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Abstract The dental follicle is an ectomesenchymal tissue surrounding developing tooth
germ that contains osteoblastic-lineage-committed stem/progenitor cells. MicroRNAs (miRNAs)
are small non-coding RNAs that regulate gene expression during stem cell growth, prolifera-
tion, and differentiation. The aim of this study was to investigate the key regulators of miRNA
during osteogenic differentiation in human dental follicle cells (hDFC). We analyzed miRNA
expression profiles in hDFC during osteoblastic differentiation. Expression of miR-204 was
decreased in hDFC during osteogenic induction on microarray analysis. Real-time and RT-
PCR analysis also showed that the expression of miR-204 was decreased in all three hDFC dur-
ing osteogenic differentiation. To investigate whether miR-204 has an effect on osteogenic dif-
ferentiation, miR-204 was predicted to target alkaline phosphatase (ALP), secreted protein
acidic and rich in cysteine (SPARC), and Runx2 in the in the 3’-UTRs by in silico analysis. When
miR-204 was transfected into hDFC, the activity of ALP and protein levels of SPARC and Runx2
were decreased. mRNA levels of ALP, SPARC and Runx2 were also decreased by miR-204 trans-
fection. Our data suggest that miR-204 negatively regulates the osteogenic differentiation of
hDFC by targeting the bone-specific transcription factor Runx2, the mineralization maker
ALP and the bone extracellular matrix protein SPARC.
ª 2019 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
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Introduction

MicroRNAs (miRNAs) are a class of small non-coding RNAs
that regulate protein translation or mRNA stability by
binding to the 30-untranslated region (30-UTR) of the target
gene in a sequence-specific manner.1,2 They post-
transcriptionally regulate several physiological processes,
including development, proliferation, differentiation and
oncogenesis.3e5 An increasing number of research groups
are now focusing on the involvement of miRNAs in osteo-
genic differentiation and bone development.6e9 Conse-
quently, several miRNAs have been reported to influence
the differentiation of mesenchymal stem cells (MSC) or
osteoblasts.10 However, specific miRNAs and their target
genes in the regulation of MSC differentiation have not
been well characterized and remain poorly understood.

The dental follicle, an ectomesenchymal tissue that
surrounds the developing tooth germ, contains stem cells
and lineage-committed progenitor cells or osteoblast/
cementoblast precursor cells.11e13 Human dental follicle
cells (hDFC) also have the capacity to commit to multiple
cell types, not only to cells of osteoblastic lineage,11 but
also to cells of adipogenic12 and neurogenic lineages.14 We
have previously reported the gene expression profiles of
hDFC during osteogenic differentiation and the potential
regulators of this differentiation in hDFC.15

In this study, we analyzed miRNA expression profiles in
hDFC during osteoblastic differentiation, then investigated
the miRNAs and target genes regulating differentiation
and/or mineralization.
Materials and methods

Cell cultures

In this study, hDFC were obtained using a previously re-
ported method.11 Briefly, normal human impacted third
molars were surgically removed and collected from patients
aged bwtween 14 and 18 years, after obtaining informed
consent. Dental follicle tissues were minced with sterilized
scalpels, then digested in a solution of 0.1 U/ml collagenase
type I and 1 U/ml dispase (Roche, Mannheim, Germany) for
1 h at 37 �C. Attached hDFC were cultured in 100-mm dishes
using MSC growth medium (GM; consisting of MSC basal
medium supplemented with fetal bovine serum, L-gluta-
mine and penicillin/streptomycin; Lonza, Walkersville,
Germany) in a humidified incubator (CO2 incubator MCO-
175M; Sanyo, Osaka, Japan) in the presence of 5% CO2 in
air at 37 �C. Experiments using hDFC were performed in
accordance with the guidelines established by the Ethics
Committee of Nihon University School of Dentistry at Mat-
sudo (Recognition number: 10e036).

Osteogenic differentiation

For induction of osteogenic differentiation, hDFC from the
5th to 6th passage were seeded at 3.1� 103 cells/cm2 in
GM. After 24 h (day 0), media were replaced with MSC
osteogenic induction medium (OIM) consisting of osteogenic
basal medium, osteogenic SingleQuots containing L-
glutamine, penicillin/streptomycin, dexamethasone,
ascorbate and b-glycerophosphate (Lonza). Medium was
replaced every 3 days.

Total RNA isolation

Total RNA from hDFC was isolated using miRNeasy Mini Kits
(QIAGEN, Venlo, NLD) according to the instructions from
the manufacturer. RNA was stored at �80 �C until use.

Microarray analysis

In order to identify miRNAs associated with osteogenic
differentiation, expression of miRNAs was measured in
hDFC cultured with OIM or GM on culture day 7 using miRNA
microarray analysis. miRNA microarray analysis was per-
formed using Agilent human miRNA Rel. 12.0 arrays (Agi-
lent, Santa Clara, CA, USA) in accordance with Agilent
protocols. To identify mRNAs associated with osteogenic
differentiation, expression of mRNAs was measured in hDFC
cultured with OIM or GM on culture days 3 and 10 using DNA
microarray analysis. DNA microarray analysis was per-
formed using the GeneChip Human Genome U133 Plus 2.0
Array (Affymetrix, Santa Clara, CA, USA), in accordance
with Affymetrix protocols. Data of miRNA microarray and
DNA microarray was performed using total RNA isolated
from one hDFC sample (female, 14 years old). Gene
expression analysis of miRNA and DNA microarrays was
performed using GeneSpring GX software (Agilent). Changes
in gene expression were determined by hDFC cultured OIM
compared to that GM. The regulated genes were showed a
greater than twofold difference in intensity between GM
culture and OIM culture.

Signaling pathway analysis

Each dataset for regulated miRNAs and mRNAs that were
differentially expressed in hDFC cultured OIM compared to
that in GM were uploaded into the Ingenuity Pathway
Knowledge Base (IPA; IngenuityR Systems, www.ingenuity.
com, QIAGEN). Target genes of uploaded miRNAs ware
experimentally validated in previous reports using IPA,
and were predicted using the miRNA target prediction
programs TargetScan, TarBase and miRecords. Targets
were then prioritized and filtered as “Experimentally
Observed”, “Predicted High Confidence”, or “Predicted
Moderate Confidence” using the IPA miRNA Target Filter.
The prioritized and filtered miRNA targets were imported
into GeneSpring GX software, then paired with genes that
were differentially expressed in hDFC during osteogenic
differentiation, as assessed by DNA microarray analysis.
The regulated miRNAs and these target mRNAs regulated
by osteogenic induction were uploaded into the IPA again,
and analyzed for gene ontology and biological interactions
by IPA core analysis.

miRNA transfection

For transfection of miRNA, HiPerFect Transfection Reagent
(QIAGEN) was used in this study, in accordance with the
manufacturer’s protocol. Briefly, hDFC were seeded at
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Table 1 Primer sequences used for real-time PCR.

Gene Primers bp

ALP F: 50-gtcatcatgttcctgggaga-30 123
R: 50-gaaggggaacttgtccatct-30

Runx2 F: 50-cccagaactgagaaactcaa-30 125
R: 50-atcacagatggtccctaatg-30

SPARC F:50-tgtgatgaagggagagtagg-30 203
R: 50-actaatcatgcatggctctc-30

GAPDH F: 50-atcaccatcttccaggag-30 315
R: 50-atcgactgtggtcatgag-30
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3.1� 103 cells/cm2 in GM. After 24 h (day 0), media were
replaced with OIM, then the transfection mixture was
added. The transfection mixture contained 0.6% HiPerFect
Transfection Reagent, and 5 nM miR-204-5p mimic (QIAGEN)
or 5 nM AllStars Negative Control siRNA (QIAGEN) in MSC
basal medium. Transfection was performed on day 0 and
day 3.

Real-time polymerase chain reaction (PCR)

miRNA: cDNA was synthesized using a miScript Reverse
Transcription Kit (QIAGEN). Real-time PCR was performed
with Primer Assay (QIAGEN) and a miScript SYBR� Green
PCR Kit (QIAGEN). PCR mixture was subjected to amplifi-
cation using a DNA Engine Opticon 1 (Bio-Rad, Hercules, CA,
USA), with preheating at 95 �C for 15min, followed by 40
cycles at 94 �C for 15 s, 55 �C for 30 s and 70 �C for 30s.
Amplicons were directly detected by measuring the in-
crease in fluorescence caused by binding of SYBR Green
using a DNA Engine Opticon 1 (Bio-Rad). Gene expression
levels were calculated using the DDcT method with
normalization against RNU6. Each assay was normalized
against RNU6 mRNA levels. The mRNA: cDNA was synthe-
sized using a GeneAmp RNA PCR kit (Applied Biosystems,
Foster City, CA). Real-time PCR was performed using a
DyNAmo SYBR Green qPCR kit (Thermo Fisher Scientific,
Waltham, MA, USA). PCR mixture, containing 20 pmol of
forward and reverse primers and 2 ml of cDNA, was sub-
jected to amplification with a DNA Engine Opticon 1 (Bio-
Rad), with preheating at 95 �C for 10min, followed by 40
cycles of 94 �C for 15 s, 55 �C for 30 s and 72 �C for 30s.
Amplicons were directly detected by measuring the in-
crease in fluorescence caused by binding of SYBR Green
using a DNA Engine Opticon 1 (Bio-Rad). Gene expression
levels were calculated using the DDcT method with
normalization against GAPDH. Each assay was normalized
against GAPDH mRNA levels. Primer sequences used for
real-time PCR analysis are shown in Table 1.

Alkaline phosphate assay

Alkaline phosphatase (ALP) activity was assayed using a
StemTAG� Alkaline Phosphatase Activity Assay Kit (Cell
Biolabs, San Diego, CA, USA) according to the instructions
from the manufacturer. ALP activity is given as units indi-
cating the release of 1 mmol of p-nitrophenol per min at
37 �C.
Western blot analysis

Whole-cell lysates for Western blotting were extracted with
a Qproteome Mammalian Protein Prep kit (QIAGEN). The
Bradford method was used for measurement of protein
concentrations. Aliquots of cell lysates containing 5 mg of
soluble protein were loaded onto a 7.5% TGX gel (Bio-Rad)
and electrophoresed. Proteins were electrophoretically
transferred to a nitrocellulose membrane (Bio-Rad), which
was subsequently treated with antibodies against secreted
protein acidic and rich in cysteine (SPARC: rabbit poly-
clonal, dilution 1:1000; Santa Cruz Biotechnology, Dallas,
TX, USA), Runx2 (rabbit polyclonal, dilution 1:1000; Santa
Cruz Biotechnology) and b-actin (rabbit monoclonal, dilu-
tion 1:1000; Cell Signaling Technology, Beverly, MA, USA).
HRP-conjugated secondary antibodies (anti-rabbit; Cell
Signaling Technology; dilution 1:2000) were added, fol-
lowed by incubation at room temperature. Signals were
developed using ECL� Prime Western Blotting Detection
Reagent (GE Healthcare, Buckinghamshire, UK) and subse-
quent densitometric analysis was performed using Image-
Quant LAS400mini (GE Healthcare).
Results

miRNA expression profiles in hDFC-induced
osteogenic differentiation

We performed microarray analysis to determine the miRNAs
regulated in hDFC during osteogenic differentiation. Among
the 960 miRNAs tested, 307 were expressed in hDFC
cultured with OIM and/or GM for 7 days. A total of 68
miRNAs were defined as regulated miRNAs that displayed a
greater than two-fold change in expression in hDFC
cultured with OIM, as compared to hDFC cultured with GM.
These 68 miRNAs comprised 33 up-regulated miRNAs and 35
down-regulated miRNAs (Fig. 1A and B; Table 2).

Target genes of regulated miRNAs

The 68 regulated miRNAs were uploaded into the IPA
database, and target genes were predicted (TargetScan,
TarBase, miRecords and the Ingenuity� Knowledge Base).
The miRNA targets were then prioritized as experimentally
validated and predicted using the IPA miRNA Target Filter.
Among the targets of the 33 up-regulated miRNA by oste-
ogenic induction, 68 genes were experimentally validated
as targets, and 2856 and 8067 genes were predicted as
targets with high and moderate confidence, respectively.
On the other hand, among the targets for the 35 down-
regulated miRNAs by osteogenic induction, 277 genes were
experimentally validated as targets, and 7491 genes and
12,806 genes were predicted as targets with high and
moderate confidence, respectively (Table 3). Next, miRNA-
mRNA pairings were investigated for the biological context
of mRNAs. A total of 1798 regulated genes (913 up-
regulated genes and 885 down-regulated genes), which
were defined as regulated mRNAs displaying a greater than
two-fold change in expression in hDFC cultured with OIM, as
compared to hDFC cultured with GM using oligonucleotide



Figure 1 Microarray analysis of hDFC during osteogenic differentiation. miRNA expression profiles of hDFC were compared be-
tween culture Day 7 GM and Day 7 OIM (A) Among 960 miRNAs tested, 307 were expressed in hDFC (B) 68 miRNAs (up: 33 miRNA;
down: 35 miRNA) showed a greater than two-fold differentiation in OIM cultures when compared with GM cultures (C) Network of
miRNAs e mRNAs, as analyzed by IPA.
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microarrays, were uploaded into IPA and then paired to
miRNA target genes using the PA miRNA Target Filter.

The regulated target genes for up-regulated miRNAs in
hDFC during osteogenic induction included 14 of 68 exper-
imentally validated genes, and those predicted as targets
with high and moderate confidence were 502 genes among
2856 genes and 1083 genes among 8067 genes, respectively.
In contrast, regulated target genes for down-regulated
miRNAs in hDFC during osteogenic induction included 57
of 277 experimentally validated genes, and those predicted
as targets with high and moderate confidence were 1258
genes among 7491 genes and 1922 genes among 12,806
genes, respectively.

The 68 regulated miRNAs and the 71 (14 þ 57) experi-
mentally validated target genes were subjected to pathway
analysis using IPA to determine their biological interactions.
We focused on miR-204, which was ranked 9 among the
down-regulated genes during induced osteoblastic
differentiation (Fig. 1B; Table 2), and it appeared to target
ALP, SPARC (also known as osteonectin) and Runx2, and to
be associated with osteoblast differentiation (Fig. 1C). The
putative binding sites of miR-204 are the 30-UTRs of ALP,
SPARC and Runx2 mRNAs. These seed regions are evolu-
tionarily well-conserved among vertebrates (Fig. 2).
Expression of miR-204 in hDFC during osteogenic
induction

Expression of miR-204 was markedly decreased in hDFC
during osteogenic induction on microarray analysis.
Because miRNA microarray technology was only used for
preliminary screening, miR-204 expression during osteo-
genic differentiation was confirmed in three hDFC samples
isolated from three patients. Real-time RT-PCR analysis
showed that expression of miR-204 was significantly lower



Table 2 68 miRNAs (up: 33 miRNA; 35 miRNA) showed a
greater than two-fold differentiation in OIM cultures, as
compared to GM cultures.

Fold Change up-regulated genes

MicroRNA Name Accession No Fold
Change

hsa-miR-582-5p MIMAT0003247 186.74
hsa-let-7f-1* MIMAT0004486 131.43
hsv-miR-H6-3p MIMAT0008404 129.72
hsa-miR-1539 MIMAT0007401 129.65
hsa-miR-664 MIMAT0005949 95.21
hsa-miR-892b MIMAT0004918 86.81
hsa-miR-30c-2 MIMAT0004550 62.65
hsa-miR-889 MIMAT0004921 57.02
hsa-miR-129-3p MIMAT0004605 56.09
hsa-miR-132* MIMAT0004594 48.50
hsa-miR-634 MIMAT0003304 48.14
hsa-miR-598 MIMAT0003266 47.12
hsa-miR-563 MIMAT0003227 45.04
hsa-miR-129* MIMAT0004548 44.24
hsa-miR-15b* MIMAT0004586 38.90
hsa-miR-490-5p MIMAT0004764 30.55
hsa-miR-15a* MIMAT0004488 30.28
hsa-miR-602 MIMAT0003270 30.28
hsa-miR-550 MIMAT0004800 25.65
hsa-miR-493 MIMAT0003161 24.89
hsa-let-7b* MIMAT0004482 6.52
hsa-miR-138 MIMAT0000430 4.52
hsa-miR-483-3p MIMAT0002173 3.57
hsa-miR-431 MIMAT0001625 3.17
hsa-miR-33b* MIMAT0004811 2.88
hsa-miR- 425* MIMAT000 1343 2.72
hsa-miR-933 MIMAT0004976 2.62
hsa-miR- 33a MIMAT0000091 2.39
hsa-miR-100* MIMAT0004512 2.26
hsa-miR-370 MIMAT0000722 2.09
hsa-miR-487a MIMAT0002178 2.07
hsa-miR-551b MIMAT0003233 2.06
hsa-miR-30a* MIMAT0000088 2.04
hsa-miR-150* MIMAT0004610 �1122.43
hcmv-miR-UL70-3p MIMAT0003343 �437.43
hsa-miR-371-5p MIMAT0004687 �179.83
hsa-miR-1224-5p MIMAT0005458 �100.76
hsa-miR-629* MIMAT0003298 �93.75
hsa-miR-663 MIMAT0003326 �76.00
hsa-miR-630 MIMAT0003299 �71.15
hsa-miR-424* MIMAT0004749 �69.67
hsa-miR-204 MIMAT0000265 �52.35
hsa-miR-373* MIMAT0000725 �45.45
hsa-miR-193b MIMAT0004767 �36.16
hsa-miR-671-5p MIMAT0003880 �32.73
kshv-miR-K12-10b MIMAT0002180 �31.01
hsa-miR-188-5p MIMAT0000457 �29.84
hsa-miR-7-1* MIMAT0004553 �28.58
hsa-miR-423-3p MIMAT0001340 �14.24
hshv-miR-K12-3 MIMAT0002193 �11.18
hsa-miR-335 MIMAT0000765 �8.35
hsa-miR-1915 MIMAT0007892 �7.79
hsa-miR-874 MIMAT0004911 �5.32

Table 2 (continued )

Fold Change up-regulated genes

MicroRNA Name Accession No Fold
Change

hsa-miR-1181 MIMAT0005826 �4.00
hsa-miR-1225-5p MIMAT0005572 �3.57
hsa-miR-1207-5p MIMAT0005871 �3.32
hsa-miR-424 MIMAT0001341 �3.00
hsa-miR-135a* MIMAT0004595 �2.65
hsa-miR-455-5p MIMAT0003150 �2.65
hsa-miR-503 MIMAT0002874 �2.56
hsa-miR-31* MIMAT0004504 �2.44
hsa-miR-125a-3p MIMAT0004602 �2.36
hsa-miR-296-5p MIMAT0000690 �2.30
hsa-miR-382 MIMAT0000737 �2.27
hsa-miR-455-3p MIMAT0004784 �2.25
hsa-miR-638 MIMAT0003308 �2.21
hsa-miR-210 MIMAT0000267 �2.08
hsa-miR-34a* MIMAT0004557 �2.08
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in all three hDFC samples cultured with OIM, as compared
to those cultured with GM on culture days 4, 7 and 14
(Fig. 3).
miR-204 regulates expression of ALP, SPARK and
Runx2

According to bioinformatic analyses to predict target genes
for miR-204 using a combination of miRNA databases and
signaling pathway analysis, ALP, SPARC and Runx2 were
found to be potential target genes for miR-204. To inves-
tigate whether miR-204 has an effect on osteoblast differ-
entiation, miR-204 was transfected into hDFC on culture
days 0 and 3. ALP activity was measured in hDFC cultured
with OIM on days 7 and 10 after transfection with miR-204,
as ALP activity in hDFC cultured in OIM increased signifi-
cantly from culture day 7. ALP activity was suppressed in
hDFC transfected with miR-204, but was not suppressed in
hDFC transfected with negative control (Fig. 4A). Protein
levels of Runx2 and SPARC were examined in hDFC trans-
fected with miR-204 by Western blot analysis. Protein levels
of Runx2 were up-regulated in hDFC during osteogenic in-
duction on culture day 4. Protein levels of Runx2 were
decreased in hDFC transfected with mir-204 on day 4
(Fig. 4B). In contrast, protein levels of SRARC were clearly
detected in hDFC by osteogenic induction on culture day 7.
Protein levels of SPARC were decreased in hDFC transfected
with miR-204 on day 7, but protein levels of SPARC and
Runx2 in hDFC were unaffected after transfection with
negative control (Fig. 4B).

Next, mRNA levels of ALP, SPARC and Runx2 were
examined in hDFC transfected with miR-204. In hDFC
transfected with miR-204 on culture day 7, mRNA levels of
ALP and SPARC were also decreased (Fig. 5A and B). Runx2
was decreased in hDFC transfected with miR-204 on culture
days 4 and 7 (Fig. 5C).



Figure 2 Putative miR-204 binding sites in ALP, SPARC and Runx2 (Prediction scores from Target Scan database; ALP: �0.45,
SPARC: �0.21, and Runx2: �0.10).

Figure 3 Gene expression of miR-204 in hDFC isolated from three donors at the indicated times during osteogenic differentiation.
miR-204 gene expression was examined by real-time PCR. Values represent means � SD of the results from three independent
experiments. *p < 0.05, **p < 0.01, ***p < 0.005, as compared with GM culture at the indicated time points.

Table 3 Number of target genes for miRNAs.

Uploaded to IPA Number of target Genes

Total Experimentally
observed

Predicted

High
Confidence

Moderate Confidence

Up-regulated
33 microRNA

10091 (1528) 68 (11) 2856 (504) 8067 (1013)

Down-regulated
35 microRNA

20574 (3233) 277 (53) 7491 (1258) 12806 (1922)
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Figure 4 Effects of miR-204 in osteogenic differentiation of hDFC. Cells were cultured with GM, OIM þ Negative control and
OIM þ miR-204 for the indicated time periods (A) ALP activity in hDFC during osteogenic differentiation. Values represent
means � SD of the results from three independent experiments. *p < 0.005, as compared to Negative control at the indicated time
points (B) Western blot was performed to confirm that miR-204 decreased SPARC and Runx2 protein levels.

Figure 5 Effects of miR-204 in osteogenic differentiation of hDFC. Cells were cultured with GM, OIM þ Negative control and
OIM þ miR-204 for the indicated time periods. Gene expression was examined using real-time PCR. Values represent means � SD of
the results from three independent experiments. *p < 0.05, **p < 0.05, as compared to OIM and Negative control at the indicated
time points.
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Discussion

This study shows that miR-204 negatively regulates the
osteogenic differentiation of hDFC by targeting the bone-
specific transcription factor Runx2, the mineralization
marker ALP and the bone extracellular matrix protein
SPARC. The processes of osteogenic differentiation and/or
mineralization are conducted in a tissue-specific manner
via numerous miRNAs. Recently, several miRNAs that are
down-regulated during osteoblastic differentiation have
been reported to inhibit translation of numerous osteogenic
mRNAs, including transcription factors, signal transduction
factors and corresponding molecules, which are required
for osteoblast formation.16 We used miRNA microarrays to
profile miRNA expression in hDFC cultured with OIM, as
compared to that with GM on culture day 7. Among these
differentially expressed miRNAs, miR-204 was markedly
down-regulated in hDFC with OIM culture, and was pre-
dicted to target ALP, SPARC and Runx2 in the 30-UTRs by in
silico analysis. We confirmed miR-204 expression in hDFC
isolated from three patients using real time-PCR. Expres-
sion of miR-204 was significantly decreased in three hDFC
cultured with OIM when compared to culture with GM,
although expression levels of miR-204 in hDFC varied be-
tween patients.

The activity and expression of ALP, as an early marker of
osteogenic differentiation,17 were also decreased in hDFC
after transfection with miR-204. ALP activity is reportedly
reduced in BMP-2-treated C2C12, osteoblastic differenti-
ating MC3T3-E1 and hMSC cultured with OIM after miR-204
transfection,18,19 suggesting that inhibition of ALP activity
by miR-204 is Runx2-dependent. A recent study indicated
that miR-204 also directly targets ALP, the 30-UTR segment
of which contains a miR-204 seed sequence.19 Co-
transfection with miR-204 and pMIR-REPORT vector to
generate the ALP 30-UTR was demonstrated to significantly
reduce luciferase activity. We have previously reported
that ALP activity increases in hDFC cultured with OIM from
culture day 7.15 ALP activity was measured in hDFC cultured
with OIM on days 7 and 10 after transfection with miR-204,
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and ALP activity was suppressed in hDFC transfected with
miR-204.

SPARC, also known as osteonectin, is a glycoprotein
expressed in a variety of mammalian tissues, and is the
most abundant non-collagen extracellular matrix protein in
bone.20 In the skeleton, SPARC is critical for normal bone
remodeling and the maintenance of bone mass. SPARC-null
mice display increased marrow adiposity, develop profound
low-turnover osteopenia in the trabecular compartment,
and have cortical bone with decreased mechanical prop-
erties and matrix quality.18 Transfection of hDFC with miR-
204 mimic decreased SPARC expression. We therefore
believe that down-regulation of miR-204 in hDFC by oste-
ogenic induction may correlate with increased SPARC pro-
tein during matrix maturation and mineralization during
osteogenic differentiation.

Runx2 is a key regulator in osteogenesis.21 Expression of
miR-204 has been shown to be down-regulated in BMP2-
treated C2C12 cells, and the seed sequences for miR-204
are located downstream of a putative conserved poly-
adenylation site that could reduce the length of the Runx2
30-UTR and eliminate suppression of Runx2.19 Another study
reported that miR-204 is up-regulated in mesenchymal
progenitor cells and bone marrow stromal cells (BMSC), as
miR-204 inhibits Runx2 protein levels.22 In our study, pro-
tein levels and gene expression of Runx2 were also
decreased in hDFC by transfection with miR-204 mimic.
These data suggest that miR-204 acts as an important
endogenous negative regulator of Runx2, which inhibits
osteogenesis and promotes adipogenesis of mesenchymal
progenitor cells. Expression of miR-204 has also been re-
ported to be up-regulated in osterix (Osx)�/� calvaria and
down-regulated in MC3T3 cells over-expressing Osx.19

These results suggest that over-expression of Osx at the
onset of preosteoblast differentiation may positively regu-
late (either directly or indirectly) transcription of miR-204.
This suggests a tight correlation between Osx and miRNAs in
bone formation, and in maintaining appropriate levels of
Runx2 proteins for optimal differentiation and function of
osteoblasts.

Numerous recent studies have shown dynamic changes in
expression of miRNAs during osteoblast differentiation.
Some of these miRNAs are able to redirect mesenchymal
stem cells into an adipogenic cell fate with concomitant up-
regulation of key lineage-specific transcription factors.
Those studies suggest that a process with multiple miRNAs
controls mesenchymal lineage progression by selectively
blocking differentiation of osteoblasts to control skeletal
development. During early MSC differentiation, several
miRNAs, including Runx2-targeting miRNAs, are down-
regulated, enabling progression of osteogenic differentia-
tion.16,23,24 Among these miRNAs, expression of miR-15b,
miR-23a, miR-30b, miR-30c and miR-34c decreased in
hDFC cultured with OIM, as compared to that with GM, on
culture day 7, and these miRNAs were included in the
strongly regulated miRNA group, while expressions of mir-
133a, miR-205, miR-217, miR-338-3p and miR-433 were
not detected in hDFC. Each mRNA generally has multiple
miRNA binding sites. Expression of Runx2 may be up-
regulated in hDFC by miRNAs, including miR-204, as well
as miR-15b, miR-23a, miR-30b, miR-30c and miR-34c, dur-
ing osteogenic differentiation.
In conclusion, we defined a characteristic miRNA signa-
ture in hDFC during osteogenic differentiation and miner-
alization. Moreover, we demonstrated the involvement of
miR-204 in the regulation of the bone-specific transcription
factor Runx2 and the mineralization marker ALP. Our results
warrant further investigation in order to improve our
knowledge regarding the implications of consistently
modulated miRNAs in osteogenic differentiation.
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