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Abstract
Objectives: Dental mesenchymal stem cells (MSCs)
are easily obtained; however, mechanisms underly-
ing directed differentiation of these cells remains
unclear. Wnt/b-catenin signalling is essential for
mesenchymal cell commitment and differentiation,
and Wnt inhibition is linked to stem cell mainte-
nance and function. Secreted frizzled-related
protein 2 (SFRP2) competes with the Frizzled
receptor for direct binding to Wnt and blocks acti-
vation of Wnt signalling. Here, we used stem cells
derived from apical papillae (SCAPs) to study the
functions of SFRP2.
Materials and methods: SCAPs were isolated from
apical papillae of immature third molars. The cells
were analysed using alkaline phosphatase activity
assays, Alizarin red staining and quantitative
calcium measurements. In addition, we evaluated
expression profile of genes associated with osteoge-
nesis and dentinogenesis (osteo-/dentinogenesis),
and conducted in vivo transplantation experiments
to determine osteo-/dentinogenic differentiation

potential of SCAPs. ChIP assays were used to
detect histone methylation at the SFRP2 promoter.
Results: We found that SFRP2 enhanced osteo-/
dentinogenic differentiation via Osterix, a key tran-
scription factor in SCAPs. Furthermore, silencing
SFRP2 induced SCAP cell death in osteogenic-indu-
cing medium, indicating that SFRP2 is a key factor
in maintaining SCAP survival following osteo-/den-
tinogenic commitment. Moreover, we found that
silencing KDM2A, a histone demethylase and BCL6
co-repressor, de-repressed SFRP2 transcription by
increasing histone H3K4 and H3K36 methylation at
the SFRP2 promoter.
Conclusions: Our results have identified a new
function of SFRP2 and shed new light on the
molecular mechanism underlying directed differen-
tiation of stem cells of dental origin.

Introduction

Mesenchymal stem cells (MSCs), originally isolated
from bone marrow, are multipotent cells that can differ-
entiate into different types of cells, including osteoblasts,
chondrocytes, myocytes and adipocytes. Previous studies
have demonstrated that MSCs are also present in
non-bone marrow tissues and that a plethora of adult
MSCs are available for tissue engineering. MSCs
derived from different tissues, such as bone marrow and
periosteum, have similar epitope expression profiles.
However, significant tissue-specific differences have
been observed in multiple MSC parameters, including
differentiation, proliferation and migration potential
(1–5). Recently, MSCs were isolated from various
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dental tissues, including stem cells from the periodontal
ligament (PDLSCs), dental pulp stem cells (DPSCs) and
stem cells from apical papilla (SCAPs) (6–8). These
cells exhibit potent osteo-/dentinogenic differentiation
potential and are self-renewable. When transplanted into
animal models, dental tissue-derived MSCs generate
bone/dentin-like mineralized tissues and can repair tooth
defects (6–10). These cells are easily isolated and, in
contrast to bone marrow stem cells, are more closely
associated with dental tissues (6–8). However, their
potential clinical applications are currently limited as the
mechanism underlying their directed differentiation
remains largely unknown.

MSC commitment and differentiation into osteo-
cytes, chondrocytes and adipocytes requires Wnt/b-cate-
nin signalling (11–14). Dkk1, a Wnt inhibitor, promotes
MSC self-renewal and osteogenic differentiation (15,16).
The proteins of the SFRP family, including SFRP1-5,
prevent the activation of Wnt signalling by directly
binding Wnt (17,18). A previous report demonstrated
that SFRP1 enhanced MSCs surrounding neovessels,
increasing vessel maturation and functionality (19). In a
mouse model, a loss-of-function mutation in the Sfrp1
gene leads to a high bone mass phenotype, and Sfrp1
deletion enhances fracture repair by directing mesenchy-
mal stem cells into the osteoblast lineage to promote
early bone repair (20). SFRP2 is upregulated during
MSC osteogenesis (21). It significantly enhances ALP
activity in C3H10T1/2 cells (22). In addition, overex-
pression of SFRP2 increases cell survival in conditions
of oxidative stress in MSCs derived from the bone mar-
row or umbilical cord (23). Animal studies demonstrated
that intramyocardial implantation of MSCs overexpress-
ing SFRP2 enhances cardiac wound repair (24,25).
SFRP3, another SFRP family member upregulated
during MSC osteogenesis, promotes MSC osteoblastic
differentiation and osteogenesis by inhibiting canonical
Wnt signalling (21,26). In an osteoblast apoptosis assay,
SFRP3 was the only SFRP analysed that increased
etoposide-induced apoptosis in MC3T3-E1 mouse osteo-
blasts (22). SFRP4 significantly increased ALP activity
in C3H10T1/2 cells (22). However, another group
demonstrated that the SFRP4 was downregulated during
the induction of osteogenesis, thereby inhibiting
osteoblastic differentiation in PDLSCs (26). In addition,
SFRP4 is upregulated during adipogenic differentiation
in human adipose tissue-derived MSCs (ADSCs), and
depletion of SFRP4 inhibits the differentiation of
ADSCs into adipocytes (27,28). SFRP5 expression is
activated in fat tissue in obese humans and mice (29).
SFRP5 expression gradually increases during adipocyte
differentiation and is expressed at greater levels in
mature adipocytes than in pre-adipocytes (30,31).

Together, these data indicate that the SFRP family of
genes may play an important role in the regulation of
MSC differentiation; however, the precise mechanism
by which SFRPs mediate this process remains unclear.

We previously demonstrated that BCOR inhibits
MSC osteo-/dentinogenic differentiation and prolifera-
tion and that a mutation in BCOR promotes MSC differ-
entiation and growth. We compared the gene expression
profile of SCAPs from healthy individuals with that of
SCAPs from patients with oculo-facio-cardio-dental
(OFCD) syndrome using microarray analysis and
demonstrated that SFRP2 was expressed at higher levels
in SCAPs derived from patients with OFCD syndrome
than in SCAPs derived from healthy individuals (32).
These results suggest that SFRP2 may regulate differen-
tiation or tissue regeneration in dental tissue-derived
MSCs. However, the precise function of SFRP2 in
dental tissue-derived MSCs remains unclear.

The present study revealed that SFRP2 enhanced
osteo-/dentinogenic differentiation in SCAPs. Knock-
down of BCOR or its co-factor KDM2A directly
de-repressed the transcription of SFRP2 by increasing
H3K4 and H3K36 methylation in the SFRP2 promoter,
indicating that these molecules play a role in the regula-
tion of MSC differentiation. These findings provide
novel insight into the mechanism underlying the directed
differentiation of dental tissue-derived MSCs and have
potentially valuable clinical applications.

Materials and methods

Cell cultures

Patient samples were obtained according to the approved
guidelines established by Beijing Stomatological Hospi-
tal, Capital Medical University, and informed consent
was obtained from all patients. Five human impacted
third molars with immature roots (wisdom teeth) were
collected from five healthy individuals (16–20 years
old). The teeth were initially treated with 75% ethanol
and washed with phosphate-buffered saline. SCAPs
were separated from the apical papilla of the root and
digested in a solution of 3 mg/ml collagenase type I
(Worthington Biochemical Corp., Lakewood, NJ, USA)
and 4 mg/ml dispase (Roche Diagnostics Corp., Indi-
anapolis, IN, USA) for 1 h at 37 °C. Single-cell suspen-
sions were acquired by passing the cells through a
70 lm strainer (Falcon; BD Biosciences, San Jose, CA,
USA). SCAPs were cultured in DMEM (Invitrogen,
Carlsbad, CA, USA) supplemented with 15% foetal
bovine serum (Invitrogen) and 2 mmol/L glutamine,
100 U/ml penicillin and 100 lg/ml streptomycin
(Invitrogen) in a humidified, 5% CO2 incubator at
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37 °C. The culture medium was renewed every 3 days.
The expression of phenotypic markers and lineage mark-
ers and the lineage differentiation potential of SCAPs
were evaluated as previously described (33). The expres-
sion profiles of SCAPs were analysed using flow cytom-
etry (Calibur; BD Biosciences) with phycoerythrin-
conjugated monoclonal antibodies against CD34, CD45
and CD105 (Biolegend, San Diego, CA, USA)
(Fig. S1). Human embryonic kidney 293T cells were
cultured in complete DMEM medium supplemented
with 10% foetal bovine serum (Invitrogen), 100 lg/ml
streptomycin and 100 U/ml penicillin (Invitrogen).

Plasmid construction and viral infection

Plasmids were constructed using routine methods and ver-
ified using appropriate restriction digestion and sequenc-
ing. Human full-length SFRP2 cDNA was generated
using a standard gene synthesis method and subcloned
into a LV5 lentiviral vector (Genepharma Company, Suz-
hou, China). Specific short-hairpin RNAs (shRNAs) were
subcloned into a pLKO.1 lentiviral vector (Addgene,
Cambridge, MA, USA). For the viral infection experi-
ments, MSCs were infected with lentiviruses in the pres-
ence of 6 lg/ml polybrene (Sigma-Aldrich, St. Louis,
MO, USA) for 12 h. After 48 h, infected cells were
selected with 2 lg/ml puromycin. The scramble shRNA
control (Scramsh) was purchased from Addgene. The tar-
get sequences for the shRNAs are as follows: BCOR
shRNA (BCORsh), 50-gatggcttcagtgctatat-30; KDM2A
shRNA (KDM2Ash), 50-tttccaagccaatggtttc-30; SFRP2 sh
RNA (SFRP2sh), 50-ttgatgtaggttatctccttc-30; OSX shRNA
(OSXsh), 50-cctcaggctatgctaatgatt-30; and LV3 shRNA
(LV3sh), 50-ttctccgaacgtgtcacgtttc-30.

Reverse transcriptase polymerase chain reaction (RT-
PCR) and real-time RT-PCR

Total RNA was extracted from SCAPs using Trizol
reagent (Invitrogen). We synthesized cDNA from 2 lg
of RNA using random hexamers or oligo(dT)s and
reverse transcriptase according to the manufacturer’s
protocol (Invitrogen). Real-time PCR reactions were
conducted using the QuantiTect SYBR Green PCR kit
(Qiagen, Hilden, Germany) and an Icycler iQ Multi-
color Real-time PCR Detection System. The primers
used to amplify specific genes are provided in Table S1.

Alkaline phosphatase (ALP) and Alizarin red detection

SCAPs were grown in mineralization-inducing media
using the STEMPRO Osteogenesis Differentiation Kit
(Invitrogen) for 2–3 weeks. ALP activity and Alizarin

red staining assays were conducted as previously
described (32). ALP activity was assayed using an ALP
activity kit (Sigma-Aldrich). Induced cells were fixed
with 70% ethanol and stained with 2% Alizarin red
(Sigma-Aldrich).

Transplantation experiments

This study was approved by the Animal Care and Use
Committee of Beijing Stomatological Hospital, Capital
Medical University. Animal experiments were conducted
in accordance with the National Institute of Health Guide
for the Care and Use of Laboratory Animals (NIH Publi-
cations No.8023, revised 1978). The animals were pur-
chased from the Institute of Animal Science of the Vital
River Co., Ltd. The animals had not previously received
drugs or other procedures. Approximately, 4.0 9 106

cells were combined with 40 mg of HA/tricalcium phos-
phate ceramic particles (Engineering Research Center for
Biomaterials, Sichuan University, Chengdu, China) and
subcutaneously transplanted into the dorsal skin of 10-
week-old immunocompromised beige mice (nu/nu nude
mice). The transplantation experiments were conducted in
accordance with the approved animal protocol. Eight
weeks after the procedure, the implants were harvested,
fixed with 10% formalin, decalcified using 10% EDTA
buffer (pH 8.0) and embedded in paraffin. Sections were
stained with haematoxylin and eosin (H&E) and Gold-
ner’s trichrome. The bone/dentin-like areas were mea-
sured in sections stained with H&E and qualitatively
evaluated using the Image-Pro Plus 6.0 program (Media
Cybernetics, Rockville, MD, USA).

Goldner’s trichrome staining

Goldner’s trichrome staining (Catalog #26386; Electron
Microscopy Sciences, Hatfield, PA, USA) assays were con-
ducted according to the manufacturer’s protocol. The sec-
tions were stained with Bouin’s Fluid solution and washed
in tap water. Then, they were incubated with Weigert’s
haematoxylin, stained with ponceau acid fuchsin solution
and rinsed with 1% acetic acid. The sections were subse-
quently incubated in a phosphomolybdic acid-orange G
solution and washed with 1% acetic acid. Finally, the sec-
tions were stained using a Light Green stock solution.
According to this protocol, red staining labelled mature
bone, orange staining labelled red blood cells and blue stain-
ing labelled regenerated bone, osteoid or collagen fibres.

ChIP assays

A ChIP assay kit (Merck Millipore, Darmstadt, Ger-
many) was used according to the manufacturer’s
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protocol. Briefly, cells were incubated with 1%
formaldehyde for 10 min at 37 °C. Approximately,
2 9 106 cells were used in each ChIP experiment. DNA
was precipitated using 2 lg of a monoclonal antibody
against HA (Clone No. C29F4, Cat No. 3724; Cell Sig-
naling Technology, Beverly, MA, USA), a polyclonal
antibody against trimethylated H3K4 (H3K4me3) (Cat
No.07-473; Merck Millipore) or a polyclonal antibody
against dimethylated H3K36 (H3K36me2) (Cat No.07-
369; Merck Millipore). The immunoprecipitated DNA
samples were analysed using real-time PCR. The
sequences of the primers used to amplify the KDM2A
binding site in the SFRP2 promoter are as follows: for-
ward, 50-cgtatgccatgtaaagttctgctcatacg-30; and reverse, 50-
gttcagcagcctgtcgg
tgt-30.

Western blot analysis

Cells were harvested in RIPA buffer. Samples were
separated on a 10% SDS polyacrylamide gel and trans-
ferred to polyvinylidene difluoride membranes using a
semi-dry transfer apparatus (Bio-Rad Laboratories, Her-
cules, CA, USA). The membranes were blocked with a
5% milk solution for 2 h at room temperature and incu-
bated with primary antibodies overnight. The blot was
subsequently incubated with horseradish peroxidase-con-
jugated anti-rabbit or anti-mouse IgG secondary antibod-
ies (Promega, Madison, WI, USA), and the signal was
detected using SuperSignal reagents (Pierce, Rockford,
IL, USA). The following primary antibodies were used in
the Western blot assays: anti-HA (Clone No. C29F4, Cat
No. 3724; Cell Signaling Technology), anti-OSX (Cat
No. ab22552; Abcam) and anti-b-actin (Cat No. C1313;
Applygen, Beijing, China).

Counting viable cells

SCAPs were grown in mineralization-inducing media
using the STEMPRO Osteogenesis Differentiation Kit
(Invitrogen) for 48 h. Cells were digested with 0.25%
trypsin (Invitrogen) and resuspended in 1 ml of PBS.
The cells were quantified using an automated cell coun-
ter (TC10TM, Bio-Rad Laboratories). Trypan blue was
added to the cell suspension to label and eliminate non-
viable cells.

Statistics

All statistical calculations were performed using SPSS
13 statistical software. Student’s t-test or one-way
ANOVA was used to determine statistical significance.
P ≤ 0.05 was considered statistically significant.

Results

Overexpression of SFRP2 enhanced the osteo-/
dentinogenic differentiation potential of MSCs

We first examined the expression of SFRP2 in MSCs at
different stages of osteogenic differentiation. During the
induction of SCAP differentiation into osteo-/dentino-
genic cells, SFRP2 mRNA levels were upregulated in a
time-dependent manner (Fig. 1). To determine the func-
tion of SFRP2 in MSCs, we ectopically overexpressed
SFRP2 by infecting SCAPs with a lentiviral construct
expressing SFRP2. Transduced cells were selected after
7 days of treatment using 2 lg/ml puromycin, and ecto-
pic SFRP2 expression was confirmed using real-time
RT-PCR analysis (Fig. 2a).

The transduced SCAP cells were cultured in osteo-
genic-inducing medium for 5 days. Overexpression of
wild-type SFRP2 increased ALP activity, an early mar-
ker of osteo-/dentinogenic differentiation in SCAPs
(Fig. 2b). Accordingly, 2 and 3 weeks after induction,
mineralization was markedly enhanced in SCAPs over-
expressing SFRP2 compared with cells infected with the
empty vector, as demonstrated by Alizarin red staining
and calcium levels (Fig. 2c,d). Consistent with these
findings, real-time RT-PCR analysis revealed that the
osteogenic marker gene bone sialoprotein (BSP), which
encodes bone extracellular matrix proteins, was
expressed at greater levels in SCAP-SFRP2 cells than in
control SCAP cells on 0, 3 and 7 days after induction
(Fig. 2e). The expression of another osteogenic marker,
osteopontin (OPN), also increased on 0, 3, 7 and 10
days after induction in SCAP-SFRP2 cells compared
with SCAP control cells (Fig. 2f). In addition, expres-
sion of the osteogenic marker collagen type I alpha 2
(COL1A2) was strongly enhanced on 3 and 7 days

Figure 1. SFRP2 expression increased in differentiated SCAPs.
Real-time RT-PCR analysis of SFRP2 mRNA levels in differentiated
SCAPs. GAPDH was used as an internal control. One-way ANOVA
was used to calculate statistical significance. Error bars represent the
SD (n = 3). **P ≤ 0.01.
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Figure 2. SFRP2 overexpression enhanced SCAP osteo-/dentinogenic differentiation. (a) Real-time RT-PCR verified that SCAPs infected with
the lentivirus construct overexpressed SFRP2. (b) ALP activity. (c) Quantitative calcium analysis. (d) Alizarin red staining. (e–j) Real-time RT-PCR
analysis of the expression of BSP (e), OPN (f), COL1A2 (g), DSPP (h), DMP1 (i) and OSX (j). GAPDH was used as an internal control. Student’s
t-test was used to determine statistical significance. Error bars represent the SD (n = 3). *P ≤ 0.05; **P ≤ 0.01.

© 2016 John Wiley & Sons Ltd Cell Proliferation, 49, 330–340

334 G. Yu et al.



(Fig. 2g) after induction in SCAP-SFRP2 cells com-
pared with SCAP control cells. The dentinogenic mark-
ers, dentin sialophosphoprotein (DSPP) and dentin
matrix protein 1 (DMP1), both of which encode extra-
cellular matrix proteins of dentin, were expressed at
higher levels in SCAP-SFRP2 cells compared with
SCAP control cells on 3, 7, 10 and 14 days after induc-
tion (Fig. 2h,i).

We also examined the expression of key transcrip-
tion factors involved in MSC osteo-/dentinogenic differ-
entiation, including runt-related transcription factor 2
(RUNX2), Osterix (OSX) and distal-less homeobox fac-
tors (DLX) 2, 3 and 5. The mRNA levels of OSX were
significantly greater in SCAP-SFRP2 cells than in SCAP
control cells on the day that the cells were infected
(Fig. 2j), but the expression levels of other genes did
not significantly change (data not shown).

Finally, we investigated if SFRP2 overexpression
affects SCAP osteo-/dentinogenesis in vivo. To this end,
we subcutaneously transplanted control or SFRP2-over-
expressing SCAPs into nude mice. The transplanted tis-
sues were harvested 8 weeks after cell transplantation.
H&E and Goldner’s trichrome staining revealed an
increase in bone/dentin-like tissues in tissues derived
from transplanted SFRP2-overexpressing SCAPs
(35.02 � 6.92%) compared with tissues derived from
transplanted control SCAPs (14.98 � 3.07%) (Fig. 3a–
c). Taken together, these data demonstrated that SFRP2
expression strongly enhanced osteo-/dentinogenic differ-
entiation in SCAPs in vivo.

Depletion of SFRP2 inhibited the osteo-/dentinogenic
differentiation potential of MSCs

To investigate the effect of SFRP2 depletion on MSC
osteo-/dentinogenic differentiation, we designed a
shRNA lentiviral construct targeting SFRP2 and intro-
duced it into SCAPs (SCAP-SFRP2sh cells). The
knock-down efficiency of the shRNA (90%) was deter-
mined using real-time RT-PCR (Fig. 4a). The mRNA
level of OSX significantly decreased in SCAP-SFRP2sh
cells compared with SCAP cells infected with Scramsh
control shRNA (SCAP-Scramsh) (Fig. 4b). Interestingly,
shRNA-mediated SFRP2 silencing induced cell death in
SCAPs cultured in osteogenic-inducing medium for
48 h. In contrast, shRNA-mediated OSX silencing did
not affect cell survival in SCAPs cultured in osteogenic-
inducing medium for 48 h. In addition, mineralization
was successfully induced by osteogenic medium in
OSX-depleted SCAPs in vitro (Fig. S2).

We then subcutaneously transplanted SCAP-Scramsh
or SCAP-SFRP2sh cells into nude mice and harvested
the transplanted tissues 8 weeks later. H&E staining
revealed that less bone/dentin-like tissues were present
in tissues derived from SCAP-SFRP2sh cells
(6.04 � 1.58%) than in tissues derived from SCAP-
Scramsh cells (17.93 � 4.12%) (Fig. 4c,d). These
experiments demonstrated that SCAP-SFRP2sh inhibited
bone/dentin-like tissue generation, indicating that SFRP2
knock-down significantly inhibited osteo-/dentinogenic
differentiation in SCAPs in vivo.

Figure 3. SFRP2 overexpression enhanced
bone/dentin-like tissue formation in SCAPs.
(a) H&E-stained micrographs of SFRP2-over-
expressing SCAPs transplanted into nude
mice for 8 weeks exhibited bone/dentin-like
tissues. (b) The transplants were examined
using Goldner’s trichrome staining. (c) Quali-
tative measurement of bone/dentin-like tissues
in tissue samples. Student’s t-test was used to
determine statistical significance. Error bars
represent the SD (n = 5). **P ≤ 0.01. Bar:
100 lm. B, bone/dentin-like tissues; HA,
hydroxyapatite tricalcium carrier; CT, connec-
tive tissue.
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Depletion of KDM2A or BCOR promoted SFRP2
transcription by increasing histone H3K4 and H3K36
methylation of the SFRP2 promoter

BCOR shRNA (BCORsh) was used to silence BCOR in
SCAPs, and real-time RT-PCR analysis revealed that the
knock-down efficiency of BCORsh was 60% relative to
the Scramsh control in SCAPs (Fig. 5a). Real-time RT-
PCR analysis revealed that the expression of SFRP2
increased in BCORsh-infected SCAPs compared with
Scramsh-infected SCAPs (Fig. 5b). In addition, we
silenced KDM2A using a KDM2A shRNA (KDM2Ash)
lentiviral construct in SCAPs, and real-time RT-PCR
analysis demonstrated that the knock-down efficiency of
KDM2Ash was 70% relative to Scramsh (Fig. 5c). Real-
time RT-PCR results indicated that the expression of

SFRP2 increased in KDM2A-depleted SCAPs compared
with Scramsh-infected SCAPs (Fig. 5d). Next, we inves-
tigated if the KDM2A–BCOR complex can demethylate
histones H3K36 or H3K4 in the SFRP2 promoter. Using
ChIP assays, we found that KDM2A knock-down
increased H3K36me2 and H3K4me3 levels in the
SFRP2 promoter (Fig. 5e–g), and similar results were
observed with BCOR knock-down (Fig. 5h,i). To further
investigate the activity of the KDM2A–BCOR complex
at the SFRP2 promoter, we infected SCAPs with retro-
viruses overexpressing HA-KDM2A or HA-BCOR or
with an empty control HA-vector (Fig. 5j,l) and anal-
ysed the cells using ChIP assays with anti-HA antibod-
ies. Compared with the HA control, significantly greater
levels of HA-KDM2A and HA-BCOR precipitated with
the SFRP2 promoter (Fig. 5k,m).

Figure 4. SFRP2 knock-down inhibited
osteo-/dentinogenic potential in SCAPs. (a)
Real-time RT-PCR analysis of SFRP2 expres-
sion after SFRP2 depletion in SCAPs. (b)
Real-time RT-PCR analysis of OSX expres-
sion in SFRP2-depleted SCAPs. GAPDH was
used as an internal control. Error bars repre-
sent the SD (n = 3). (c) H&E-stained micro-
graphs of bone/dentin-like tissue formation
derived from SFRP2-shRNA cells trans-
planted into nude mice for 8 weeks. (d) Qual-
itative measurement of bone/dentin-like
tissues in transplant tissue samples. Student’s
t-test was used to determine statistical signifi-
cance. Error bars represent the SD (n = 5).
**P ≤ 0.01. Bar: 100 lm. B, bone/dentin-like
tissues; HA, hydroxyapatite tricalcium carrier;
CT, connective tissue.

Figure 5. Depletion of KDM2A or BCOR increased SFRP2 expression in SCAPs by increasing histone K4/36 methylation at the SFRP2
promoter. Real-time RT-PCR analysis of BCOR (a), SFRP2 (b, d) and KDM2A (c) in cells infected with BCOR shRNA (a, b) or KDM2A shRNA
(c, d). GAPDH was used as an internal control. (e) Location of ChIP assay primers that targeted the SFRP2 promoter 666 to 583 bp upstream of
the transcription start site (TSS). (f–i) ChIP analysis of changes in histone methylation in the SFRP2 promoter caused by infection with shRNA to
silence either KDM2A (f, g) or BCOR (h, i) expression. (j) Western blot assays demonstrated that HA-KDM2A-infected SCAPs overexpressed
KDM2A. (k) HA-KDM2A overexpression enhanced the levels of KDM2A observed at the SFRP2 promoter. (l) Western blot assays demonstrated
that HA-BCOR-infected SCAPs overexpressed BCOR. (m) HA-BCOR overexpression enhanced the level of BCOR observed at the SFRP2 pro-
moter. H3K36me2, Histone K36 dimethylation; H3K4me3, histone K4 trimethylation. Student’s t-test was used to determine statistical significance.
Error bars represent the SD (n = 3). *P ≤ 0.05; **P ≤ 0.01.
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Discussion

Recent years have witnessed significant progress in the
field of MSC-mediated tissue regeneration (3,6,8,9).
However, the mechanism underlying the directed differ-
entiation of MSCs remains unclear.

MSC commitment and differentiation into osteo-
cytes, chondrocytes and adipocytes requires Wnt/b-cate-
nin signalling (11–14). In an animal model of
accelerated ageing, the secreted protein Klotho directly
binds to Wnt and prevents the activation of Wnt sig-
nalling, and the early-onset ageing phenotype of Klotho-
deficient mice results from chronic activation of Wnt
signalling (34). In addition, muscle stem cells derived
from aged mice preferentially differentiate into fibro-
genic rather than myogenic cell types, and this effect is
associated with the activation of Wnt signalling (35).
These findings indicate that Wnt signalling plays an
important role in stem cell maintenance and function
(13,14,34,35).

SFRP2 directly binds to Wnt, thereby preventing
activation of Wnt signalling (17,18,36). Using microar-
ray analysis, we previously found that SFRP2 expres-
sion was 15 times greater in SCAPs derived from
patients with OFCD than in SCAPs derived from
healthy individuals (32). In the present study, we found
that SFRP2 was upregulated during osteogenic differen-
tiation in a time-dependent manner in MSCs derived
from dental tissue. Moreover, in gain-of-function stud-
ies, SFRP2 enhanced osteo-/dentinogenic differentiation
in SCAPs and increased the expression of BSP,
COL1A2, OPN, DSPP and DMP1 genes that encode
various extracellular matrix proteins found in bone and
dentin. RUNX2 and OSX are the two key transcription
factors required for osteogenic differentiation (37).
RUNX2 mediates the activation of osteo-/dentinogenic
differentiation, and OSX is a downstream target gene of
RUNX2 (38). Members of the DLX gene family, specifi-
cally DLX2, DLX3 and DLX5, play important roles in
osteoblast differentiation (39–43), and DLX transcription
factors can induce the expression of RUNX2 and OSX
(39–45). We demonstrated that SFRP2 was able to acti-
vate the expression of the key transcription factor OSX
but did not affect RUNX2, DLX2, DLX3 and DLX5
expression. These findings indicated that SFRP2 activa-
tion of OSX expression is independent of the transcrip-
tion factor genes RUNX2, DLX2, DLX3 and DLX5.
Then, shRNA-mediated silencing of SFRP2 induced cell
death in SCAPs after 48 h in osteogenic-inducing cul-
ture medium, indicating that SFRP2 is critical to main-
taining SCAP survival following osteo-/dentinogenic
commitment. An in vitro study demonstrated that
SFRP2 protected mammalian cell lines from UV- and

tumour necrosis factor-induced apoptosis (46). SFRP2
has also been reported to protect cardiomyocytes from
hypoxia-induced apoptosis (47). In addition, SFRP2
increases MSC survival in oxidative stress (23). Based
on these findings, we hypothesized that SFRP2 depletion
induced cell death in SCAPs cultured in osteogenic-
inducing medium by depleting OSX levels. However,
we found that OSX depletion did not affect cell survival
in SCAPs cultured in osteogenic-inducing medium.
These data indicated that SFRP2 depletion-mediated cell
death was independent of OSX. Interestingly, the expres-
sion of OSX significantly decreased in SFRP2-depleted
SCAPs, suggesting that SFRP2 knock-down reduces the
osteo-/dentinogenic differentiation potential of SCAPs
and that SFRP2 promotes osteo-/dentinogenic differenti-
ation.

The therapeutic potential of MSCs can be assessed
using in vitro assays that measure cell growth, prolifera-
tion and viability (48). MSCs that exhibit robust growth,
proliferation and viability have greater potential to gen-
erate vascularized granulation tissue and facilitate long-
term MSC engraftment (48,49). These discoveries
strongly suggest that increasing growth, proliferation
and viability of MSCs may enhance vascularization and
tissue regeneration potential. Together, our findings that
SFRP2 promotes MSC differentiation in vitro support
the hypothesis that SFRP2 enhances tissue regeneration
potential. Indeed, SFRP2 considerably enhanced osteo-/
dentinogenesis in transplantation experiments in vivo.

Previous studies using microarray analysis demon-
strated that mutant BCOR increased the expression of
SFRP2 compared with WT BCOR (32). In the present
study, we confirmed that SFRP2 is a downstream target
of BCOR. BCOR forms a protein complex with
KDM2A that regulates downstream targets and MSC
functions (50). Therefore, we hypothesized that KDM2A
and BCOR targeted SFRP2. Indeed, we found that
silencing KDM2A or BCOR increased the expression of
SFRP2 and that inhibiting KDM2A or BCOR function
increased the expression of osteo-/dentinogenic markers
and enhanced osteo-/dentinogenesis in vivo (32,50).
Together these findings indicate that the enhanced
osteo-/dentinogenesis resulting from KDM2A or BCOR
inhibition may be mediated by SFRP2; however, further
investigation is required to elucidate the precise mecha-
nism by which this occurs.

In addition, we investigated if KDM2A or BCOR can
demethylate H3K36me2 or H3K4me3 at the SFRP2 pro-
moter and thus regulate SFRP2 transcription. We found that
silencing either KDM2A or BCOR increased H3K36me2
and H3K4me3 levels at the SFRP2 promoter and upregu-
lated SFRP2 expression. The presence of KDM2A and
BCOR at the SFRP2 promoter was enhanced in KDM2A-
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or BCOR-overexpressing SCAPs compared with control
cells, indicating that KDM2A or BCOR can bind to the
SFRP2 promoter. These results also indicated that KDM2A
demethylated histones at the SFRP2 promoter by directly
binding BCOR to form a protein complex that inhibited
SFRP2 transcription in SCAPs.

In conclusion, depletion of KDM2A and BCOR
increased H3K4 and H3K36 methylation at the SFRP2
promoter and resulted in the depression of SFRP2 tran-
scription. SFRP2 enhanced the osteo-/dentinogenic dif-
ferentiation potential of SCAPs by activating the key
transcription factor OSX. Our work identified novel
SFRP2 functions and provided insight into the molecular
mechanisms underlying the directed differentiation of
MSCs. These findings may contribute to the identifica-
tion of potential therapeutic gene targets that may
enhance the efficacy of tissue regeneration approaches.
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Fig. S1 Flow cytometry analysis of cell surface mak-
ers. The results indicated that SCAPs were positive for
CD105 and negative for CD34 and CD45. The peak
dividing the positive and negative sides depicts the cell
population stained with the appropriate antibody.

Fig. S2 Cell survival was unaffected in SCAPs
depleted of OSX. (a) Western blot analysis of OSX
knock-down in SCAPs. Beta-actin was used as an inter-
nal control. (b) Alizarin red staining. (c) SCAPs were
cultured with osteogenic medium for 48 h. No signifi-
cant difference in the number of viable cells was
observed between the OSX knock-down group and the
control group. Student’s t-test was used to determine
statistical significance. Error bars represent the SD
(n = 3). NS, no significant difference.

Table S1 Primers sequences used in the real-time
RT-PCR.
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