPCR

RT-qPCR was performed as described in the Additional �le 1: Supplementary

Results
Systemic SHED transplantation rescues impaired BMMSC function through telomerase activity in
recipient OVX mice

In this study, female C57BL/6 mice (10 weeks old) were ovariectomized and used to understand whether
estrogen de�ciency affects BMMSCs. To understand the stemness of BMMSCs, we analyzed the
capacities of colony formation, cell proliferation, and cell surface antigen expression. CFU-F and BrdU
assays showed enhanced colony formation and decreased proliferation, respectively, in BMMSCs derived
from OVX mice (OVX-BMMSCs) in comparison to BMMSCs derived from Sham-mice (Sham-BMMSCs)
(Additional �le 1:Supplementary Figure 1a). CD146 have been reported as a strong candidate for a critical
marker of MSCs because of the self-renewing and tissue organizing ability in osteogenic progenitors [33].
Therefore, we examined the expression of the primitive marker CD146 in recipient BMMSCs for evaluating
their stemness and function. FCM analysis revealed that only CD146 and CD73 levels were decreased in
OVX-BMMSCs compared to Sham-BMMSCs (Additional �le 1: Supplementary Figure 1b). To assess the
function of BMSSCs, we analyzed osteoblast function. Alizarin Red staining and RT-qPCR revealed that
OVX-BMMSCs exhibited impaired function in osteogenic inductive conditions as observed by a reduction
in formation of mineralized nodules and mRNA levels for osteoblast markers, including Runt-related
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transcription factor 2 (Runx2) and bone gamma carboxyglutamic acid protein (Bglap), and
osteoprotective factor semaphorin-3a (Sema3a) (Additional �le 1: Supplementary Figures 1c, 1d). These
�ndings indicated that OVX-BMMSCs were impaired in an estrogen de�cient condition.

Hence, in this study, OVX mice received SHED (0.1×106/10 g body weight) two days post-surgery and
were used to determine the effects of estrogen de�ciency on the recipient BMMSCs (SHED transplanted
mice derived BMMSCs: SHED-BMMSCs) four weeks post-transplantation. Human MSCs are known to be
highly heterogeneous, especially between different donors. Therefore, we tested three-donor-derived SHED
in ovariectomized mice. Meanwhile, CFU-F, BrdU, and FCM assays showed that SHED transplantation
rescued the function of recipient SHED-BMMSCs as seen by decreased colony formation as well as
increased cell proliferation, and CD146 and CD73 levels. We also detected increased mineralized nodule
formation and mRNA levels of Runx2, Bglap, and Sema3a under osteogenic conditions, indicating
recovery of the impaired function of recipient SHED-BMMSCs (Additional �le 1: Supplementary Figures
1a–1d). Thus, SHED transplantation appears to rescue the impaired function of recipient BMMSCs in
OVX mice.

Since low telomerase activity has been shown to be a critical to regulate osteogenesis by BMMSCs
[19,21], we next examined the difference in telomerase activity between OVX-BMMSCs and Sham-
BMMSCs. OVX-BMMSCs showed a signi�cant decrease in telomerase activity in comparison with Sham-
BMMSCs as determined by telomerase activity assay (Additional �le 1: Supplementary Figure 2a).
Interestingly, the telomerase activity of SHED-BMMSCs was recovered (Additional �le 1: Supplementary
Figure 2a). Additionally, TERT has been shown to play an essential role in regulating telomerase activity
[16]. We, therefore, examined whether TERT contributes to the telomerase activity in recipient BMMSCs,
and con�rmed that SHED transplantation rescued the decreased Tert mRNA level in OVX-BMMSCs by RT-
qPCR analysis (Additional �le 1: Supplementary Figure 2b). Hence, these results indicate that the status
of TERT-associated telomerase activity is crucial for the SHED transplantation-mediated rescue of
impaired recipient BMMSC functioning in OVX mice.

 

Systemic SHED transplantation recovers bone loss in postmenopausal OVX mice

Postmenopausal osteoporosis is a common systemic skeletal disease in elderly women that results from
an imbalance between bone resorption by osteoclasts and bone formation by osteoblasts, thereby
leading to a high risk factor for fragility fractures associated with reduced BMD and deteriorated bone
microarchitecture [34]. Systemic SHED transplantation has been found to ameliorate bone reduction in an
OVX mouse model for postmenopausal osteoporosis [12,15]. Hence, in this study, SHED-transplanted
OVX mice were used to determine the osteoporotic phenotype of the L3 four weeks post-transplantation.
Increased BMD, BV/TV, Tb.N, and Tb.Th were observed by micro-CT, indicating rescue of the osteoporotic
phenotype in the treated OVX mice as compared to the control mice (Additional �le 1: Supplementary
Figure 3).
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Enhanced in vivo osteoclast activity in OVX mice was rescued four weeks after SHED transplantation, as
observed by the decrease osteoclast number as well as serum levels of the sRANKL and CTX following
TRAP staining and ELISA (Additional �le 1: Supplementary Figure 4). Further, the in vitro osteoclast
activity of OVX mice was rescued four weeks after SHED transplantation, as indicated by the decrease in
TRAP-positive multinuclear cells (MNCs) and mRNA levels of the osteoclast markers, including TNF
receptor superfamily member 11a (Tnfrsf11a), nuclear factor of activated T-cell (Nfatc1), and cathepsin K
(Ctsk), by TRAP staining and RT-qPCR following co-culturing of calvarial osteoblasts from wild-type
newborn C57BL/6 mice stimulated with prostaglandin E2 (Additional �le 1: Supplementary Figure 5).
These results suggest that systemic SHED infusion rescues osteoporotic phenotypes and improves the
osteoclast-mediated bone loss.

 

Infusion of SHED-secreted EVs ameliorate bone reduction in OVX mice

Although SHED were detected in the bone marrow seven days after the infusion, CFSE labeling did not
show signi�cant frequency of engrafted SHED in the recipient bone and bone marrow of OVX mice
(Additional �le 1: Supplementary Figure 6). Since SHED transplantation increased Tert mRNA levels to
rescue telomerase activity in recipient BMMSCs, we hypothesized that SHED indirectly contribute to the
SHED transplantation-mediated rescue of impaired Tert mRNA expression, telomerase activity, and bone
loss in OVX mice. Particularly, trophic factors within MSC-secreting EVs mediate cell-cell communication
to deliver extracellular signals, thereby leading to therapeutic effects [35,36]

We isolated EVs from the conditioned medium from three donor-derived SHED, which were the same three
donors evaluated the therapeutic potential for ovariectomy-induced osteoporosis in mice (Additional �le
1: Supplementary Figures 1–5), harvested from a 3-day culture using a commercial-available kit
according to manufacturer’s protocol, as reported previously [37]. To characterize the EVs from the
conditioned medium of SHED (SHED-EVs), we examined the phenotype of them by multiple methods
including physiochemical, biochemical, immunological, and genetic analyses. Taking account of
comprehensive present �ndings, our isolated materials from the conditioned medium of SHED was
determined to EVs, as below; SHED-EVs were shown to be 57–272 nm in diameter with a mean of 86 ±
2.5 nm (means ± SEM), as determined using particle tracking analysis (Figure 1a). The concentration of
SHED-EVs in the CM was 1.6×109 ± 4.8×108 particles/mL. Moreover, SHED-EVs signi�cantly expressed
exosome markers, such as CD9 (83.3 ± 2.5%), CD63 (42.8 ± 3.3%), and CD81 (85.9 ± 6.2%), and reduced
expression of the MSC surface marker CD90 (4.1 ± 1.8%), as detected by FCM (Figure 1b). Western
blotting showed an enrichment of CD63 and CD81 in the SHED-EVs, however, the same was not observed
for calnexin, which is an endoplasmic reticulum marker, as compared to that SHED (Figure 1c). We also
detected miRNAs and small RNAs within SHED-EVs (the concentration of miRNAs and small RNAs were
2.8 ± 0.46 ng/mL and 4.6 ± 0.83 ng/mL, respectively; the proportion of miRNA content in the small RNA
was 61.1 ± 2.4%; Figure 1d). The total protein content of SHED-EVs was 828.3 ± 65.8 mg/mL. Next, we
depleted the small RNA content, especially miRNAs, of SHED-EVs by treating with RNase (5 U/mL) for 3
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hrs at 37 °C (resulting concentrations of miRNAs and small RNAs were 1.5 ± 0.43 ng/mL and 2.3 ± 0.28
ng/mL, respectively; the proportion of miRNA content in the small RNA was 62.8 ± 3.8%; Figure 1e). The
RNase treatment did not affect the particle size of the SHED-EVs (Figure 1f). This RNase treated SHED-
EVs expressed the similar phenotypes of membrane surface and total protein content to intact SHED-EVs
(data not shown). These �ndings indicate that SHED-EVs contained enriched RNAs, especially small
RNAs, and suggested that the present RNase treatment is useful to assess the e�cacy of RNA contents in
SHED-EVs.

Next, to determine whether EVs released from SHED are an alternative to SHED themselves in
postmenopausal osteoporosis therapy, we intravenously infused SHED-EVs (100 μg/mouse) into OVX
mice two days post-surgery, as referred to the present SHED transplantation into OVX mice. The dose of
SHED-EVs was determined based on previous studies [38,39]. We �rstly examined the distribution of
SHED-EVs in the bone marrow of OVX mice three days after the administration. CFSE labeled SHED-EVs
were up-taken into the recipient bone marrow cells of the recipient bone and bone marrow of OVX mice
(Figure 2a).

After four weeks of the systemic SHED-EV administration, the osteoporotic phenotype of OVX mice was
observed to be rescued as indicated by the marked increase in BMD, BV/TV, Tb.N, and Tb.Th by micro-CT
and histological analyses (Figures 2b–2d). The enhanced in vivo and in vitro osteoclast activity in OVX
mice was also rescued four weeks after administering SHED-EVs, as indicated by the decrease in the
TRAP-positive cells and serum levels of sRANKL and CTX (Additional �le 1: Supplementary Figures 7a,
7b) as well as reduced TRAP-positive MNCs and mRNA levels of Tnfrsf11a, Nfatc1 and Ctsk (Additional
�le 1: Supplementary Figures 8a, 8b). Moreover, to investigate whether RNAs within SHED-EVs play a role
in their therapeutic effect, we systemically infused SHED-EVs pretreated with RNase for 3 hrs at 37 °C into
OVX mice, and examined the osteoporotic phenotype after four weeks. RNase-pretreated SHED-EVs did
not contribute to recovering bone reduction and inhibiting osteoclast-mediated bone resorption in OVX
mice (Figures 2b–2d, Additional �le 1: Supplementary Figures 7, 8). These �ndings indicate that RNAs
within SHED-EVs contribute to the recovery of bone reduction in OVX mice.

 

Systemic administration of SHED-EVs rescue impaired BMMSC function via telomerase activity in
recipient OVX mice

We next examined the effect of single SHED-EV infusion on impaired BMMSCs in recipient OVX mice and
found that recipient BMMSCs recovered Tert mRNA levels and telomerase activity, as determined via RT-
qPCR and RQ-TRAP, respectively (Figures 3a, 3b). However, the administration of RNase-treated SHED-EVs
did not rescue the Tert mRNA levels and telomerase activity in recipient BMMSCs (Figures 3a, 3b).

Furthermore, the SHED-EV administration improved the impaired stemness, including CFU-F formation,
cell proliferation, and expression of CD146 and CD73, of recipient BMMSCs, as detected by the CFU-F,
BrdU-labeling, and FCM assays, respectively (Figures 3c, 3d). Infusion of SHED-EVs also markedly
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rescued the impaired function of recipient BMMSCs, as indicated by the increase in mineralized nodule
formation and mRNA levels of Runx2, Bglap, and Sema3a by Alizarin Red staining and RT-qPCR under
osteogenic conditions (Figures 4a, 4b). Western blot analysis and ELISA showed the recovery of protein
levels of RUNX2 and BGLAP in recipient BMMSCs  (Figure 4c) and SEMA3A in the conditioned medium of
recipient BMMSCs, respectively (Figure 4d). However, the administration of RNase-treated SHED-EVs did
not rescue the stemness and function of recipient BMMSCs (Figures 3c, 3d, 4). These �ndings indicate
that RNAs witin SHED-EVs contribute to the recovery of impaired function of recipient BMMSCs via
telomerase activity.

 

SHED-EVs ameliorate the properties of hBMMSCs

To determine the direct effects of SHED-EVs on BMMSCs in mediating cell-cell communication, we
incubated hBMMSCs with or without SHED-EVs. Fluorescence microscopic and FCM assays revealed that
SHED-EVs were up-taken into hBMMSCs (Figures 5a, 5b). SHED-EV-treated hBMMSCs signi�cantly
increased the mRNA and protein levels of TERT by RT-qPCR and Western blot analyses, respectively
(Figures 5c, 5d), and markedly up-regulated telomerase activity by RQ-TRAP (Figure 5e), when compared
to MOCK-treated hBMMSCs. FCM and BrdU assays showed that SHED-EVs upregulated the expression of
CD146 and cell proliferation, respectively (Figure 5f). SHED-EVs also enhanced the in vitro functions of
hBMMSCs, as indicated by increased mineralized nodule formation and mRNA levels of RUNX2, BGLAP,
and SEMA3A as determined by Alizarin Red staining and RT-qPCR under osteogenic conditions (Figures
5g, 5h). Western blot analysis and ELISA showed the enhanced levels of RUNX2 and BGLAP in recipient
BMMSCs (Figure 5i) and the increased level of SEMA3A in the conditioned medium of recipient BMMSCs
(Figure 5j), respectively, under osteogenic conditions.

Next, to con�rm whether RNAs from SHED-EVs regulate hBMMSC properties, we assayed hBMMSCs
incubated with RNase-pretreated SHED-EVs. We found that RNase-pretreated SHED-EVs attenuated the
SHED-EV-mediated enhancement of TERT mRNA levels and telomerase activity (Figures 6a, 6b). The
RNase pretreatment did not affect the stemness, including CD146 expression and cell proliferation, in
hBMMSCs (Figure 6c). RNase-pretreated SHED-EVs also attenuated SHED-EV-mediated enhancement of
function of hBMMSCs under osteogenic condition (Figures 6d-g). Furthermore, SHED-EV-pretreated
hBMMSCs exhibited a signi�cant increase in bone formation when implanted into immunocompromised
mice subcutaneously using HA/TCP as a carrier, as indicated by histological analysis (Additional �le 1:
Supplementary Figure 9a). Immuno�uorescent analysis using anti-human BGLAP antibody demonstrated
that SHED-EV-pretreatment enhanced bone formation of hBMMSCs (Additional �le 1: Supplementary
Figure 9b). RNase-pretreated SHED-EVs also attenuated the enhanced de novo bone formation in
hBMMSCs (Additional �le 1: Supplementary Figures 9a, 9b). These �nding indicated that RNAs within
SHED-EVs enhanced the function of hBMMSCs via telomerase activity.

Finally, we investigated a mechanism to enhance telomerase activity in BMMSCs by SHED-EV treatment.
RT-qPCR showed the expression of MIR346 in SHED-EVs, as well as SHED (Additional �le 1:
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Supplementary Figure 10a). However, RNase pretreatment depleted the expression of MIR346 in SHED-
EVs (Additional �le 1: Supplementary Figure 10a). SHED-EVs treatment signi�cantly up-regulated the
expression of MIR346 in hBMMSCs, but RNase pretreatment attenuated the MIR346 expression
(Additional �le 1: Supplementary Figure 10b).

 

Discussion
Postmenopausal osteoporosis, which is the most commonly well-known bone disorder, is caused by
marked bone reduction via hyperactivated osteoclasts, leading to a high risk of fragility fractures, but the
detailed mechanisms underlying the estrogen-de�cient condition are not fully understood [40]. Standard
antiresorptive drugs such as bisphosphonates, estrogen-like substrates, and parathyroid hormone
effectively prevent bone loss via osteoclasts to decrease the risk of fragility fractures, but they have
marked adverse reactions, such as increased risk of cancer, heart disease, and bisphosphonate-related
osteonecrosis of the jaw [41,42], suggesting that novel alternative therapeutic strategy is necessary to
treat osteoporosis. Recent studies reveal that systemic infusion of SHED themselves exert therapeutic
effects on osteoporosis with multiple mechanisms [3,12,13]. Here, we �rstly evaluate that systemic
administration of SHED-EVs ameliorates the osteoporotic phenotype in OVX mice, especially in the early
onset, by rescuing the recipient BMMSC de�ciency and inhibiting osteoclast activity. Accumulating
studies suggests that MSC-derived EVs might represent speci�c advantages of no risk of tumor
formation and vascular thrombosis, and lower immunogenicity over parent MSCs [43–45]. Therefore,
these �ndings suggest that SHED-EVs have a great advantage in preventing osteoporosis to SHED
themselves.

Recent studies show that the major therapeutic bene�t of MSC transplantation for osteoporosis in mice
employs multiple mechanisms using diverse trophic factors secreted from donor MSCs, but are not
imparted by directly replacing of bone-forming cells by engrafted donor MSC-originating matured cells in
situ [15,46]. In SHED-based therapy, cytokine/chemokine secretion and cell-cell interactions of donor cells
are proposed to participate in treating osteoporosis [12,15]. However, it has been unclear whether SHED-
EVs participate in SHED-based therapy for osteoporosis. In this study, we �rstly demonstrated that the
systemic infusion of SHED-EVs improves bone loss in postmenopausal osteoporosis model OVX mice.
SHED-EVs also rescued the impaired function of recipient BMMSCs by regulating telomerase activity.
Thus, these �nding suggest that SHED-EVs may play a crucial role in the biological crosstalk between
donor SHED and recipient BMMSCs to achieve therapeutic effects in postmenopausal osteoporosis.

Epigenetic modi�cations in bone cells affect the development and therapeutic sensitivity of osteoporosis
[47]. An MSC transplantation study show that MSC-derived exosomes transfer FAS to BMMSCs of
recipient FAS-mutated MRL/lpr mice to modify the DNA methylation status of Notch, resulting in the
rescue of impaired recipient BMMSC function [15]. In this study, single administration of SHED-EVs
continuously recovered the mRNA levels of Tert in the recipient BMMSCs in OVX mice, resulting in
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improved BMMSC function by regulating telomerase activity, but RNase-pretreated SHED-EVs attenuated
the effects of SHED-EVs on the recipient BMMSCs in OVX mice. TERT mRNA levels are controlled by
epigenetic modi�cations, including histone acetylation and methylation, in its promoter region under
physiological and pathological conditions [48]. Previous studies have shown that estrogen de�ciency
increases DNA methylation and downregulates telomerase activity in the bone and peripheral blood cells
of postmenopausal women and ovariectomized animals [49–51]. Our data suggest that estrogen
de�cient environment in bone marrow of OVX mice modi�es to suppress the expression of TERT mRNA in
host BMMSCs via Tert promoter region. Single administration of SHED-EVs may epigenetically rescue the
expression of TERT mRNA in recipient BMMSCs of OVX mice. Additional experiments will be needed to
comprehensively examine whether ovariectomy triggers the epigenetic modi�cation of the TERT promoter
region and how SHED-EVs rescued the expression of TERT mRNA in recipient BMMSCs of OVX mice.

Multiple miRNAs regulate the function of BMMSCs [52]. For example, microRNA-218-5p targets COL1A1
to promote osteogenic differentiation of OVX-BMMSCs in vitro [53]; while microRNA-145 suppresses the
osteogenic differentiation of human BMMSCs [54]. In this study, we evaluated that RNase-pretreated
SHED-EVs attenuated the SHED-EV-mediated rescue of Tert-associated telomerase activity and functions,
including cell proliferation, osteogenesis, and SEMA3A secretion, in recipient mBMMSCs of OVX mice and
human BMMSCs. Therefore, we speculated that the RNA within SHED-EVs affect TERT-stimulated
telomerase activity to increase cell proliferation and osteogenic function of murine and human BMMSCs.
To identify the precise miRNA(s) responsible for modifying TERT gene expression in SHED-EVs, we
showed that MIR346 expressed in SHED-EVs, as well as the parent SHED. We also demonstrated that
SHED-EV-treatment enhanced the expression of MIR346 in hBMMSCs. The RNase pretreatment
attenuated the expression of MIR346 in SHED-EVs and suppressed SHED-EV-mediated increased
expression of MIR346 in hBMMSCs. MIR346 binds to a region in the 3'UTR of TERT mRNA in human
cervical cancer cells and astrocytic glioma cells, leading to up-regulating TERT expression [55,56]. TERT
is known to accelerate the functions of proliferation and differentiation of BMMSCs [19,57]. While, TERT-
de�cient mice exhibit bone loss via suppressing osteoblasts and accelerating osteoclasts [58]. These
�nding suggested that SHED-EV-contained MIR346 might participate in rescuing bone reduction in OVX
mice via epigenetically regulating TERT mRNA expression in recipient BMMSCs. Since miRNAs are
evolutionally conserved [59,60], murine and human models may share miRNA(s) capable of stimulating
TERT gene expression in BMMSCs and SHED-EVs. Further study will be necessary to evaluate the
epigenetic mechanism to regulate TERT mRNA via SHED-EV-derived MIR346 in recipient BMMSCs.

MSC-secreted exosomes exert therapeutic effects on cell-cell communications in multiple ways [46,61]. In
this study, we identi�ed that SHED-EV-infusion rescued Sema3a mRNA levels in BMMSCs of recipient
OVX mice. SEMA3A is an osteoprotective factor produced by osteoblasts [62] and inhibits osteoclast
differentiation, while promoting osteoblastic bone formation, leading to the recovery of bone volume in
OVX mice. Further, overexpression of Sema3A mRNA promotes cell proliferation and osteogenic
differentiation of BMMSCs [63]. Serum levels of SEMA3A are decreased with age or after menopause in
humans [64], suggesting a novel mechanism that osteoblast-mediated communication via SEMA3A
plays an important role in rescuing bone reduction by osteoclasts in postmenopausal osteoporotic
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condition. The present single administration of SHED-EVs shortly after OVX surgery is considered to
impact on suppressing osteoclast-mediated bone resorption rather than promoting osteoblast-mediated
bone formation. Therefore, our �ndings propose that SHED-EV-mediated epigenetic modi�cation in
recipient BMMSCs of OVX mice continuously employs a preventive approach for rescuing bone reduction
in estrogen-de�cient condition; RNAs, such as miRNAs, within SHED-EVs epigenetically modi�ed TERT
mRNA to rescues telomerase activity, leading to recover the impaired potency of recipient BMMSCs into
osteoblasts to secret SEMA3A into the bone microenvironment. This secondary factor then contribute to
suppress osteoclast-mediated bone resorption in the estrogen de�cient condition.

A particular cell population, BMMSCs, which are distinguished by cell surface makers including CD105,
CD90 and CD73, are considered to speci�cally contribute to bone regeneration and microenvironment
reconstruction [65]. These makers are considered minimum required markers for MSCs, but they are not
recognized critical markers for MSCs [30]. CD146 positive MSC population exhibit as crucial self-
renewing osteoprogenitor cells to participate in active de novo formation of bone and bone marrows in
vivo to establish hematopoietic stem cells niche [33]. In addition, the reduced CD73 expression
contributes to bone loss in osteoporotic OVX mice associated with extracellular adenosine levels [66]. Our
study showed that recipient BMMSCs of OVX mice exhibited the reduced function associated with the
reduction of CD146 and CD73 expression, but not CD105 and CD90 expression, indicating that
osteoporotic condition impaired stemness and function of recipient BMMSCs as reported before [14,29].
Interestingly, the present SHED-EVs administration into OVX mice rescued the CD146 and CD73
expression in recipient MSCs, and improve the reduced bone phenotype. These �ndings suggested that
CD146 and CD73 might be responsible markers to assess stem cell property and bone forming capacity
of recipient BMMSCs in a disease condition in bone marrow such as osteoporosis.

Recent SHED transplant studies have shown that trophic factor secretion and cell-cell interactions are
responsible for immune therapy against osteoporosis [12,15]. Here we focused on impaired recipient
BMMSCs as a therapeutic target and showed that systemic SHED-EV-infusion rescued impaired recipient
BMMSCs by regulating TERT-mediated telomerase activity upon transferring RNAs via SHED-EVs. Since
SHED-EVs contain a variety of RNAs, such as miRNAs, that are important in systemic cell-cell
communication, suggesting that multiple RNAs contribute to the therapeutic potential for osteoporosis in
the recipient. However, we cannot exclude the off-target effects exerted on other types of cells in the bone,
bone marrow, as well as other tissues and organs. Hence, additional experiments are required to examine
whether SHED-EV infusion induces off-target effects in other cells in OVX mice.

 

Conclusions
Taken together, this study demonstrates that systemic SHED-EV infusion achieved therapeutic e�cacy in
postmenopausal osteoporosis by targeting recipient BMMSCs and epigenetically rescuing telomerase
activity by trophic factor(s), speci�cally miRNA, within the EVs, resulting in bone regeneration. We have



Page 15/30

revealed the important interaction between telomerase activity and recipient BMMSCs via SHED-released
EVs. Our �ndings expand the current understanding on the mechanism of SHED-based therapy via SHED-
secreted EVs and provide new insights into EV-mediated cell-cell communication in SHED-based therapy.
Additional investigation is necessary to determine the effector miRNA(s) in SHED-EVs and their epigenetic
modi�cation required to rejuvenate impaired recipient BMMSCs by controlling telomerase activity.
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Figure 1

Characterization of SHED-derived extracellular vesicles (SHED-EVs) SHED-EVs were isolated from SHED
conditioned medium harvested from three-day cultures. (a) Representative histogram of the particle size
of SHED-EVs by nanotracking particle analysis. (b) Representative histograms of the expression of CD9,
CD63, CD81 and CD90 in SHED-EVs by �ow cytometric (FCM) analysis. PE, R-phycoerythrin. Areas �led
with red, target antibody-stained histograms; solid lines, isotype-matched control-stained histograms. (c)
Representative Western blotting images of the expression of CD63, CD81, and calnexin (CANX) in SHED
and SHED-EVs. (d) Representative histograms of the small RNA and micro RNA (miRNA) content within
SHED-EVs. (e, f) SHED-EVs were treated with RNase A (5 U/mL; RNase) or PBS (MOCK) for 30 min.
Representative histograms of the small RNA and miRNA content in SHED-EVs (e) and particle
concentration per particle size of SHED-EVs (f).
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Figure 2

Systemic SHED-EV infusion improved bone loss and enhanced osteoclast activity in recipient
ovariectomized (OVX) mice. (a) OVX mice were intravenously administered SHED-EVs (100 g/mouse)
pretreated with carboxy�uorescein diacetate succinimidyl ester (CFSE) two days post-surgery.
Representative �uorescent micrographs of the bone marrow of OVX mice three days after SHED-EV
infusion as seen by the cell tracking assay using CFSE-labeled SHED-EVs (CSFE-EVs). Nuclei were
stained with 4′,6-diamidino-2-phenylindole (DAPI). Bars = 100 m. (b–d) OVX mice were intravenously
administered SHED-EVs (100 g/mouse) pretreated with or without RNase for 30 min two days post-
surgery and harvested four weeks after infusion. Representative trabecular bone structure of the third
lumber vertebra (L3) by the micro-computed tomography assay (b). The graphs show BMD, BV/TV, Tb.N,
and Tb.Th of the trabecular bone in L3. n = 7 for all groups. Comparisons between two groups were
analyzed by an independent two-tailed Student’s t-test. Multiple group comparisons were performed by a
one-way analysis of variance followed by Tukey’s post hoc test. *P < 0.05, **P < 0.01, ***P < 0.005, ns: no
signi�cance. Graph bars represent mean ± standard deviation (SD) (c). Representative trabecular bone
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structure of L3 by histological assay using hematoxylin and eosin staining (H&E) (d). b–d: Sham, sham-
operated group; OVX, PBS-infused OVX group; MOCK-EV, MOCK-treated SHED-EV-infused OVX group;
RNase-EV, RNase-retreated SHED-EV-infused OVX group. a, b, d: Bars = 100 m (a, left), 20 m (a, right), 1
mm (b), 200 m (d).

Figure 3

Systemic SHED-EV infusion rescued the properties and functions of mouse bone marrow mesenchymal
stem cells (mBMMSCs) in recipient OVX mice. (a) The ratio of the expression of Tert in mBMMSCs by
reverse transcription-quantitative polymerase chain reaction (RT-qPCR). The data are shown as a ratio to
the expression in the mBMMSCs derived from sham-operated mouse (Sham = 1). (b) Telomerase activity
in mBMMSCs represented by their Ct values using the RQ-TRAP assay. 293T, HEK 293T cells; 293T H.I.,
heat-inactivated HEK 293T cells. (c) Number of adherent colonies and proportion of bromodeoxyuridine-
positive (BrdU+) cells as detected by the CFU-F and BrdU incorporate assays. (d) Proportion of cells
positive for each surface marker in mBMMSCs as determined by FCM analysis. a–d: Sham, sham-
operated group; OVX, PBS-infused OVX group; MOCK-EV, MOCK-treated SHED-EV-infused OVX group;



Page 25/30

RNase-EV, RNase-retreated SHED-EV-infused OVX group. n = 7 for all groups. Comparisons between two
groups were analyzed by an independent two-tailed Student’s t-test. Multiple group comparisons were
performed by a one-way analysis of variance followed by Tukey’s post hoc test.*P < 0.05, **P < 0.01, ***P
< 0.005, ns: no signi�cance. Graph bars represent mean ± SEM.

Figure 4

Systemic SHED-EV infusion rescued the functions of mBMMSCs in recipient OVX mice. (a)
Representative images of mineralized nodules after Alizarin Red staining four weeks after osteogenesis.
The Alizarin Red+ cells. Bars = 10 mm. The graph shows Alizarin Red-positive (Alizarin Red+) areas. (b)
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The ratio of the expression of osteoblast markers, including Runt-related transcription factor 2 (Runx2)
and bone gamma carboxyglutamic acid protein (Bglap), and osteoprotective marker semaphorin-3a
(Sema3a) by RT-qPCR one week after the induction of osteogenesis. The data are shown as a ratio to the
expression in the mBMMSCs derived from sham-operated mouse (Sham = 1). (c) The expression of
osteoblast markers, including RUNX2 and BGLA by Western blot analysis one week after the induction of
osteogenesis. ACTB: actin, beta. (d) The expression of SEMA3A in the conditioned medium by enzyme
linked sorbent immunoassay (ELISA) one week after the induction of osteogenesis. a–d: Sham, sham-
operated group; OVX, PBS-infused OVX group; MOCK-EV, MOCK-treated SHED-EV-infused OVX group;
RNase-EV, RNase-retreated SHED-EV-infused OVX group. n = 7 for all groups. Comparisons between two
groups were analyzed by an independent two-tailed Student’s t-test. Multiple group comparisons were
performed by a one-way analysis of variance followed by Tukey’s post hoc test.*P < 0.05, **P < 0.01, ***P
< 0.005, ns: no signi�cance. Graph bars represent mean ± SEM.
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Figure 5

SHED-EVs enhanced Tert-associated telomerase activity and osteogenic functions of human BMMSCs
(hBMMSCs). hBMMSCs were incubated with SHED-EVs (EV; 20 g) or PBS (MOCK) for 3 days. (a, b)
hBMMSCs were incubated with SHED-EVs loaded with SHED-EVs labeled with CFSE and PBS, CSFE-EVs
and MOCK-EVs, respectively, for 3 days. Representative �uorescent images of hBMMSCs are shown.
Nuclei were stained with DAPI (a). Representative histograms of hBMMSCs loaded with CFSE-EV and
MOCK-EV by FCM analysis. Numbers indicate the means of the positive cells (b). (c) Expression of
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human TERT in hBMMSCs by RT-qPCR. (d) Expression of human TERT in hBMMSCs by Western blot
analysis. H3: histone 3. (e) Telomerase activity in hBMMSCs as detected by RQ-TRAP. 293T, HEK 293T
cells; 293T H.I., heat-inactivated HEK 293T cells. (f) Expression of CD146 and proportion of BrdU+ cells in
hBMMSCs by FCM and BrdU incorporation analyses. (g) Representative images of mineralized nodules
after Alizarin Red staining four weeks after osteogenesis. Percentage of the Alizarin Red+ area in the dish
area. (h) Ratio of the expression of RUNX2, BGLAP, and SEMA3A by RT-qPCR one week after the induction
of osteogenesis. (i) The expression of osteoblast markers, including RUNX2 and BGLAP by Western blot
analysis one week after the induction of osteogenesis. ACTB: actin, beta. (j) The expression of SEMA3A
in the conditioned medium by ELISA one week after the induction of osteogenesis. a-j: CFSE-EV, CFSE-
pretreated SHED-EV-loaded group; MOCK-EV, PBS-pretreated SHED-EV-loaded group. a, g: Bars = 20 m
(a), 10 mm (g). b, c, e–h, j: n = 7 for all groups. Comparisons between two groups were analyzed by an
independent two-tailed Student’s t-test. Multiple group comparisons were performed by a one-way
analysis of variance followed by Tukey’s post hoc test.*P < 0.05, **P < 0.01, ***P < 0.005. ns: no
signi�cance. Graph bars represent mean ± SEM. c, h: The results are shown as a ratio to the expression in
MOCK-EV-treated group (MOCK = 1).
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Figure 6

RNAs from hSHED-EVs regulated hSHED-EV-enhanced TRET-associated hBMMSC properties and
functions. hBMMSCs were incubated with RNase-pretreated and MOCK-pretreated SHED-EVs (RNase-EV
and MOCK-EV, respectively). (a) Expression of TERT in hBMMSCs by RT-qPCR. (b) Telomerase activity in
hBMMSCs assayed by RQ-TRAP. H.I., heat-inactivated group. (c) Expression of CD146 and percentages of
BrdU+ cells in hBMMSCs after FCM and BrdU incorporate assays. (d) Representative images of
mineralized nodules after Alizarin Red staining four weeks after osteogenesis. Bars = 10 mm. Percentage
of Alizarin Red+ area in dish area. (e) Ratio of the expression of RUNX2, BGLAP, and SEMA3A as detected
by RT-qPCR one week after the induction of osteogenesis. The results are shown as a ratio to the
expression in MOCK-pretreated hSHED-EV-treated group (MOCK-EV = 1, respectively). (f) The expression
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of osteoblast markers, including RUNX2 and BGLA by Western blot analysis one week after the induction
of osteogenesis. ACTB: actin, beta. (g) The expression of SEMA3A in the conditioned medium by ELISA
one week after the induction of osteogenesis. a–g: MOCK-EV, MOCK-pretreated hSHED-EV-treated group;
RNase-EV, RNase-pretreated hSHED-EV-treated group. n = 7 for all groups. Comparisons between two
groups were analyzed by an independent two-tailed Student’s t-test. Multiple group comparisons were
performed by a one-way analysis of variance followed by Tukey’s post hoc test.*P < 0.05, ***P < 0.005.
ns: no signi�cance. Graph bars represent mean ± SEM.
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