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ABSTRACT

Human multipotent mesenchymal stromal cells (hMSCs) possess the ability to differentiate into osteoblasts, and they can be utilized as a source for
bone regenerative therapy. Osteoinductive pretreatment, which induces the osteoblastic differentiation of hMSCs in vitro, has been widely used
for bone tissue engineering prior to cell transplantation. However, the molecular basis of osteoblastic differentiation induced by osteoinductive
medium (OIM) is still unknown. Therefore, we used a next-generation sequencer to investigate the changes in gene expression during the
osteoblastic differentiation of hMSCs. The hMSCs used in this study possessed both multipotency and self-renewal ability. Whole-transcriptome
analysis revealed that the expression of zinc finger and BTB domain containing 16 (ZBTB16) was significantly increased during the
osteoblastogenesis of hMSCs. ZBTB16 mRNA and protein expression was enhanced by culturing the hMSCs with OIM. Small interfering RNA
(siRNA)-mediated gene silencing of ZBTB16 decreased the activity of alkaline phosphatase (ALP); the expression of osteogenic genes, such as
osteocalcin (OCN) and bone sialoprotein (BSP), and the mineralized nodule formation induced by OIM. siRNA-mediated gene silencing of Osterix
(Osx), which is known as an essential regulator of osteoblastic differentiation, markedly downregulated the expression of ZBTB16. In addition,
chromatin immunoprecipitation (ChIP) assays showed that Osx associated with the ZBTB 16 promoter region containing the GC-rich canonical
Sp1 sequence, which is the specific Osx binding site. These findings suggest that ZBTB 16 acts as a downstream transcriptional regulator of Osx
and can be useful as a late marker of osteoblastic differentiation. J. Cell. Biochem. 117: 2423-2434, 2016. © 2016 The Authors. Journal of Cellular
Biochemistry published by Wiley Periodicals, Inc. This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License,

which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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A complex network of several transcription factors and
signaling proteins regulates osteoblastic differentiation
[Zhang, 2010]. Both runt-related transcription factor two (Runx2)
and Osterix (Osx) are important transcription factors for osteoblastic
differentiation and bone formation that control the expression of
bone-related genes, such as osteocalcin (OCN), bone sialoprotein

(BSP), and osteopontin (OPN) [Xiao et al., 2005; Kim et al., 2006;
Matsubara et al., 2008; Niger et al., 2011]. Runx2 null mice are
unable to form endochondral and intramembranous bone [Ducy
et al., 1997; Komori et al., 1997; Otto et al., 1997]. Osx is specifically
expressed in the osteoblasts and osteocytes of all developing bones.
Similar to the phenotype of the Runx2 null mice, Osx null mice are
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also unable to form bone. Although Runx2 is expressed in Osx null
mice, Osx is not expressed in Runx2 null mice; therefore, Runx2 is
thought to be an upstream regulator of Osx [Nakashima et al., 2002].
Other transcriptional factors, including DIx5, Twist1, and ATF4, are
also involved in osteoblastic differentiation [Acampora et al., 1999;
Bialek et al., 2004; Yang et al., 2004]. However, because many
studies have indicated that several transcriptional factors regulate
osteoblastic differentiation and because in vivo and in vitro data are
conflicting in many studies, the mechanisms of osteoblastic
differentiation have not been fully elucidated.

Multipotent mesenchymal stromal cells (MSCs) have been isolated
from several tissues [Pittenger et al., 1999; Zuk et al., 2002; Lee et al.,
2004]. MSCs are capable of differentiating into cells of the mesodermal
lineage, such as osteoblasts, chondrocytes, and adipocytes. In addition
to multipotency, MSCs are defined as having self-renewal ability and
specific surface marker expression [Dominici et al., 2006]. Further-
more, MSCs stimulate angiogenesis by secreting VEGF and have
immunomodulatory properties that are mediated by both cell-cell
contact and secreted bioactive molecules [Caplan and Correa, 2011].
For these reasons, MSCs have been used in several clinical trials and
are considered a powerful tool for regenerative therapy and tissue
engineering [Trubiani et al., 2008; Iwata et al., 2009]. In fact, several
cellular bone matrices, which contain living cells, are commercially
available for clinical use [Skovrlj et al., 2014].

Previous studies have indicated that osteoinductive medium (OIM)
containing ascorbic acid (AA), B-glycerophosphate (3-GP), and
dexamethasone (Dex) induces the osteoblastic differentiation of MSCs
in vitro [Gay et al., 2007]. However, the mechanisms by which OIM
enhances osteoblastic differentiation and regulates osteogenic
transcriptional factors are not well understood. In our recent study,
high-throughput mRNA sequencing (RNA-seq) of hMSCs revealed the
involvement of the WNT signaling pathway during OIM-mediated
osteoblastic differentiation [Yamada et al., 2013]. We also observed
that several transcriptional factors were drastically increased in
response to OIM-mediated osteoblastic differentiation. After we
reviewed RNA-seq results [Yamada et al., 2013], we focused our
attention on Zinc Finger and BTB Domain-Containing 16 (ZBTB16),
also known as promyelotic leukemia zinc finger (PLZF), which was
especially upregulated when hMSCs were cultured in OIM.

Here, we report that ZBTB16 functions as a key regulator of
osteoblast and mature osteoblast differentiation and matrix minerali-
zation in hMSCs. In addition, the expression of ZBTB16 may be used as
a late marker of osteoblastic differentiation. Furthermore, our results
indicated that the expression of ZBTB16 during osteoblastic
differentiation depends on Osterix but not on RUNX2.

The experimental protocol was approved by the ethics committee of
Tokyo Women’s Medical University. All of the subjects signed
informed consent forms approving the donation of their teeth that
were extracted for impaction reasons.

CELL CULTURE
Human periodontal ligament (PDL)-derived MSCs were obtained and
prepared as previously described [Iwata et al., 2010]; these cells

showed the hMSC phenotype defined by Dominici et al. (2006).
Briefly, PDL tissues were separated from the mid-third of the
extracted human teeth and dispersed in alpha-minimum essential
medium with GlutaMAX («-MEM) (Gibco, Life Technologies,
Carlsbad) containing 1% sulbactam/ampicillin (UNASYN-S KIT;
Pfizer, Tokyo, Japan), 1,200 PU/mL dispase (Sanko Junyaku, Tokyo,
Japan), and 0.8 PZ-U/mL collagenase type 1 (Serva Electrophoresis,
Heidelberg, Germany). A single-cell suspension was spread in a T25
Primaria culture flask (Falcon; Passage 0), and the cells were cultured
in complete medium (a-MEM supplemented with 100U/mL
penicillin and 100 mg/mL streptomycin containing 10% fetal bovine
serum [FBS; Moregate Biotech, Queensland, Australia]) at 37°C in a
humidified atmosphere of 95% air and 5% CO,. hMSCs between the
third and sixth passages were used for experimentation. Human
bone marrow-derived MSCs (hBMMSCs) from three different lots
were purchased from Lonza (Lonza, Walkersville, MD). These cells
were cultured in complete medium as described above.

FLOW CYTOMETRIC ASSAY

A total of 5x 10° cells was suspended in 100 pL of Dulbecco’s
phosphate-buffered saline (PBS; Gibco) containing 10 pg/mL of
each specific antibody. To detect the expression of surface markers,
fluorescein isothiocyanate (FITC)- or phycoerythrin (PE)-conjugated
antibodies against CD11b, CD14, CD29, CD34, CD45, CD73, CD90,
and CD105 (BD Biosciences, San Jose, CA) were used. FITC-
conjugated non-specific mouse IgG (BD Biosciences) and PE-
conjugated non-specific mouse IgG (R and D Systems) were
employed as isotype controls. After the cells were incubated for
30 min at 4°C, they were washed with PBS and suspended in 300 p.L
of PBS for further analysis. Cell fluorescence was determined using a
flow cytometer (Epics-XL; Beckman Coulter, Fullerton, CA).

DIFFERENTIATION ASSAY

To study osteogenesis, hMSCs were seeded onto 100 mm dishes
(Primaria; Corning, NY) at a density of 50 cells/dish and cultured in
complete medium for 14 d, after which the medium was changed to
OIM. This medium consisted of complete medium supplemented with
82 pg/mL L-ascorbic acid phosphate magnesium salt (AA; Wako
Pure Chemical, Tokyo, Japan), 10 mmol/L B-glycerophosphate (3GP;
Sigma-Aldrich, St. Louis, M0), and 10 nmol/L dexamethasone (DEX;
Fuji Pharma, Tokyo, Japan). After the cells were incubated for an
additional 21 d, they were stained with 1% alizarin red S solution
(Wako Pure Chemical). To quantify the intensity of alizarin red S
staining, the bound staining was eluted with 10% (wt/vol)
cetylpyridinium chloride (Sigma-Aldrich), and the alizarin red S
dye in the samples was quantified by measuring the absorbance at a
wavelength of 570 nm.

To study adipogenesis, hMSCs were seeded onto 100 mm dishes
at a density of 50 cells/dish and cultured in complete medium for
14 d, after which the medium was changed to adipogenic medium.
This medium consisted of complete medium supplemented
with 100nmol/L DEX, 0.5mmol/L isobutyl-1-methyl xanthine
(Sigma-Aldrich), and 50 mmol/L indomethacin (Wako Pure Chemi-
cal). After the adipogenic cultures were incubated for an additional
21d, they were fixed in 4% paraformaldehyde (Wako Pure Chemical)
and stained with fresh Oil Red O solution.
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To study chondrogenesis, hMSCs were placed in a 15mL
polypropylene tube (BD Biosciences) and centrifuged at 450¢g for
10 min. The formed pellet was cultured in chondrogenic medium,
which consisted of high-glucose Dulbecco’s modified Eagle's
medium (Invitrogen) supplemented with 500 ng/mL recombinant
human bone morphogenetic protein 2 (BMP-2) (R and D Systems,
Minneapolis, MN), 10 ng/mL transforming growth factor 3 (R and D
Systems), 10 nM DEX, 50 mg/ml AA, 40 mg/mL proline, 100 mg/mL
pyruvate, and 50mg/ml ITS1Premix (BD Biosciences), and the
medium was changed every 3 d. After the pellets were incubated for
21 d, they were embedded in paraffin and cut into 5pum tissue
sections. These sections were stained with toluidine blue.

PREPARATION OF THE TOTAL RNA LIBRARY AND SEQUENCING

For these studies, hMSCs were isolated from three different subjects
and cultured using three different methods: (1) hMSCs were cultured
in complete medium for 4 d (OIM [—] 4 d), (2) hMSCs were cultured
with OIM for 4 d (OIM [+] 4 d), and (3) hMSCs were cultured with OIM
for 14 d (OIM [+] 14 d). Total RNA was purified and concentrated
using a RiboMinus Eukaryote Kit (Invitrogen, Life Technologies,
Carlsbad, CA) and RNeasy MinElute Cleanup Kit (Qiagen, Valencia,
CA). Ribosomal RNA-depleted total RNA was utilized to construct a
library using a SOLiD Total RNA-seq Kit (Life Technologies), and
then the library was sequenced using the SOLiD System (Life
Technologies). All of the procedures were performed according to the
manufacturers’ instructions.

WHOLE-TRANSCRIPTOME ANALYSIS

The SOLiD system generated 94.4-118.2 million single-ended 50 bp
reads from nine samples (MSCs were isolated from three different
subjects, and RNA samples were isolated from three groups, OIM [—]
4d, OIM [+] 4 d, and OIM [+] 14 d). We used the Tophat2 (v. 2.0.14)-
Cufflinks (v.2.2.1) pipeline [Trapnell et al., 2012] to gather the
uniquely mapped reads to the human reference genome (hg19) and
to quantify RefSeq gene expression as the unit of fragments per
kilobase of exon per million mapped reads (FPKM). After combining
nine samples using Cuffmerge, we performed Cuffdiff processing in
the Cufflinks package to detect differentially expressed genes (DEGs)
between the tissues via two-group ?-tests coupled to a Benjamini-
Hochberg correction (q-value) as previously described [Park et al.,
2015]. We defined DEGs when the fold change of the FPKMs was
>2.0 and the q-value was <0.05. The human reference genome and
the RefSeq annotation were downloaded from http://genome.ucsc.
edu/. The RNA-seq datasets generated in this study have been
deposited in the DNA Data Bank of Japan (DDBJ) Sequence Read
Archive (DRA) under accession number DRA003917.

ALKALINE PHOSPHATASE (ALP) ACTIVITY ASSAY

hMSCs were seeded onto a 96-well plate at a density of 1 x 10* cells/
well and cultured in complete medium for 48 h. The medium was
changed to complete medium or OIM. After the hMSCs were
incubated for 5 d, the medium in the culture dish was removed, and
the hMSCs were washed twice with sterile saline. ALP activity in the
hMSCs was evaluated using a LabAssay ALP Kit (Wako Pure
Chemical). The absorbance was measured at a wavelength of 405 nm
using a plate reader (Model 450; Bio-Rad, Hercules, CA).

MEASUREMENT OF CELL VIABILITY

Cell viability was measured by MTS assay (CellTiter 96 AQueous One
Solution Cell Proliferation Assay; Promega, Madison, WI). hMSCs
were seeded on a 96-well plate at a density of 5 x 10° cells/well and
cultured for 24h in antibiotic-free a-MEM containing 10% FBS.
After small interfering RNA (siRNA) transfection was performed (the
details of these methods are described below; 2.10), the cells were
further cultured with or without OIM for 5 d. The absorbance was
measured at a wavelength of 490nm after 1h according to the
manufacturer’s instructions.

RNA ISOLATION AND REAL-TIME RT-PCR

hMSCs were seeded onto 6-well plates at a density of 4 x 10* cells/well
and cultured for 2 d in complete medium. The medium was changed to
complete medium or OIM after 4, 7, and 14 d. Total RNA was isolated
using the QIAshredder and an RNeasy Plus Mini Kit (Qiagen)
according to the manufacturer’s instructions. cDNA was synthesized
from 500 ng of total RNA using a Superscript VILO cDNA Synthesis
Kit (Invitrogen). mRNA expression levels were quantitatively
analyzed by real-time RT-PCR using the StepOnePlus Real-Time
PCR system (Applied Biosystems, Foster City, CA). The primers used
were as follows: ZBTB16 (Hs00957433_m1), Osx (Hs00541729_m1),
RUNX2 (Hs00231692_m1), OCN (Hs01587814_g1), BSP
(Hs00173720_m1), and B-actin (43263251E; all of the probes were
obtained from Applied Biosystems). The mRNA expression values
were normalized to B-actin, and the fold changes were calculated
using the values obtained by the ACT method at each time point
[Livak and Schmittgen, 2001].

WESTERN BLOT ANALYSIS

After hMSCs were cultured with or without OIM for 4, 7, and 14 d,
then the cells were washed twice with cold PBS (Gibco) and lysed
for 15 min on ice with Cell Lysis Buffer (Cell Signaling Technology,
Danvers, MA), respectively. The lysed cells were collected using a
cell scraper, sonicated using a Bioruptor (Cosmo Bio, Tokyo,
Japan), and centrifuged at 14,000¢g for 15 min at 4°C. The protein
concentrations were determined using a Qubit Protein Assay Kit
and a Qubit fluorometer (Invitrogen). The proteins were prepared
for electrophoresis by adding NuPAGE LDS Sample Buffer
(Invitrogen), heating the samples to 70°C for 10 min, and then
loading 30 g of each sample onto NuPAGE Novex 4-12% Bis-
Tris Mini Gels (Invitrogen), which were run at 200V for 35 min in
NuPAGE MES SDS Running Buffer (Invitrogen). The gels were
transferred to nitrocellulose membranes using the iBlot Dry
Blotting System (Invitrogen). The membranes were blocked for
1h in Tris-buffered saline/Tween (TBS-T; 20 mmol/L Tris-HCl,
150 mmol/L NaCl [pH 7.5], and 0.05% Tween 20) containing 3%
ECL Prime Blocking Reagent (GE Healthcare, Buckinghamshire,
UK). The blots were subsequently incubated with anti-ZBTB16
(1:500, Sigma-Aldrich) or anti-B-actin (1:1000, Cell Signaling) in
blocking buffer overnight at 4°C, washed three times for 20 min
with TBS-T, and incubated with anti-rabbit IgG (the secondary
antibody; 1:15,000) for 30 min at room temperature. After the
membranes were incubated with the secondary antibody, they
were washed three times for 20 min with TBS-T. The immunore-
active bands were detected using ECL Prime Western Blotting

JOURNAL OF CELLULAR BIOCHEMISTRY

2425

ZBTB16 REGULATES OSTEOBLASTOGENESIS VIA OSX


http://genome.ucsc.edu/
http://genome.ucsc.edu/

Detection Reagent (GE Healthcare) followed by image analysis
(LAS-4000 Mini; Fujifilm, Tokyo, Japan).

SMALL INTERFERING RNA (SIRNA) TRANSFECTION
siRNAs targeting ZBTB16 (Silencer Pre-designed siRNA: s15200),
Osx (s42459 and s42458), and RUNX2 (s2455) as well as the non-
targeting control siRNA (Silencer Select Negative Control #1 siRNA:
4390843) were purchased from Applied Biosystems. For the ALP
activity assay, MTS assay and differentiation assay, hMSCs were
seeded on 96-well plates at a density of 5 x 10 cells/well and
cultured for 24 h in antibiotic-free a-MEM containing 10% FBS.
When the cells were 30-50% confluent, siRNA transfection was
performed. siRNA for ZBTB16 (30 pmol/L) was mixed with 0.2 pL of
Lipofectamine RNAIMAX reagent (Invitrogen) in 20 L of Opti-MEM
Reduced-Serum Medium (Invitrogen). After the mixture was
incubated for 20 min at room temperature to form a complex, it
was added to the cell culture. After 6 h, the medium was changed,
and the cells were treated with or without OIM for 3, 5, and 21 d.
For real-time RT-PCR and Western blot analyses, hMSCs were
seeded on six-well plates at a density of 2 x 10* cells/well and
cultured for 24 h in antibiotic-free «-MEM containing 10% FBS. The
cells were transiently transfected with siZBTB16 (30 wmol/L), siOsx
(30 pmol/L), and siRUNX2 (30 wmol/L) as described above. After 6 h,
the medium was changed, and the cells were treated with or without
OIM for 3 and 7 d. Then, total RNA and protein from hMSCs were
isolated as described above.

CHROMATIN IMMUNOPRECIPITATION (CHIP) ASSAY

hMSCs were seeded onto 100 mm culture dishes at a density of
2 x 10° cells/dish and cultured for 2 d in complete medium. Then, the
medium was changed to OIM supplemented with recombinant
human BMP-6 (rth-BMP-6: 200 ng/mL: R and D Systems) for 7 d.

ChIP was performed using the MAGnify Chromatin Immunopre-
cipitation System (Life Technologies) according to the man-
ufacturer’s protocol and using ChIP grade antibodies against Osx
(Abcam: ab22552), ZBTB16 (Santa Cruz, PLZF D-9: sc-28319), and
normal rabbit IgG (Invitrogen).

The purified DNA samples were analyzed by PCR using primers of
the proximal ZBTB 16 promoter region containing the Sp1 sequence.
The primer pairs were as follows: ZBTB16 promoter P1, 5'-CGCCAGC
ACTAAAGATGGA-3' (forward) and 5-CCTCTCTGCTGCGAGGTT
AG-3’ (reverse); ZBTB16 promoter P2, 5'-ACTGTTTCCACCCAGAT
TGC-3' (forward) and 5-ACACCCGTTTITAGCTGTCG-3’ (reverse);
negative control P3, 5-AAGAGTTGCAACATTCCATTCA-3" (for-
ward) and 5-CTCAGCTTGGTCACCAGGTA-3’ (reverse); Osx pro-
moter P1, 5-TGTCAGTGCGTTCCAGTCTC-3' (forward) and 5'-GCTC
CACTCCTGTTCCACTC-3’; (reverse); and negative control P2, 5'-AA
TGGTTCCTGTGGTTCAGC-3' (forward) and 5-TAAACCCCCTAGGC
ATCTGG-3' (reverse).

STATISTICAL AND BIOINFORMATICS ANALYSIS

Clustering analysis was conducted using the function hclust of the R
programming language (http://www.r-project.org/). Euclidean dis-
tances among the FPKMs were adjusted by quantile normalization,
and mean centering was clustered by the hierarchical average
linkage method. Gene Ontology (GO) biological process terms were

analyzed using the PANTHER classification system (http://www.
pantherdb.org/) with the annotation dataset GO biological process
complete. We addressed over- and under-represented GO terms in
each expression cluster with Bonferroni’s corrected P value (<0.05).
In the statistical analyses, all of the values are reported as the
mean + standard deviation (SD). The differences between the groups
were assessed by Student’s t-test or t-test followed by Bonferroni’s
multiple comparison correction procedure. Values of P < 0.05 and
P < 0.01 were considered significant.

hMSCS DERIVED FROM PDL POSSESS MSC-LIKE PROPERTIES

First, we verified that the cells used in this study corresponded to
the minimal criteria of MSCs defined by Dominici et al. (2006).
Flow cytometric analysis confirmed that these hMSCs expressed
characteristic antigens of MSC markers, including CD29", CD44™,
CD73", CD90*, CD105", CD11b~, CD147, CD34,” and CD45
(Fig. 1A). These cells were also able to form colonies (Fig. 1B). To
confirm the multipotency of these cells, we performed differentia-
tion assays using differentiation medium for osteogenesis, adipo-
genesis, and chondrogenesis. When the hMSCs were cultured with
OIM, calcium deposits were detected by alizarin red S-positive
staining (Fig. 1C). When hMSCs were cultured with adipogenesis
differentiation medium, these cells showed Oil Red O-positive lipid
droplets (Fig. 1D). When hMSCs were cultured with chondro-
genesis differentiation medium, matrix proteoglycan was detected
by toluidine blue staining (Fig. 1E). These results indicated that
these hMSCs derived from PDL possessed MSC-like properties,
including specific surface antigen expression, colony-forming and
plastic adherent abilities, and multipotential differentiation
capabilities.

ZBTB16 WAS SIGNIFICANTLY UPREGULATED BY OIM

To characterize the transcriptome landscape, we first analyzed the
RNA-seq data of hMSCs from three donors cultured with or without
OIM (AA + B-GP + Dex) for 4 or 14 d and identified 11,695 genes
(FPKM > 1.0). Using this expression profile, we detected 15 gene
clusters in the hMSCs that exhibited distinct expression patterns
upon osteoblastic differentiation (Fig. 2A). Genes in each cluster
were significantly enriched by specific GO terms. For instance, the
term metabolic processes detected from the hMSCs cultured without
OIM for 4 d (Cluster 7 and 11) was comprised of genes different from
that were highly expressed in hMSCs cultured with OIM for 4 and 14
d (Cluster 9, 13, 14, and 15). In addition, the genes transiently
expressed in hMSCs cultured with OIM for 4 d (Cluster 2) were likely
to be involved in activation of the cell cycle process. These results
suggested that during hMSC differentiation, the replacement and
onset of biological processes are governed by specific gene sets that
are wired into a regulatory network that remains unknown.

To detect potential key regulators during differentiation, we next
investigated the DEGs among the cells (fold change of FPKMs > 2.0,
g-value < 0.05) and identified 132 genes (Fig. 2B). In particular,
ZBTB16, also known as PLZF, was remarkably upregulated along
with signaling molecules (e.g., SAA1 and CXCL13) in the cells
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Fig. 1.

Characterization of hMSCs derived from PDL in vitro. (A) hMSCs were stained with specific antibodies and were analyzed for protein expression by flow cytometry.

Green- (>950%) or red- (<5%) filled areas show the fluorescence intensity of hMSCs with the indicated antigens. Shaded areas show the fluorescence intensity of hMSCs with
isotype controls (negative control). (B) Colony-forming assay and (C)-(E) differentiation assay of hMSCs. (C) hMSCs positively stained with alizarin red S. This figure shows
results for cells cultured with OIM for 21 d. (D) hMSCs were positively stained with Oil Red O. This figure shows the results for cells cultured with adipogenic medium for 21 d.
(E) hMSCs were positively stained with toluidine blue. This figure shows cells cultured with chondrogenic medium for 21 d. These figures show the representative data from three

different samples; a similar tendency was observed in other hMSCs.
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Fig. 2. Gene expression patterns, Gene Ontology (GO) term enrichment, and differentially expressed genes (DEGs) among the hMSCs. (A) The whole-transcriptome analysis
(FPKM > 1.0) detected 11,695 genes that were categorized into 15 patterns by a hierarchical clustering approach. The genes in each pattern were over- and under-represented by
specific GO biological process terms (P < 0.05). (B) The statistical test detected 132 DEGs in total among the three tissues using a threshold (q-value < 0.05) and a more than
two-fold change in FPKMs. Left: FPKM of OIM (+) 4 d over FPKM of OIM (—) 4 d. Middle: FPKM of OIM (+) 14 d over FPKM of OIM (—) 4 d. Right: FPKM of OIM (+) 14 d over
FPKM of OIM (+) 4 d. The gray and red circles represent non-DEGs and DEGs, respectively. OIM (—) 4 d, hMSCs cultured without OIM for 4 d; OIM (+) 4 d, hMSCs cultured with
OIM for 4 d; OIM (+) 14 d, hMSCs cultured with OIM for 14 d.
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cultured with OIM for 4 and 14 d. Interestingly, the forkhead family
transcription factor FOXS1 was significantly downregulated in these
cells and may reflect the replacement of biological processes
that we observed in the GO term analysis, that is, switching the
transcriptional activity of FOXS1 to that of ZBTB 16, which should be
further studied elsewhere.

ZBTB16 WAS ONLY DETECTED WHEN hMSCs WERE CULTURED WITH
OIM

We next determined the effect of OIM stimulation on ZBTB16
expression in hMSCs. When hMSCs were cultured with normal
medium, ZBTB16 expression was not detected. In contrast, ZBTB16
expression was significantly enhanced when hMSCs were cultured in
OIM for 14 d in all of the samples (Fig. 3A). To investigate whether
ZBTB16 expression induced by OIM is specific to hMSCs derived
from PDL, we performed the same assay using hBMMSCs. ZBTB16
expression in hBMMSCs was also significantly enhanced when the
cells were cultured with OIM for 14 d (Fig. 3B). As shown in Figure
3(, the protein level of ZBTB16 was also enhanced and maximized
on d 14 when the hMSCs were cultured with OIM.

ZBTB16 KNOCKDOWN INHIBITED THE OIM-INDUCED OSTEOBLASTIC
DIFFERENTIATION OF hMSCs

OIM-induced ZBTB16 expression decreased by approximately 90%
after siZBTB 16 transfection, compared with the siControl (Fig. 4A). The
transfection of siZBTB16 suppressed ALP activity compared with the
non-siRNA or siControl when hMSCs were cultured with OIM (Fig. 4B);
a similar phenomenon was also observed in hBMMSCs (Fig. 4C). MTS
assay showed that siZBTB16 transfection did not affect the viability of
the hMSCs (Fig. 4D). As shown in Figure 3E, mineralized nodule
formation, which was visualized by alizarin red S staining, increased
when hMSCs were cultured with OIM. However, the stained areas were
decreased upon siZBTB16 transfection compared with non-siRNA and
siControl transfection when hMSCs were cultured with OIM (Fig. 4E and
F). Furthermore, the expression of the osteoblastic markers OCN and
BSP was significantly decreased by siZBTB16 (Fig. 4G).

OSTERIX IS NECESSARY FOR OIM-INDUCED ZBTB16 EXPRESSION IN
hMSCs

To investigate the relation between ZBTB16 and other osteogenic
transcription factors, hMSCs were transfected with siRNAs targeting
RUNX2 and Osx. After transfection, the knockdown efficiencies of
these siRNAs were verified by real-time RT-PCR. Osx and RUNX2
expression levels were decreased by approximately 70-800%
following transfection with siOsx and siRUNX2 (Fig. 5A and B),
respectively, compared with the siControl. Two different siRNAs
targeting Osterix (siOsx1 and 2) markedly suppressed ZBTB16
expression compared with the siControl (Fig. 5A). However,
siRUNX2 did not suppress ZBTB16 expression (Fig. 5B). Similar to
the results shown by gene expression analysis, ZBTB16 protein levels
were decreased by both siOsx and siZBTB16 (Fig. 5C).

OSTERIX BINDS TO THE SP1-BINDING SITE OF THE ZBTB16
PROMOTER REGION DURING OSTEOBLASTIC DIFFERENTIATION

To confirm that Osx may be an upstream regulator of ZBTB16 during
osteoblastic differentiation, we performed a ChIP assay in hMSCs.

First, we selectively designed the primer of the proximal ZBTB16
promoter region containing two Sp1 sequences within 1kbp from
the transcription start site (Fig. 6A). As shown in Figure 6B, Osx
associated with the ZBTB 16 promoter region containing the two Sp1
sites. However, Osx did not associate with the ZBTB16 distal 3-4 kbp
promoter region without the SP1 site sequence (negative control
region). Furthermore, because previous studies have shown that
ZBTB16 binds to the Osx promoter region [Felthaus et al., 2014], we
also examined this point by performing a ChIP assay. Interestingly,
ZBTB16 was also associated with the binding site in the Osx
promoter region (Supplemental Fig. S1A and B). These data
suggested that ZBTB16 and Osx might mutually bind to each
other’s promoters.

Although several studies have suggested that, culturing MSCs with
osteoinductive supplements enhances bone regeneration in vivo
[Yoon et al., 2007; Di Bella et al., 2008; Iwata et al., 2009], the
mechanisms of OIM-induced osteoblastic differentiation have not
been clarified. Because several transcriptional factors, including
Runx2 and Osx, are known to regulate differentiation into the
osteoblastic lineage [Komori, 2006], we focused on OIM-induced
transcriptional factors in hMSCs. To investigate possible mecha-
nisms, the change in gene expression was analyzed using a next-
generation sequencer for whole-transcriptome analysis. In the
analysis, ZBTB 16 expression was significantly increased in the OIM
treatment group (d 4 or 14) compared to those in the non-treatment
group (d 4). Therefore, we investigated the role of ZBTB16 during
osteoblastic differentiation in hMSCs.

ZBTB16 is a zinc finger transcriptional factor that contains a BTB/
POZ domain for protein-protein interactions at the N-terminus and
nine Kruppel-type zinc finger domains for DNA binding at the C-
terminus [Zhang et al., 1999]. Previous reports identified ZBTB16 as
a spermatogonia-specific transcriptional factor in the testis that is
required to regulate self-renewal and maintenance of the stem cell
pool [Costoya et al., 2004] or as a transcriptional signature of natural
killer T cells that directs their innate-like effector differentiation
during thymus development [Savage et al., 2008]. Some studies have
shown that ZBTB16 is involved in skeletal development and
osteoblastic differentiation. ZBTB16-null mice display patterning
defects that affect all skeletal structures of the limb [Barna et al.,
2000], and ZBTB16 cooperates with Gli3 to promote the limb fate
[Barna et al., 2005]. Furthermore, ZBTB16 knockdown results in the
downregulation of osteoblastic genes such as ALP, COL1A1, OCN,
and RUNX2 in hMSCs [Ikeda et al., 2005]. Therefore, researchers
have suggested that ZBTB16 is involved in early osteoblastic
differentiation as an upstream regulator of RUNX2 [Ikeda et al.,
2005]. In dental follicle cells (DFCs), ZBTB16 was strongly
upregulated after treatment with dexamethasone and ZBTB16
overexpression increased ALP, and Osx expression [Felthaus et al.,
2014]. Similar results were also observed in our study. ZBTB16
mRNA and protein expression was not detected without OIM but was
detected when the cells were cultured with OIM, and the levels
increased for 2 weeks.
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Fig. 3.

ZBTB16 expression depends on OIM during osteoblastic differentiation. (A) Three hMSCs (hMSCs #1, #2, and #3) were cultured with or without OIM (containing AA,

B-GP, and Dex) for 4, 7, and 14 d. The mRNA levels of ZBTB16 were evaluated by TagMan assays. N.D.: not detectable. The bars represent the mean + S.D. of triplicate wells. The
results are representative of three independent experiments. B-Actin was used as an internal control. (B) hBMMSCs were cultured with or without OIM for 4, 7, and 14 d.
(C) Western blot analysis of ZBTB16 using cell lysates from hMSCs cultured with or without OIM for 4, 7, and 14 d. B-Actin was used as an internal control. Representative data
from three different samples are shown in (B) and (C); a similar tendency was observed in other samples. The experiments shown in Figure 3A and B were performed in triplicate.
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Fig. 4. The inhibitory effect of siZBTB16 on ALP activity, mineralized nodule
formation, and osteogenic gene expression in hMSCs. (A) The efficacy of the
siRNA inhibiting ZBTB16 mRNA expression. (B) The effect of siRNA targeting
ZBTB16 in hMSCs on the osteoblastic differentiation of hMSCs. The ALP activity
of hMSCs after transfection and culture with or without OIM for 5 d. (C) The
effect of siRNA targeting ZBTB16 on the osteoblastic differentiation of
hBMMSCs. The ALP activity of hBMMSCs after they were transfected and
cultured with or without OIM for 5 d. (D) The cell viability of hMSCs was
measured by MTS assay after they were transfected and cultured with or without
OIM for 5d.*P< 0.05, compared with non-siRNA and siControl. (E) Alizarin red S
staining of hMSCs after the cells were transfected with siZBTB16 and cultured
with or without OIM for 21 d. (F) Bound stain was eluted with a solution of 10%
cetylpyridinium chloride and quantified by measuring the absorbance at a
wavelength of 570 nm using a plate reader. (G) Effect of a siRNA targeting
ZBTB16 in hMSCs on OCN and BSP expression after hMSCs were transfected and
cultured with OIM for 5 d. * P < 0.05, compared with siControl. (—), non-siRNA;
siCont., siControl. These figures show representative data from three different
samples; a similar tendency was observed in other hMSCs. The experiments shown
in Figure 4A, B-D, F, and G were performed in triplicate.

To analyze the functional roles of ZBTB16 during osteoblastic
differentiation, siRNA knockdown experiments were performed.
Both the ALP activity and the mRNA expression of OCN, and BSP
were decreased by siZBTB16. In addition, mineralized nodule
formation was also decreased, suggesting that ZBTB16 positively
affects the osteoblastic differentiation of hMSCs.

Next, we investigated the interaction of ZBTB16 and other
osteogenic transcriptional factors. Generally, Runx2 and Osx are
thought to be master key regulators of osteoblastic differentiation
[Komori, 2006; Zhang, 2010]. In our research, because ZBTB16
expression was increased during osteoblastic differentiation
(Fig. 2A), we hypothesized that RUNX2 and Osx regulated
ZBTB16 expression.

Previous studies have suggested that Osx is a downstream target
gene of Runx2 and is required for the final commitment of the
osteoblast lineage [Nishio et al., 2006; Sinha and Zhou, 2013].
However, in our study, although Osx knockdown decreased ZBTB16
expression, RUNX2 knockdown did not affect ZBTB16 expression.
These results suggested that, OIM-induced ZBTB16 expression
depends on Osx but is independent of RUNX2. Other studies have
also reported that BMP-2-induced Osx expression is independent of
Runx2 [Lee et al., 2003; Ulsamer et al., 2008]. Furthermore, it has
been reported that the BMP signal induced Runx2-deficient cell
lines to express markers related to osteoblastic differentiation,
such as ALP, OCN, and Osx, via a Runx2-independent pathway
[Liu et al., 2007].

Next, ChIP assay was performed to confirm whether Osx is an
upstream regulator of ZBTB16. It has been reported that Osx
interacts with the promoters of osteogenic genes such as COL1A1,
BSP, or OCN [Koga et al., 2005; Orturio et al., 2010; Sinha et al., 2010;
Ortuno et al., 2013]. In these cases, Osx binds the GC-rich canonical
Sp1 sequences of the osteoblastic gene promoters and regulates the
transcription of these genes.

Similarly, our results showed that Osx binds to the Sp1 sequences
of the ZBTB16 promoter region. These results suggested that, Osx
might be an upstream regulator of ZBTB16 during osteoblastic
differentiation. However, a previous study reported that ZBTB16 is
involved in early osteoblastic differentiation as an upstream
regulator gene of RUNX2 [Ikeda et al., 2005]. A recent study
reported that, ZBTB16 binds to the promoter region of Osx but not
that of RUNX2 [Felthaus et al., 2014]. The results of the ChIP assay in
our study also confirmed that ZBTB16 bound the promoter region of
Osx. However, Osx expression was not affected by siZBTB16,
although ZBTB16 bound the promoter region of Osx (Supplemental
Fig. S2). Some of the discrepancies among these findings may be
caused by the different cells and methodologies used. Furthermore,
because the transcriptional network is complicated, it is possible that
ZBTB16 regulates RUNX2 expression when MSCs differentiate into
osteoblast precursor cells (early phase) and that Osx regulates
ZBTB16 expression when osteoblasts differentiate into mature
osteoblasts (late phase). In addition, ZBTB16 regulates the mature
osteoblastic marker genes, such as OCN and BSP, and may interact
with Osx expression by binding to this promoter region. Hence,
although a positive role of ZBTB 16 in osteoblastogenesis has already
been reported in different in vitro models, the observation from our
study that Osx is a potential upstream regulator of ZBTB 16 provides
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Fig. 5. The mRNA and protein levels of ZBTB16 were decreased by siOsx. (A) hMSCs were transfected with non (siCont.)- or Osx (siOsx1 and siOsx2)-specific siRNA and cultured
with OIM. RNA was extracted, and real-time RT-PCR was performed for Osx and ZBTB16. (B) hMSCs were transfected with non (siCont.)- or RUNX2 (siRUNX2)-specific siRNA and
cultured with OIM. RNA was extracted, and real-time RT-PCR was performed for RUNX2 and ZBTB16. (C) Western blot analysis of ZBTB16 using cell lysates from hMSCs after they
were transfected and cultured with OIM. *P < 0.05, compared with siControl. These figures show representative data from three different samples; a similar tendency was

observed in other hMSCs. The experiments shown in Figure 5A and B were performed in triplicate.

new insight into the regulatory networks during osteoblastic
differentiation in hMSCs.

In our study, when hMSCs were cultured with OIM only, Osx
expression was low (Supplemental Fig. S3A). It is well known that
BMPs are potent regulators of osteoblastic differentiation and induce
Osx expression [Cheng et al., 2003; Yagi et al., 2003]. Furthermore,

some researchers have suggested that BMP-6 induces Osx expression
during osteoblastic differentiation and enhances calcified nodule
formation in human cells [Friedman et al., 2006; Zhu et al., 2012;
Hakki et al., 2014]. Therefore, to increase the amount of Osx protein
obtained from cell culture, hMSCs were cultured in OIM supple-
mented with BMP-6 (200 ng/mL) (Supplemental Fig. S3A).
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Fig. 6. Osx binds to the Sp1 sequence of the ZBTB16 promoter region. (A) The
diagram shows the location of the primers used to amplify the Sp1 or the non-
Sp1 site of the ZBTB16 promoter region in the ChIP assay. TSS, transcription
start site of ZBTB16; P1, primer 1 set; P2, primer 2 set; P3 (negative control),
primer 3 set. (B) hMSCs were cultured with OIM and rhBMP-6 (200 ng/ml) for 7
d. ChIP assay was performed with antibodies against Osx and IgG (negative
control). Ten percent of the input was loaded as a control. This figure shows
representative data from three different samples; a similar tendency was
observed in other hMSCs.

Given that BMP-6 enhanced Osx expression and that ZBTB16 was
not affected by BMP-6 in our study (Supplemental Fig. S3B), it is
possible that Osx activation by BMP-6 promotes the transcriptional
activity of ZBTB16 through interactions with co-binding factors. In
the future, we will elucidate how Osx interacts with other
transcriptional factors in the ZBTB16 promoter region to regulate
ZBTB16 transcription and osteoblastic differentiation.
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