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ARTICLE INFO ABSTRACT

Keywords: A number of evidences suggest that microRNAs are involved in the adipogenic commitment of mesenchymal
miR-199a-3p stem cells (MSCs). Recent studies have investigated that miR-199a-3p played a pivotal role in adipocyte dif-
KDM6A

ferentiation. However, the detailed mechanism in this complex biological process remains largely unknown. In
current study, we found that the expression of miR-199a-3p was gradually increased during adipogenic differ-
entiation of bone marrow derived mesenchymal stem cells (BMMSCs). Enhanced expression of miR-199a-3p
promoted adipogenesis, whereas silence of miR-199a-3p rescued BMMSCs from adipogenic commitment. For
further mechanism exploration, KDM6A was confirmed to be the target of miR-199a-3p and the expression of
KDM6A was gradually decreased during adipogenic differentiation of BMMSCs. Furthermore, up-regulation of
KDM6A markedly abolished the miR-199a-3p overexpression induced adipogenic augmentation, whereas down-
regulation of KDM6A suppressed the adipogenic reduction caused by miR-199a-3p silence. In addition, WNT
signaling was also verified to be the downstream of miR-199a-3p/KDM6A to regulate adipogenic differentiation
of BMMSCs. Taken together, current results indicate that miR-199a-3p regulate adipogenesis of BMMSCs by
targeting KDM6A/WNT signaling, which highlights a new insight for a better understanding of molecular me-
chanism and stem cell based therapy on osteoporotic diseases.

WNT signaling
Adipogenic differentiation

1. Introduction

Bone marrow-derived mesenchymal stem cells (BMMSCs) are a sort
of adult multipotent stem cells with self-renewal capability and multi-
lineage differentiation capacity, including osteogenesis, adipogenesis
and so forth [1]. The imbalance between osteogenic and adipogenic
differentiation of BMMSCs has been reported to be crucial predisposing
cause in osteoporotic diseases, such as estrogen deficiency induced
osteoporosis, age-related osteoporosis and so on [2]. In bone marrow of
osteoporotic subjects, BMMSCs shift their cell lineage commitment
from osteogenesis to adipogenesis, leading to a massive bone loss and
excessive fat accumulation in bone marrow [3,4]. Rescuing cell fate of
BMMSCs is an emerging remedy for osteoporosis treatment [5,6].
However, the molecular mechanism of aberrant BMMSCs function re-
mains unknown, which largely affects the development of osteoporosis
management. Thus, revealing the detailed mechanisms of adipogenesis

of BMMSCs is essential for developing novel strategies to manage os-
teoporotic diseases.

MicroRNAs (miRNAs) are a kind of small noncoding RNAs with
about 22 nucleotides, which exert their biological function via reg-
ulating gene expression at post-transcription level [7]. MiRNAs have
been reported to be involved in regulation of cellular proliferation,
differentiation, apoptosis and so forth [8]. Notably, an increasing
number of miRNAs have been revealed to play a pivotal role in reg-
ulating osteogenic and adipogenic differentiation of mesenchymal stem
cells (MSCs) [4,9-12]. MiR-199a-3p, a tumorigenesis related miRNA
[13-15], have been recently found to participate in determination of
adipocyte differentiation [16-18]. However, the signalings involved in
miR-199a-3p mediated biological process during BMMSCs adipogenic
differentiation remains elusive.

H3K27 has been investigated to be methylated by enhancer of zeste
homology 2 (EZH2), which controls MSCs multi-lineage commitment,
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such as osteogenesis and adipogenesis [3,19]. It is well known that
KDMB®6A is a kind of histone demethylases, which functions as an epi-
genetic regulator on H3K27, indicating a relationship between KDM6A
and MSCs commitment. KDM6A has been found to participate in many
complex biological processes, such as embryos development [20,21],
cell proliferation [22,23], apoptosis [24], differentiation [25,26], tu-
morigenesis [27,28] and so forth. Demethylation of histone H3 lysine
27 (H3K27) mediated by KDM6A led to a transcriptional depression,
which was the answer for aforementioned biological process [29]. For
regulating stem cell differentiation, KDM6A has been investigated to
improve chondrogenic differentiation of periodontal ligament stem
cells (PDLSCs) via demethylating SOX9 [25]. Furthermore, previous
study has clarified that KDM6A acted as an epigenetic switch to reg-
ulate multi-lineage commitment of MSCs, including adipogenic differ-
entiation [29]. WNT signaling is a commonly acceptable downstream
pathway of KDM6A modulation. For example, KDM6A has been found
to regulate definitive endoderm differentiation from human embryonic
stem cells by modulating WNT pathway [26]. In addition, KDM6A has
also been investigated to suppress the adipogenic differentiation of
BMMSCs by activating WNT signaling [29]. Moreover, bioinformatics
analysis of microRNAs target prediction indicated that KDM6A might
be a putative miR-199a-3p target with a highly conserved miR-199a-3p
binding site (Fig. S1). Thus, the purpose of current study was to reveal
the function of miR-199a-3p in the adipogenic differentiation of
BMMSCs, and investigate whether miR-199a-3p modulates adipogenic
differentiation of BMMSCs by targeting KDM6A/WNT signaling.

2. Materials and methods
2.1. Animals

Twelve 8-week old female C57BL/6 mice (24-26 g) acquired from
the Laboratory Animal Research Centre of Nanjing General Hospital of
Nanjing Military Command were used to obtain BMMSCs. All the an-
imal experiments were performed in accordance with the guidelines of
National Institutes of Health and the Animal Care Committee of Nanjing
General Hospital of Nanjing Military Command in this study.

2.2. BMMSCs culture

BMMSCs were isolated from long bone of C57BL/6 mice by flushing
bone marrow with a-MEM medium (Gibco, USA). The cell suspension
was seeded in 10-cm dishes containing a-MEM medium with addition
of 20% FBS, 2 mM t-glutamine (Invitrogen, USA), 100 U/mL penicillin
and 100 mg/mL streptomycin (Invitrogen, USA). Cells were incubated
in an atmosphere of 37 °C, 5% CO, and saturation humidity, and the
medium was changed every 3 days. BMMSCs were digested by 0.25%
trypsin until 80% confluence. BMMSCs of passage two were used for
research.

2.3. Colony formation, osteogenic differentiation and adipogenic
differentiation

For colony formation assay, 5 x 10> BMMSCs were seeded in a 5-cm
dish containing asal medium. After 10 days, the dish was rinsed with
PBS. Cells were fixed using 4% paraformaldehyde and were stained
using 1% (w/v) toluidine blue solution Sigma-Aldrich, USA). For os-
teogenic differentiation assay, BMMSCs were cultured in basal medium
before 80% confluence. After confluence, cells were cultured in osteo-
genic medium (5 mM B-glycerophosphate, 50 ug/mL ascorbic acid and
10 nM dexamethasone (Sigma-Aldrich, USA)) for 28 days. Mineralized
nodules were stained using alizarin red solution (Sigma-Aldrich, USA).
For adipogenic differentiation assay, BMMSCs were cultured for 14 days
in adipogenic differentiation medium supplemented with 0.5pyM dex-
amethasone, 0.5 mM isobutylmethylxanthine and 60 uM indomethacin
(Sigma-Aldrich, USA). The lipid droplets were stained using Oil Red O
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solution. The colonies, mineralized nodules and lipid droplets were
observed under the stereomicroscope (Olympus Optical, Japan).

2.4. BMMSCs transfection

For BMMSCs transfection, cells were seeded into six-well plates and
transfection was conducted at about 60% cell confluence. Mimics, in-
hibitors and negative control (RiboBio, China) of miR-199a-3p were
diluted at a working concentration of 50 nM. Mix diluted siPORT™
NeoFX™ Transfection Agent (Ambion, USA) and diluted mimics, in-
hibitors or negative control of miR-199a-3p respectively, and then in-
cubate the mixture at room temperature for 10 min for further use.
BMMSCs suspensions were overlaid onto the transfection complexes
and incubate at 37 °C in basal culture for about 24 h. BMMSCs were
infected by supplementation of 1 X 10® TU/ml KDM6A overexpression
and silence lentivirus (RiboBio, China), 5ug/ml poly-brene and com-
plete medium (RiboBio, China) at 37 °C in basal culture for about 48 h.

2.5. Target prediction

TargetScan (version 7.2) and miRDB (version 2015) were used to
predict targets of miR-199a-3p. Targets with a total context score of
< —0.5 in TargetScan, and targets with a target score of =90 in miRDB
were selected for further bioinformatics analysis. Adipogenesis related
targets were also selected according to reference review. The afore-
mentioned three parts of candidate targets were overlapped using Venn
diagram.

2.6. RNA extraction and gPCR

The isolation of total RNAs was performed using TRIzol reagent
(Invitrogen, USA) according to the standard protocol. The cDNA of
miRNA was obtained using Mir-X miRNA First-Strand Synthesis Kit
(Clontech, USA) from 1000 ng total RNA, and the cDNA of mRNA was
obtained using PrimeScript RT Reagent Kit (TaKaRa, Japan) from
1000 ng total RNA. The qPCR was analyzed using the SYBR Premix Ex
Taq II kit (TaKaRa, Japan). Thermal cycles for miRNA: Step 1: 95°C
10s: Step 2: PCR reaction, GO TO: 39 (40 cycles), 95°C 5s, 60 °C 20s;
Step 3: Dissociation Curve 95°C 60s, 55°C 30s, 95°C 30s. Thermal
cycles for mRNA: Step 1: 95°C 30 ; Step 2: PCR reaction , GO TO: 39
(40 cycles), 95°C 55, 60°C 30s; Step 3: Melt Curve. U6 and f3-actin
were applied as internal control to normalize the expression of miRNAs
and mRNAs respectively using 2724 method. The primers were
displayed in Table S1.

2.7. Luciferase reporter assay

The KDM6A oligonucleotide sequences were amplified using pri-
mers with HindIII and Spel sites at their extremities to insert the pMIR-
Report vector (Ambion, USA). The pMIR-Report, pMIR-KDM6A and
pMIR-f-gal plasmids were used as reporter constructs, and were co-
transfected into BMMSCs with miR-199a-3p mimics, inhibitors or ne-
gative control using Lipofectamine 2000 (Invitrogen, USA). After 48 h,
luciferase activity was measured following the manufacturer's protocol,
and normalized using [3-gal.

2.8. WNT3A and DKK1 treatment

For analyzing effect of WNT3A on adipogenesis, 100nM WNT3A
(Sigma-Aldrich, USA) were supplemented during adipogenic differ-
entiation of BMMSCs. For antagonist WNT3A, 200 nM DKK1 (Sigma-
Aldrich, USA) were supplemented during adipogenic differentiation.

2.9. Western blot analysis

Cells were lysed using lysis buffer (Beyotime, China) and ultrasonic
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at a low frequency. The harvested protein was quantified using BCA
method. The protein was loaded on SDS-PAGE for separation, trans-
ferred to a PVDF membrane (Millipore, USA), and blocked with 5%
non-fat milk powder solution. After blocking, the PVDF membrane was
incubated with the primary antibodies of KDM6A (1:1000, Biolegend,
USA), Wnt3a, 3-actin and GAPDH (1:1000, Cell signaling, USA) diluted
in TBST (0.1% Tween-20) solution overnight (> 8 h) at 4 °C, and then
incubated with secondary antibody (1:100,000, Boster, China) at room
temperature for 2h. The blots were then developed using a protein
enhancement imaging system. [3-actin and GAPDH were applied as an
internal control for normalization.

2.10. Statistical analysis

All the data are presented as the mean *+ SEM. The data were
analyzed using Student's t-test for comparison of two groups, and one-
way ANOVA for comparison of multiple groups with SPSS software
version 13.0 (SPSS, Chicago, IL, USA). p < 0.05 was considered as
statistical significance.

3. Results

3.1. MiR-199a-3p is up-regulated during adipogenic differentiation of
BMMSCs

The BMMSCs expressed positive markers of SCA-1, CD105 and
CD73, while showed negative markers of CD11b, CD34 and CD45 (Fig.
S2A), suggesting they were mesenchymal derived cells. In addition,
colony formation (Fig. S2B), osteogenic differentiation (Fig. S2C) and
adipogenic differentiation (Fig. S2D) exhibited the self-renewal capa-
city and multi-lineage differentiation potential of BMMSCs respectively.

To investigate whether miR-199a-3p is related to adipogenic dif-
ferentiation, BMMSCs were induced by adipogenic differentiation in-
duction medium. The expression of miR-199a-3p was gradually in-
creased during adipogenic differentiation at day 0, day 7 and day 14
(Fig. 1), which indicates a crucial role of miR-199a-3p in adipogenic
differentiation of BMMSCs.
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Fig. 1. miR-199a-3p expression during BMMSCs adipogenic differentiation.
Normalized expression of miR-199a-3p was increased during adipogenic dif-
ferentiation at day 0, 7 and 14. **p < 0.01.
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3.2. MiR-199a-3p positively regulates adipogenic differentiation of
BMMSCs

To identify the biological role of miR-199a-3p in adipogenesis of
BMMSCs, the gain and loss functional experiments were performed via
transfecting mimics and inhibitor of miR-199a-3p into BMMSCs re-
spectively (transfection efficiency see Fig. S3). The expression of miR-
199a-3p was increased when BMMSCs were transfected with miR-199a-
3p mimics, while was decreased in BMMSCs transfected with miR-199a-
3p inhibitor (Fig. 2A). Further analysis of adipogenesis related genes
expressions and Oil Red O staining were conducted to clarify the de-
tailed biological function of miR-199a-3p in adipogenesis of BMMSCs.
The results showed that PPARyand aP2 gene expressions were both up-
regulated in BMMSCs transfected with miR-199a-3p mimics, while
down-regulated in BMMSCs transfected with miR-199a-3p inhibitor
(Fig. 2B and C). Moreover, Oil Red O staining also showed lipid droplets
formation was positively related with PPARyand aP2 gene expressions
(Fig.2D). Taken together, aforementioned results suggest that down-
regulation of miR-199a-3p suppresses the adipogenic differentiation of
BMMSCs.

3.3. MiR-199a-3p directly targets KDM6A

In order to explore the down-stream signaling of miR-199a-3p,
which mediates the adipogenic differentiation of BMMSCs, candidate
target genes were predicted using TargetScan 7.2 and miRDB databases.
Notably, KDM6A was predicted to be a candidate target gene of miR-
199a-3p, which is a newly reported regulator of adipocyte differentia-
tion. The 3’-UTR of KDM6A mRNA gives a target binding site for miR-
199a-3p sequence (Fig. 3A). Luciferase reporter assay displayed that
overexpression of miR-199a-3p largely reduced the luciferase activity
of KDM6A 3’-UTR, whereas knockdown of miR-199a-3p augmented the
luciferase activity of reporter (Fig. 3B). Furthermore, up-regulation or
down-regulation of miR-199a-3p scarcely affected KDM6A mRNA ex-
pression (Fig. 3C), whereas inhibited or promoted KDM6A protein ex-
pression respectively (Fig. 3D). Taken together, aforementioned results
suggest that miR-199a-3p directly targets to KDM6A mRNA 3’-UTR and
restrained KDM6A expression at post-transcriptional level.

3.4. MiR-199a-3p regulates adipogenic differentiation of BMMSCs via
KDMG6A mediated signaling

In order to verify the precise role of KDM6A in adipogenesis, the
expression of KDM6A was detected during adipogenic induction of
BMMSCs. The data showed that expression of KDM6A protein was
down-regulated during adipogenic differentiation at day 0, day 7 and
day 14, respectively (Fig. 4A). Furthermore, overexpression of KDM6A
reduced PPARyand aP2 gene expressions, which were activated by miR-
199a-3p (Fig. 4B and C). Meanwhile, Oil Red O staining also showed
that up-regulation of KDM6A markedly suppressed miR-199a-3p-
mediated lipid droplets formation (Fig. 4F). Additionally, knockdown of
KDMB6A abolished the reductions of adipogenic related gene expression
(Fig. 4D and E) and lipid droplets formation (Fig. 4G), which were
blocked by down-regulating miR-199a-3p. Taken together, aforemen-
tioned results suggest that miR-199a-3p regulates adipogenesis of
BMMSCs through targeting KDM6A.

3.5. MiR-199a-3p regulates adipogenesis of BMMSCs via KDM6A/WNT
signaling

WNT signaling, especially WNT3A has been reported to be involved
in adipocyte differentiation [30,31]. Therefore, we validated the effects
of WNT3A and its inhibitor DKK1 on adipogenic differentiation of
BMMSCs. The results affirmed that WNT3A depressed adipogenic re-
lated gene expressions and lipid droplets formation, whereas the DKK1
eliminated the effect of WNT3A (Fig. 5A-C). To further uncover the
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Fig. 2. miR-199a-3p regulates adipogenic differentiation of BMMSCs. (A) Normalized expression of miR-199a-3p was detected after transfecting with miR-199a-3p
mimics or inhibitor in BMMSCs. Normalized expression of adipogenic related genes PPARy (B) and aP2 (C) were detected after transfecting with miR-199a-3p mimics
or inhibitor in BMMSCs. Lipid droplets formation and its quantification (D) were determined by Oil Red O staining were detected after transfecting with miR-199a-3p
mimics or inhibitor in BMMSCs. Scale bar: 500 ym. *p < 0.05, **p < 0.01, ***p < 0.001.

precise mechanism of miR-199a-3p in determining adipogenic differ-
entiation of BMMSCs, we analyzed the modulation of miR-199a-3p on
the expression of WNT3A, a downstream target of KDM6A in control-
ling adipogenesis. The data showed that overexpression of miR-199a-3p
markedly suppressed both WNT3A gene and protein expressions, while
knockdown of miR-199a-3p improved the expression of WNT3A gene

A
KDM®6A 3’ UTR WT

mmu-miR-199a-3p 3’

KDMG6A 3’ UTR MUT

and protein expressions (Fig. 5D and E). Remarkably, silencing of
KDMB6A largely inhibited the improvement of WNT3A expression,
which was activated by down-regulation of miR-199a-3p (Fig. 5F and
G). Furthermore, DKK1 abolished the anti-adipogenic effect on
BMMSCs, which was induced by miR-199a-3p knockdown (Fig. 5H-J).
Taken together, the aforementioned results suggest that miR-199a-3p
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Fig. 3. KDM6A was a target gene of miR-199a-3p. (A) Seed-matched binding site between miR-199a-3p and KDM6A 3’-UTR WT or KDM6A 3’-UTR MUT. (B)
Luciferase activity of pMIR-Reporter containing KDM6A 3’-UTR WT or MUT. Normalized expression of KDM6A gene (C) and protein (D) was detected after

transfecting with miR-199a-3p mimics or inhibitor in BMMSCs. ***p < 0.001.
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Fig. 4. MiR-199a-3p regulates BMMSCs adipogenesis via targeting KDM6A. KDM6A protein was detected during adipogenic differentiation at day 0, 7 and 14 (A).
Normalized expression of PPARy (B) and aP2 (C) genes, lipid droplets formation and its quantification (F) were detected after co-transfecting miR-199a-3p mimics
and KDM6A/vector. Normalized expression of PPARy (D) and aP2 (E) genes, lipid droplets formation and its quantification (G) were detected after co-transfecting
miR-199a-3p inhibitor and shKDM6A/vector. Scale bar: 500 um. **p < 0.01, ***p < 0.001.

regulates adipogenesis of BMMSCs via KDM6A/WNT3A signaling
(Fig. 6).

4. Discussion

Aberrant adipogenic differentiation of BMMSCs impairs the bone
mass and quality, and regulation of adipogenesis of BMMSCs is a can-
didate target of stem cell-based therapy for osteoporotic disease treat-
ment [12,32,33]. However, the detailed molecular mechanisms of
BMMSCs multi-lineage commitment remain largely unknown. Recently,
an increasing number of evidences indicated that miRNAs participated
in regulating adipogenic differentiation of BMMSCs. For example, miR-
377-3p inhibited adipogenic differentiation and adipogenic markers of
hMSCs by targeting LIFR [34]. Additionally, miR-431 was also reported
to be an adipogenic depressor of hMSCs via inhibiting insulin receptor
substance 2 [35]. In contrast, miR-128 promoted adipogenesis of
human mesenchymal stem cells (hMSCs) by suppressing VEGF pathway
[36]. MiR-20a-5p was also investigated as an adipogenic promoter of
BMMSCs through regulating Kruppel-like factor 3 [37].

MiR-199a-3p is a commonly recognized as a tumor repressor via not
only inhibiting cancer cell proliferation [13,14], migration and invasion
[14,15], but also accelerating cell apoptosis [15]. In recent years, miR-
199a-3p has been investigated to be involved in adipocyte differentia-
tion determination through modulating mTOR pathway [16], stearoyl-
CoA desaturase (SCD) signaling [18]. Additionally, miR-199a-3p was
also regulated by free fatty acids and inflammatory factors during fat
development [17]. These evidences supported the fact that miR-199a-
3p played an important role in adipogenesis. However, the biological
function of miR-199a-3p in adipogenesis of BMMSCs remains elusive.
Current study displayed that expression of miR-199a-3p was gradually
up-regulated during the adipogenic differentiation of BMMSCs,
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indicating the crucial role of miR-199a-3p in determination of this
biological process. Then we revealed the biological function of miR-
199a-3p in adipogenic differentiation of BMMSCs. MiR-199a-3p ob-
viously improved adipogenic differentiation of BMMSCs, which was
indicated by up-regulation of adipogenic markers PPARyand aP2, as
well as augmented lipid droplets formation. However, silence of miR-
199a-3p rescued BMMSCs from adipogenic commitment. These results
suggested that miR-199a-3p was closely related with adipogenesis of
BMMSCs. To determine whether miR-199a-3p functioned as an initiator
of adipogenesis or not, we detected adipogenic differentiation of
BMMSCs without adipogenic stimuli. The result showed that miR-199a-
3p could not improve BMMSCs adipogenesis without adipogenic in-
duction (data not shown), suggesting that miR-199a-3p might be an
intermediator of adipogenic process. Further study is essential to un-
cover which specific stage does miR-199a-3p kick in during adipogen-
esis of BMMSCs.

According to previous studies, controversial outcome regarding the
role of miR-199a-3p in adipogenesis has been documented. It is re-
ported that miR-199a-3p improved adipogenic differentiation in human
adipose-derived mesenchymal stem cells [17], which is in accordance
with the results of BMMSCs in our system. However, another study
reported that although miR-199a-3p promoted adipocyte proliferation,
it blunted the lipid accumulation [16]. The difference between the
studies indicated that adipogenesis of mesenchymal stem cells and
mature adipocyte were quite different. Furthermore, the other study
investigated that miR-199a-3p inhibited brown adipocyte differentia-
tion [18]. To our knowledge, yellow adipocytes were the predominant
type of adipocytes in bone marrow, which partially stemmed from
BMMSCs. Therefore, the difference might credit to the different types of
adipocytes.

Although, NLK and KDM6A were screened from various targets for
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miR-199a-3p mediated adipogenic regulation, we only selected KDM6A [38,41,42]. KDM6A, an upstream modulator of WNT signaling, could
for further study. Our team has previously investigated that restrain of activate the cytoplasmic WNT3 expression by demethylating H3K27
EZH2 inhibits the adipocytic determination of osteoporotic MSCs, [29]. In current study, we verified that the activation of the WNT sig-
which indicated that the histone demethylases-KDM6A acted an op- naling suppress adipogenic differentiation of BMMSCs under the control
posite role in adipogenesis. Therefore, we finally concentrated on of KDM6A and miR-199a-3p.

KDM6A for further analysis. Our results indicated that KDM6A is a

target of miR-199a-3p, and the expression of KDM6A was gradually

declined during adipogenic differentiation of BMMSCs, and an enforced 5. Conclusion

expression of KDM6A could inhibit adipogenesis of BMMSCs, sug-

gesting that KDM6A is essential for the regulating of miR-199a-3p in Current data supported that miR-199a-3p improved the adipogenic

adipogenic differentiation of BMMSCs. differentiation of BMMSCs by inhibiting KDM6A and sequential
It is well-known that the WNT signaling is pivotal for determination downstream inactivation of the WNT signaling pathway, uncovering a

of adipogenesis [38-40]. In general, the activated WNT signaling reg- novel mechanism underlying adipogenic differentiation and high-

ulates formation and development of adipocytes by an accumulation of lighting a potential target for osteoporotic disease therapy.

B-catenin to translocate into the nucleus, which is evoking or silencing
WNT/[-catenin target genes to suppress adipogenic differentiation
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