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Background:miRNAs are crucial in orchestrating the odontoblast differentiation through negatively regulating their target
gene expression.
Results: miR-143, which is repressed by KLF4, can promote miR-145 expression, whereas the latter inhibits KLF4, which
promotes odontoblast differentiation.
Conclusion:miR-143, miR-145, and KLF4 form a feedback loop in odontoblast.
Significance: This is the first report on feedback loop regulation of odontoblast differentiation in which miRNAs are involved.

Dentin tissue is derived frommesenchymal cells induced into
the odontoblast lineage. The differentiation of odontoblasts is a
complex process regulated by several transcriptional factor sig-
naling transduction pathways. However, post-translational reg-
ulation of these factors during dentinogenesis remains unclear.
To further explore the mechanisms, we investigated the role of
microRNA (miRNA) during odontoblast differentiation. We
profiled the miRNA expression pattern during mouse odonto-
blast differentiation using amicroarray assay and identified that
miR-145 andmiR-143weredown-regulatedduring this process.
In situ hybridization verified that the two miRNAs were gradu-
ally decreased during mouse odontoblast differentiation. Loss-
of-function and gain-of-function experiments revealed that
down-regulation ofmiR-145 andmiR-143 could promote odon-
toblast differentiation and increased Dspp and Dmp1 expres-
sion inmouseprimarydental pulp cells and vice versa.We found
that miR-145 and miR-143 controlled odontoblast differentia-
tion through several mechanisms. First, KLF4 and OSX bind
to their motifs inDspp andDmp1 gene promoters and up-regu-
late their transcription thereby inducing odontoblast differen-
tiation. The miR-145 binds to the 3�-UTRs of Klf4 and Osx
genes, inhibiting their expression. Second,KLF4 repressedmiR-
143 transcription by binding to its motifs inmiR-143 regulatory
regions as detected by ChIP assay and dual luciferase reporter
assay. Third, miR-143 regulates odontoblast differentiation in
part through miR-145 pathway. Taken together, we for the first
time showed that the miR-143 andmiR-145 controlled odonto-

blast differentiation and dentin formation through KLF4 and
OSX transcriptional factor signaling pathways.

The mammalian tooth is a complex organ generated from
sequential and reciprocal epithelium-mesenchyme interac-
tions and has long been investigated as a model for organogen-
esis (1–3). The main hard content of a tooth is dentin, which is
formed via the differentiation, secretion, and mineralization of
odontoblasts, a kind of cranial neural crest derived cells (4). The
first step in tooth development takes place when the signals
from the early oral ectoderm lead to induction of the odonto-
genic potential of the adjacent neural crest cells. Subsequently,
the odontoblast cell lineage commences dental papilla forma-
tion during the transition from the bud to the cap stage of tooth
development, which is regulated by the epithelium signals from
the enamel knot and epithelium bud (5). Then, the dental
papilla cells located near the epithelium differentiate into pre-
odontoblasts. The pre-odontoblasts continue to differentiate
into polarizing odontoblasts, secretory odontoblast, and termi-
nally differentiated odontoblasts lying in themost outer layer of
the dental pulp (6, 7). Secretory odontoblasts synthesize and
secrete dentin extracellular matrix proteins, including collagen
and non-collagen proteins (7, 8). Many non-collagen proteins
are essential for mineralized dentin formation (9). Among the
non-collagen proteins in dentin, Dspp (dentin sialophospho-
protein) and Dmp1 (dentin matrix protein1) are regarded as
important markers of odontoblast differentiation (7–10).
Mutations ofDspp (11–14) andDmp1 (15, 16) genes in humans
and mice are associated with dentin genetic diseases.
Thus, several growth and transcription factors regulating the

expression ofDspp andDmp1 are regarded as being responsible
for odontoblast differentiation (17). We previously reported
that Krüpple-like factor 4 (KLF4) (18, 19) and osterix (OSX)
(20) transcription factors were expressed within odontopro-
genitor cells during development and played crucial roles in
odontoblast differentiation and dentin formation at multiple
levels. However, the post-transcriptional regulators of these
genes during odontoblast differentiation still remain unknown.

* This work was supported by National Natural Science Foundation of China
Grants 81070797 and 81271099 and National 973 Project of China Grant
2010CB534915.

□S This article contains supplemental Tables S1–S3 and Figs. S1–S4.
1 Both authors contributed equally to this work.
2 To whom correspondence may be addressed: Dept. of Developmental Den-

tistry, The University of Texas Health Science Center at San Antonio, San
Antonio, TX 78229. Tel.: 1-210-567-3511; Fax: 1-210-567-6603; E-mail:
chens0@uthscsa.edu.

3 To whom correspondence may be addressed: State Key Laboratory Breed-
ing Base of Basic Science of Stomatology (Hubei-MOST) and Key Labora-
tory for Oral Biomedicine of Ministry of Education, School and Hospital of
Stomatology, Wuhan University, Wuhan 430079, China. Tel.: 86-27-
87686198; Fax: 86-27-87686198; E-mail: zhichen@whu.edu.cn.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 288, NO. 13, pp. 9261–9271, March 29, 2013
© 2013 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

MARCH 29, 2013 • VOLUME 288 • NUMBER 13 JOURNAL OF BIOLOGICAL CHEMISTRY 9261



MicroRNAs (miRNAs),4 a group of short (usually�22 nucle-
otides) non-coding RNAs, are formed through sequential mat-
uration steps (21, 22). These RNAs regulate their target genes
in a post-transcriptional manner. They mainly bind to the
3�-UTRs of target mRNAs in addition to the 5�-UTRs and cod-
ing regions and induce the degradation of mRNAs, eventually
resulting in the down-regulation of their target gene expression
(21–23). Many miRNAs have been detected in various tissues
such as skin (24), hair (25), and teeth (26–28) and related to
development and diseases (29, 30). A group of miRNAs was
reported to be expressed in the murine molar tooth germs,
showing their possible participation of tooth development. A
further analysis showed that miRNAs are differentially
expressed in the epithelium andmesenchyme of the teeth, indi-
cating different roles of themiRNAs at the given stages of tooth
development (27). DICER is an enzyme responsible for miRNA
maturation. Conditional dicer-inactivated mice resulted in
abnormal development of mouse teeth, indicating importance
of miRNAs during tooth formation (20, 21). However, which
miRNA regulates odontoblast differentiation and dentin for-
mation remains unknown. Therefore, we hypothesize that cer-
tain specific miRNAs play an essential role during odontoblast
differentiation.
In the present study, we performed miRNA profiling assays

during mouse odontoblast differentiation and found miR-145
and miR-143 as two of the most down-regulated miRNAs dur-
ing this process in vivo and in vitro. Thereafter, we investigated
how these two miRNAs regulate odontoblast differentiation.
We elucidated the inhibitory effects of miR-145 and miR-143
on odontoblast differentiation using both loss-of-function and
gain-of-function approaches. Either miR-143 or miR-145 sup-
pressed odontoblast differentiation as well as Dspp and Dmp1
gene expression. In contrast, knockdown of miR-143 and miR-
145 promoted the odontoblast differentiation and enhanced
these tooth-relate gene expression.We found that themiR-145
is able to bind to the 3�-UTRs ofKlf4 andOsx genes and repress
these two gene expressions. Both of KLF4 andOSX up-regulate
Dspp andDmp1 transcription via binding to their DNAbinding
sites in their promoters. In addition, we found that effect of
miR-143 on odontoblast differentiation is in part throughmiR-
145.KLF4 interactswith itsDNAbindingmotifs in themiR-143
regulatory region and down-regulates the miR-143 expression.

EXPERIMENTAL PROCEDURES

Cell Line Generation and Von Kossa Assay—Protocols uti-
lized for mouse experiments were approved by Animal Ethics
Committee of Wuhan University. The mouse dental papilla
mesenchymal cells (mDPCs)were isolated from the firstmolars
of embryonic day 18.5 (E18.5) Swiss mice and washed with
phosphate-buffered saline and then digested for 1 h at 37 °C in
a solution of 3 mg/ml collagenase type I and 4mg/ml of dispase
(Invitrogen). The cells weremaintained using Dulbecco’s mod-
ified Eagle’s medium (DMEM; Invitrogen) containing 10% fetal
bovine serum (Invitrogen) plus antibiotic-antimycotic (Invitro-

gen,) cultured at 37 °C in a humidified air atmosphere contain-
ing 5% CO2. The medium was replaced every 2 days, and cells
were spread after reaching confluence. The second passage of
dental papilla cells was immortalized via transduction of lenti-
virus pLOX-tTagiresTK (a kind gift from Dr. Trono in the
School of Life Science École Polytechnique Fédérale, Lausanne,
Switzerland), following steps described previously (31). Thus,
the pre-odontoblast cell line was obtained and named
mDPC6T, which was maintained in the same condition as the
primarily cultured mDPC. The 293FT cell line (human embry-
onic kidney cell line) was purchased from Invitrogen and was
maintained in DMEM supplemented with 10% fetal bovine
serum and antibiotic-antimycotic. For induction of odonto-
blast differentiation, 50 �g/ml ascorbic acid, 10 mmol/liter
sodium�-glycerophosphate, and 10 nmol/liter dexamethasone
(Sigma) were added to the medium for the duration of the
experiment as described previously (18, 32). Von-Kossa stain-
ing was carried out following a protocol reported previously
(33).
Microarray—The Agilent Mouse miRNA Microarray was

employed to identify miRNAs expressed in primarily cultured
mDPCs (undifferentiated odontoblasts). The miRNA expres-
sion profiles of differentiated odontoblasts at day 9 (day 9) after
odontoblastic induction were compared with the profiles from
mouse dental papilla cells of the same passage without odonto-
blastic induction (day 0). Total RNA fromdifferent sampleswas
isolated using the mirVanaTM miRNA Isolation Kit (Am1560;
Ambion, Austin, TX). Target labeling, hybridization, imaging,
and data processing were performed in a facility at the Shang-
haiBio Corp. National Engineering Center for Biochip using
Gene Spring Software (version 11.0; Agilent Technologies).
In Situ Hybridization—Locked nucleic acid (LNA)-miRNA

digoxin double-labeled probes were obtained from Exiqon
(Vedbaek, Denmark), and in situ hybridization was performed
as described previously (23). For tissue in situ hybridization
analyses, mouse embryos were fixed in 4% paraformaldehyde at
4 °C overnight, and teeth at postnatal day 2 were decalcified in
10% EDTA after fixation for 2 days, followed by dehydration,
paraffin embedding, and sectioning. Tissue sections were sub-
jected to standard non-radioactive in situ hybridization as
reported previously (34).
For cell fluorescent in situ hybridization, the second passage

of primary mouse dental papilla cells were cultured on sterile
glass slides in six-well plates and were induced in odontoblast
differentiation medium at 0 day, 7 days, and 11 days. Cell slides
were fixed with 4% paraformaldehyde for 30 min, and fluores-
cent in situ hybridization was performed as described previ-
ously (34, 35).
Total RNA Isolation and Quantitative Real-time PCR Assay—

Total RNA was isolated with Qiagen miRNeasy� mini kit
(217004; Qiagen, Valencia, CA) and treated with RNase-free
DNase I (79254; Qiagen). For miRNA expression assays, total
RNA was subjected to reverse transcription using the miSript
Reverse TranscriptionKit (218061;Qiagen). Then, quantitative
real-time PCR (qRT-PCR) was carried out using the ABI
PRISM 7500 real-time PCR System (Applied Biosystems) with
miScript primer assay set and miScript SYBR Green PCR kit
(218073; Qiagen). U6 snRNA level was used as an internal nor-

4 The abbreviations used are: miRNA, microRNA; mDPC, mouse dental papilla
mesenchymal cell; E18.5, embryonic day 18.5; qRT-PCR, quantitative real-
time PCR.
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malization control. For mRNA expression, total RNA was
reverse transcribed with the SuperScriptTM III First-Strand
Synthesis System (18080; Invitrogen) for qRT-PCR and assayed
with TaqMan probes and primer sets in the ABI PRISM 7500
real-time PCR System (Applied Biosystems) with Platinum�
Quantitative PCR SuperMix-UDG (11730-017; Invitrogen).
The �-actin mRNA level was used as an internal normalization
control. The sequences of primers and TaqMan probes
employed in this study are listed in the supplementary informa-
tion (supplemental Table S2).
Western Blotting—Western blotting was carried out as

described previously (18), and membranes were blotted with
antibodies for KLF4 (Abcam, Cambridge, UK), OSX (Santa
Cruz Biotechonology, Inc., Santa Cruz, CA), DMP1 (a kind gift
fromDr. Jerry Feng from theBaylorCollege ofDentistry), DSPP
(a generous gift from Dr. Chunlin Qin from the Baylor College
of Dentistry), and �-actin (Biomart, Shanghai, China).
Plasmid Construction—MusmusculusmiR-145 andM. mus-

culus miR-143 expression lentivectors were constructed by
replacing the Homo sapiens miR-145 fragment in pLVTHM-
has-miR-145 (kind gifts from Dr. Kosik of the University of
California at Santa Barbara) (23) with the precursor ofM. mus-
culus miR-145/143 and a scrambled sequence. The miRNA
sponges for M. musculus miR-145 and M. musculus miR-143
are listed in the supplemental data and synthesized by Invitro-
gen. The sponge sequences were then subcloned into the
3�-UTR of pcDNA5-d2eGFP (a kind gift fromDr. Philip Sharp,
the Massachusetts Institute of Technology) as described previ-
ously (supplemental Table S3) (36). The lentivectors encoding
the miRNA sponges for miR-145 and miR-143 were con-
structed by replacing the EGFP fragment in pLL3.7 (Addgene
11795) with d2eGFP together with the sponge sequence in the
3�-UTRof pcDNA5-d2eGFP,whereas d2eGFP-emptywas used
as a control.
ForKLF4 andOSXexpression lentivector constructs, we first

replaced the EGFP fragment in pLL3.7 with the MCS-IRES-
EGFP fragment from pIRES2-EGFP to obtain pLL-IG (control
group). Using PCR, we subcloned the open reading frame
(ORF) sequences ofKlf4 (NM_010637.3; Genecopoeia) andOsx
(a kind gift from Dr. Jerry Feng of the Baylor College of Den-
tistry) with/without their 3�-UTRs into AgeI and NheI sites in
pLL-IG.
For Dual-Luciferase assays, we subcloned the 3�-UTRs of

Klf4 and Osx into luciferase reporter construct, respectively,
and deletion of the miR-145 binding site was carried out using
overlapping PCR. The wild-type and mutant 3�-UTRs were
inserted into the 3�-UTR of the pMIR-reporter (Ambion). A
3000-bp sequence of the 5�-UTR of miR-143 was amplified by
PCR. The deletion of KLF4 binding sites in the miR-143 pro-
moter were generated using overlapping PCR technique. The
wild-type and mutant promoter regions of the miR-143 were
subcloned into the pGL3-Basic (Promega, Madison,WI). All of
the primers employed in plasmid constructs are listed in sup-
plemental Table S2.
Oligonucleotide Transfection—M. musculus miR-145 and

M. musculus miR-143 precursors and scrambled double-
stranded RNAs as negative control (Ambion) were transfected
into mDPC6T and 293FT cell lines using Lipofectamine 2000

(Invitrogen) at a final concentration of 50 nM.MiRCURY LNA-
miRNA inhibitors for miR-145 and miR-143 and negative con-
trol (412385-00, 412356-00, 199004; Exiqon) were transfected
intomDPC6T cells using Lipofectamine 2000 at a final concen-
tration of 20 nM. siRNA forOsx and a negative control (s10061;
Ambion) were used for transfection at a final concentration of
20 nM.
Lentivirus Production and Transduction—Lentivector was

co-transfected with psPAX2 and pMD2.G (kind gifts from Dr.
Trono) according to the protocol described previously (31). At
48- and 72-h post transfection, the culture medium was col-
lected to be incubated with 293FT cell line in the presence of
Protamine (Sigma) for titration. mDPC6T were infected with
different lentivirus in the same multiplicity of infection of 7.
Dual-Luciferase Assay—For validation of the miR-145 bind-

ing site, mDPC6T cells were cotransfected with the pMIR
reporter vector, phRL-TK (Promega), and pLVTHM-miR-145
or negative control. For validation of the KLF4 binding sites
within the promoter region of miR-143, mDPC6T cells were
co-transfected with wild-type or mutant miR-143 promoter-
luciferase reporter vector, pRL-TK, and KLF4 expression plas-
mid or the negative control. At 48 h post transfection, cells were
harvested and assayed with Dual-Luciferase assay (Promega)
according to the manufacturer’s instructions. All transfection
assays were carried out three times independently.
ChIP Assay—A chromatin immunoprecipitation assay was

carried out using EZ-ChIP (Millipore, Billerica,MA)with KLF4
antibody (Santa Cruz Biotechonology, Inc.). Primer sequences
used in this assay are listed in supplemental Table S2.
Statistical Analysis—All data were presented as means �

S.D. Statistical analysiswas performedwith SPSS (version 15.0).
Differences between individual groups were analyzed by Stu-
dent’s t test (two-tailed). p values of � 0.05 are considered sta-
tistically significant.

RESULTS

miRNA Expression Profile during Murine Odontoblast
Differentiation—To determine the key miRNA regulators of
odontoblast differentiation, we first established an in vitro
murine odontoblast differentiation model as described previ-
ously (18, 32). Mouse primary dental papilla cells were treated
with odontoblast differentiation medium for 9 days and
induced to odontoblast-like cells, whereas the primary dental
papilla cells without induction were used as a control. To assess
differential miRNA expression between the two groups, the
miRNA profiles were performed using a RNAmicroarray. The
results showed that 207 miRNAs among 657 candidate miR-
NAs were presented in both the induced odontoblast-like cells
and uninduced dental papilla cells (supplemental Table S1 and
supplemental Fig. S1). Six miRNAs were presented in the unin-
duced dental cells but were absent in the differentiated odon-
toblast-like cells. Only one miRNA was detected in the differ-
entiated odontoblast-like cells but was absent in the uninduced
dental papilla cells. Additionally, seven miRNAs were up-regu-
lated, and 20miRNAswere down-regulated in the induced cells
compared with the uninduced cells, seven of which were listed
in Fig. 1A (Fig. 1A, formore details please refer to supplemental
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Table S1). Notably, expressional levels ofmiR-134 andmiR-145
were decreased in the induced cells.
To confirm the above results, we immortalizedmouse dental

papillary cells from the first lower molars at E18.5 using the
method described previously (31) and named mDPC6T. This
pre-odontoblast-like cell line exhibits the same traits as the
mPDCs (supplemental Fig. S2). Thus, we employed these cells
for our subsequent in vitro studies. Using the abovemethod, the
mDPC6T cells were induced with the differentiation medium
for 9 days, and total RNAs were extracted. Using qRT-PCR, we
examined miRNA expression levels in the mDPC6T cells
treated with and without the differentiation medium. The
results revealed the same trends of the qRT-PCR as that of
microarray assay (Fig. 1B). Among them,miR-143 andmiR-145
were greatly down-regulated in the in vitro odontoblast
differentiation.
Down-regulation of miR-145 and miR-143 Expressions dur-

ing Mouse Odontoblast Differentiation in Vivo—To investigate
the miR-143 and miR-145 expression patterns in vivo, we first
examined the expression of the miR-145 and miR-143 during
odontoblast differentiation using postnatal day 2 mouse lower
incisors because all stages of odontoblast development could be
observed in one slide. In situ hybridization showed that these
twomiRNAs share the same expression patterns, and their high
expression levels were found in pre-odontoblasts (Fig. 2,D and
H). Notably, the two miRNA expression was gradually
decreasedwith the odontoblast differentiation (Fig. 2,C andG).
Also, the expression level ofmiR-145 andmiR-143 in the odon-
toblast layer in the E18.5 mouse second lower molar were rela-
tively higher than the first molar in which odontoblasts were
better differentiated (supplemental Fig. S3). Furthermore, we
specified the expression patterns of miR-145 andmiR-143 dur-
ing the differentiation of primarily cultured odontoblasts with
fluorescent in situ hybridization. A wide spread signal of miR-
145 andmiR-143 could be detected in the nuclei and cytoplasm
of dental papilla cells prior to odontoblastic induction. How-
ever, only very weak signals of miR-143 and miR-145 could be
foundwithin the nuclei at day 9 induction, which could be from
the precursors of these two miRNAs (Fig. 3, A and B). Further-

more, we employed qRT-PCR to measure the expression levels
of these miRNAs at different times during odontoblast differ-
entiation. The results showed that the primarily cultured odon-
toblasts andmDPC6T cells shared the samemiR-145 andmiR-
143 expression patterns, butmiR-143 andmiR-145 expressions
in the induced cells were gradually decreased with time period
induction. At day 9 induction, expressional levels of miR-143
and miR-145 were �4-fold lower than that of the uninduced
cells (Fig. 3, C and D). We compared expression levels of miR-
145 and miR-143 from E18.5 murine dental papilla, primary
cultured odontoblasts from E18.5 murine dental papilla, and
immortalized mouse mDPC6T cells. Data showed that there

FIGURE 1. Expression change of miRNAs during mouse odontoblast differentiation. A, a random list of miRNAs significantly down-regulated or up-regu-
lated (fold change �2, p � 0.01), 14 of 27 differentially expressed miRNAs were listed here. B, qRT-PCR validation of the miRNA microarray results, also the
expression of these microRNAs during the differentiation of murine odontoblast cell line, mDPC6T. All data are presented as mean � S.D. and are based on
three independent experiments. Asterisks indicate statistical significance compared with the negative control groups; *, p � 0.05; **, p � 0.01.

FIGURE 2. Expression of miR-145 and miR-143 in the development inci-
sor. miR-145 and miR-143 expression was detected by in situ hybridization
mainly in the proximal end of incisor at postnatal day 2 (A and E). In the
odontoblast layer of the incisor, the expression of both miR-145 and miR-143
was strongly localized in the preodontoblast (preOD) (D and H) and mature
odontoblast (OD) (B and F), but weakly in the polarized odontoblast (polOD) (C
and G). Arrows point out the odontoblast layer in the incisor. Scale bar for A
and E, 500 �m; scale bar for B–D and F–H, 100 �m. mmu, M. musculus.
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are no significant differences among these cells (supplemental
Fig. S4). This indicates that both of miR-143 and miR-145
expressions are down-regulated during odontoblast differenti-
ation in vitro and in vivo.
Down-regulation of miR-145 andmiR-143 Promotes Odonto-

blast Differentiation—Because miR-145 and miR-143 were
down-regulated during the differentiation of odontoblasts, we
hypothesized that overexpression of miR-145 and miR-143
could have a negative effect on odontoblast differentiation.
Thus, the pre-odontoblast cell line, mDPC6T, was infected
with lentivirus encoding pre-miR-145, pre-miR-143 or scram-
bled miRNA (Fig. 4A). Four days after transduction, a signifi-
cant increase of miR-145 or miR-143 was detected in cells
infected with pLVTHM-miR-145 or pLVTHM-miR-143,
respectively, compared with the negative control using qRT-
PCR (Fig. 4B).

To examine the effect of miR-145 and miR-143, the expres-
sion levels of the odontoblast markers Dmp1 and Dspp were
measured using qRT-PCR and Western blotting assays. The
results showed that enforced expression of miR-145 and miR-
143 resulted in a significant decrease inDmp1 andDspp expres-
sion (Fig. 4, B and C). Four days following the transduction, the
cells were cultured in odontoblastic induction medium for
odontoblast differentiation assays. Von-Kossa stainingwas per-
formed to identify the mineralization nodules on days 0, 7, and
11 post-induction. After day 7 induction, remarkable nodules
were found in the negative control group, whereas scarce nod-
ules were seen in themiR-145- ormiR-143-treated groups (Fig.

4G). These results demonstrated that enforced expression of
miR-145 and miR-143 significantly retarded cell differentia-
tion. We then asked whether inhibition of the two miRNAs
could promote odontoblast differentiation. Two approaches
were employed to down-regulate the expression of the two
miRNAs in odontoblasts: LNA-miR inhibitor transfection and
lentivirus-mediated miRNA- sponge transduction (Fig. 4F). At
24 h after LNA-miR-145- or LNA-miR-143 inhibitor transfec-
tion, the expression levels of miR-145 andmiR-143 were deter-
mined with qRT-PCR. The results showed that both the LNA-
miR-145 and miR-143 inhibitors were able to repress the
expression of miR-145 and miR-143, respectively, by �10-fold
compared with cells transfected with the LNA-miR-negative
inhibitor. Additionally, the down-regulation of miR-145 and
miR-143 resulted in a significant up-regulation of the expres-
sion of the odontoblast differentiationmarkersDmp1 andDspp
(Fig. 4, D and E). Furthermore, lentivirus-mediated miRNA
sponges were employed to stably down-regulate the activity of
miR-145 and miR-143. Four days following transduction of the
miRNA sponges, the cells were treated with odontoblast differ-
entiation medium and Von-Kossa staining was performed on
days 0, 7, and 11 post-induction (Fig. 4H). The results showed
that down-regulation of miR-145 or miR-143 greatly enhanced
odontoblast mineralization: a large number of mineralization
nodules were observed on day 7 using miR-145 and miR-143
sponge groups, whereas no nodules could be observed in the
empty sponge group. More mineralization nodules were found
on day 11 in the miR-145 and miR-143 sponge groups com-

FIGURE 3. miR-145 and miR-143 were down-regulated during odontoblast differentiation. Fluorescent in situ hybridization results of miR-145 (A) and
miR-143 (B) during the differentiation of primarily cultured odontoblasts at day 0 (D0), day 5 (D5), and day 9 (D9). Photos were taken at 20� magnification.
Shown are qRT-PCR results for the expression of miR-145 (C) and miR-143 (D) during differentiation of primarily cultured odontoblasts and mDPC6T cells.
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pared with the empty sponge group. The above results demon-
strated that down-regulation of miR-145 and miR-143 could
promote the differentiation of odontoblasts.
miR-143/miR-145 Axis Regulate Odontoblast Differentia-

tion—InmiR-143 gain-of-function experiments, we found that
overexpression of miR-143 in the cells leads to dramatic
increase expression of not only miR-143 but also miR-145 (Fig.
4B). This led us to investigate whether miR-143 was the
upstream of miR-145 in the mDPC6T cell line. We then exam-
ined the expression level ofmiR-143 andmiR-145 at 12, 24, and
48 h after LNA-miR-145 or 143 inhibitor transfection, respec-
tively. qRT-PCR analysis showed that the miRNA inhibitors

were able to repress the expression of their target genes at 12 h
after transfection (Fig. 5A). In contrast, the miR-145 inhibitor
had not any effect on miR-143 after transfection (Fig. 5B).

We then askedwhethermiR-143 retarded the differentiation
of odontoblast through miR-145 in the mDPC6T cell line.
Thus, we blocked the activity of miR-145 by stably expressing
the miR-145 sponge in mDPC6T cells and overexpressed miR-
143. 48 h after miR-143 transfection, proteins were extracted.
Western blotting analysis showed that when miR-145 was
blocked, miR-143 could not depress the expression levels of
DMP1 and DSPP compared with the miR-143 overexpressed
without miR-145-sponge, though the levels were still lower

FIGURE 4. Enforced expression of miR-145 and miR-143 retarded odontoblast differentiation. A, lentivirus mediated miR-145 and miR-143 overexpres-
sion in mDPC6T. Shown are mRNA (B) and protein levels (C) of typical odontoblast markers after miR-145 and miR-143 overexpression. mRNA (D) and protein
levels (E) of typical odontoblast markers 24 h after LNA-miR-145 and LNA-miR-143 inhibitor transfection are shown. F, validation of efficiency of lentivirus
mediated miR-145 sponge and miR-143 sponge using 293FT cell line. G, Von-Kossa staining showing miR-145 and miR-143 overexpression inhibits mineral-
ization of odontoblast. H, Von-Kossa staining showing down-regulation of miR-145 and miR-143 could accelerate or direct mineralization of odontoblast.
Photos were taken at 200� magnification. Asterisks indicate statistical significance compared with the negative control groups. *, p � 0.05; **, p � 0.01.
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than in the miR scramble transfection group (Fig. 5C) These
results indicated that miR-143 inhibited the differentiation of
odontoblasts in part through miR-145.
miR-145 Targets Klf4 and Osx in Pre-odontoblast Cells—In

the previous experiment, we found thatmiR-145was the down-
stream of miR-143 in the mDPC6T cell line and that miR-143
retarded the differentiation of odontoblasts in part through
miR-145. We then asked in what way miR-145 inhibited odon-
toblast differentiation. It has been reported that miRNA func-

tions mainly through binding to the 3�-UTRs of its target genes
and thereby inhibiting their expression levels (37). Therefore,
we performed a bioinformatic screen for mRNAs whose
3�-UTRs contained sequences complementary to miR-145.
Screening was carried out using two different algorithms (Tar-
getScan and miRanda) (38), and the results were confirmed
using RNA22 (39). We considered all of the candidate tran-
scription factors associatedwith bone/tooth development from
the predictions. Among the predictions,Klf4 andOsxwere cho-
sen for further analysis (Fig. 6D). Based on our previous studies,
expression of Klf4 andOsx genes were gradually increased dur-
ing odontoblast differentiation (18–20). In the present study,
we found that both of miR-143 and miR-145 were decreased
with odontoblast differentiation in vitro and in vivo. It is possi-
ble thatKlf4 andOsx expression is relevant to expression of the
miR-143 and miR-145 during odontoblast differentiation.
To determine whether miR-145 controls odontoblast dif-

ferentiation through KLF4 and OSX signaling pathways, we
performed both of gain-of-function and loss-of-function
approaches. The results showed that Klf4 and Osx expression
was depressed when miR-145 was overexpressed (Fig. 6, A and
B), whereas their expression was induced when miR-145 was
knocked down by the LNA-miRNA inhibitor (Fig. 6, A and C)
using qRT-PCR andWestern blot analyses. Similar tomiR-145,
miR-143 had the similar effects onKLF4 andOSX (Fig. 6,A–C).
To further determine whether miR-145 controls the expres-

sion of Klf4 and Osx by binding to the 3�-UTRs in both genes,
we performed a Dual-Luciferase assay in the mDPC6T cells.
The wild-type and mutant 3�-UTRs with and without the miR-
145 binding sites were subcloned into downstream of the firefly
luciferase gene, respectively. The reporter constructs were
transfected into mDPC6T with phRLuc-TK (Promega) and
pLVTHM-miR-145. As expected, co-transfection of the miR-
145 dramatically reduced the wild-type reporter activity,
whereas the mutant construct had no effect (Fig. 6E). These
data demonstrate that miR-145 binds to the 3�-UTR of theKlf4
and Osx genes, resulting in inhibition of both the two gene
expression. This indicates that miR-143 and miR-145 regulate
the cell differentiation via KLF4 and OSX pathways.
miR-145, KLF4/OSX Axes Are Necessary to Tooth-related

Gene Expression and Odontoblast Differentiation—The above
results revealed thatmiR-145 andmiR-143 inhibitKlf4 andOsx
expression. Next, we tested whether KLF4 and OSX regulated
odontoblast differentiation and tooth-related gene activity.We
employed an RNA interference approach to knock down KLF4
and OSX. The results showed that a lentivirus encoding an
shRNA specific for Klf4 (40) and siRNA for Osx caused the
down-regulation of DMP1 and DSPP expression in mDPC6T
cells (Fig. 7, A and B), indicating that the role of the two miR-
NAs in odontoblast differentiation is via KLF4 and OSX
pathways.
Although the functions of miR-145, KLF4, and OSX with

odontoblast differentiation have been clarified, the direct rela-
tionships between miR-145, KLF4, OSX, and cell phenotype
remain unclear. Thus, we adopted a “rescue”method to validate
whether miR-145 arrests odontoblast differentiation via the
direct regulation of its targets, Klf4 and Osx. We constructed
four lentivector constructs: with two encoding the full-length

FIGURE 5. miR-143 functions partially through miR-145 in odontoblasts.
A, expression change of miR-145 after transfection of LNA-miR-145, LNA-miR-
143, or negative inhibitor. B, expression change of miR-143 after transfection
of LNA-miR-145, LNA-miR-143, or negative inhibitor. *, p � 0.05; **, p � 0.01.
C, modulation of odontoblast markers protein level by miR-145 mimics �
miR-143 sponge and miR-143 mimics � miR-145 sponge. Scr, scrambled.
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sequence of Klf4 with (pLL-Klf4) or without its 3�-UTR (pLL-
Klf4–3�-UTR) and another two encoding the full length of Osx
either with (pLL-Osx) or without its 3�-UTR (pLL-Osx-3�-
UTR). The mDPC6T cells were transduced with pLVTHM-
miR-145 and one of the lentivirus constructs described above,
respectively.Weobserved thatKlf4 orOsxwithout the 3�-UTRs
could partially rescue the odontoblast phenotype, whereas
those with the wild-type 3�-UTRs had no impact on the odon-
toblast phenotype (Fig. 7, C and D). These results indicate that
miR-145 and miR-143 arrest odontoblast differentiation by
down-regulating Klf4 and Osx expression directly and that the
down-regulation of miR-145 and miR-143 during odontoblast
differentiation tunes down the repression of Klf4 and Osx,
which in turn promotes the odontoblast differentiation.
KLF4 Depresses miR-143 Expression—In the previous part of

this study, we demonstrated that overexpression of full-length
KLF4 induced odontoblast marker gene expression. Interest-
ingly, we also found that overexpression of KLF4 can decrease
the miR-143 expression (Fig. 8A). It led us to conjecture what
mechanism regulates miR-143 in odontoblasts. Therefore, we
subcloned the 3-kb upstream region of M. musculus miR-143
into pGL3-basic to construct pGL3-miR-143 promoter. The
luciferase assay revealed that this region was sufficient to pro-
mote firefly luciferase activity. To identify the potential regula-
tory elements within the 3-kb miR-143 promoter, we analyzed
this region using the online TESS computational program. In
silico assays revealed that there are four potential KLF4-binding
motifs (CACCC) (Fig. 7C). To determine whether KLF4 can
interact with the miR-143 promoter in vivo, we performed
ChIP assay. ChIP assay revealed that KLF4 was recruited to the
three binding sites (Fig. 8B), in particular site A (�720) and site
B (�989). To test whether these predicted binding sites were
functional, we mutated each binding site and ligated them into
upstream of firefly luciferase construct. Then, each of these
reporter constructs was co-transfected with the KLF4 expres-
sion plasmid into the mDPC6T cells. The results showed that
only mutations of the sites A and B had an increase of the lucif-
erase-report activity in mDPC6T cells (Fig. 8C). It demon-
strates that KLF4 negatively regulates the miR-143 gene via
feedback loop signaling.

DISCUSSION

The development of a tooth, particularly in odontoblast dif-
ferentiation, is a masterpiece of orchestration of growth and
transcription factors. Previous studies demonstrated that tran-
scription factors are involved in controlling the expression of
numerous genes, executing cellular programs and tooth devel-
opment. However, post-transcriptional regulations of these
factors by miRNAs remain unknown. In this study, we
employedmiRNAmicroarray to profile the miRNA expression
pattern during odontoblast differentiation. Our study found
that the miR-143 and miR-145 act as important factors in this
process. Effect of the miR-143 and miR-145 on odontoblast
differentiation and tooth-relate gene expression is involved in
KLF4 and OSX signaling transduction pathways.
Using miRNA microarray, fluorescent in situ hybridization

and qRT-PCR analyses, we showed that miR-143 and miR-145
expression is down-regulated during murine odontoblast dif-

FIGURE 6. miR-145 directly targeted Klf4 and Osx in odontoblasts. A,
mRNA of Klf4 and Osx when miR-145 and miR-143 were up-regulated and
down-regulated. B, protein levels of KLF4 and OSX when miR-145 and miR-
143 were up-regulated. C, protein levels of KLF4 and OSX when miR-145 and
miR-143 were down-regulated. D, in silico assay reveals binding sites for miR-
145 with 3�-UTR of Klf4 and Osx. E, validation of miR-145 binding sites using
Dual-Luciferase assay, miR-145 can depress the luciferase activity of pMIR-
reporter with the 3�-UTR from Klf4 and Osx compared with their mutant
3�-UTRs. All data are presented as mean � S.D. and are based on triplicate
independent experiments. Asterisks indicate statistical significance com-
pared with the negative control groups: *, p � 0.05; **, p � 0.01. mmu,
M. musculus.
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ferentiation in vitro. Usingmouse incisor tooth sections, in vivo
study further demonstrated that the two miRNA expression is
gradually decreased with odontoblast cytodifferentiation by
using in situ hybridization assay, whereas expression of Klf4
and Osx is increased during odontoblast differentiation of
mouse tooth development (21, 22). Previous works onmiR-145
and miR-143 have mostly reported their up-regulation during

cell differentiation such as embryonic stem and smoothmuscle
cells (23, 41–43). They mainly function as promoters of dif-
ferentiation. In this study, our data showed that both the
miR-145 and miR-143 serve as repressors and inhibit odon-
toblast differentiation during tooth development. These
findings demonstrate the dual effects of these multifunc-
tional miRNAs in different biological roles, and these differ-

FIGURE 7. KLF4 and OSX can promote odontoblast differentiation. A, down-regulation of KLF4 inhibits odontoblast differentiation. B, down-regulation of
Osx inhibits odontoblast differentiation. mRNA (C) and protein levels (D) of odontoblast markers could be rescued by Klf4 and Osx without 3�-UTR in miR-145-
overexpressed odontoblasts. Asterisks indicate statistical significance compared with the negative control groups. *, p � 0.05; **, p � 0.01.

FIGURE 8. KLF4 down-regulated the expression of miR-143. A, qRT-PCR shows overexpression of KLF4 can down-regulate the expression of miR-143. C,
predicted potential binding sites of KLF4 in the 3 kb upstream region of miR-143. B, ChIP analysis of KLF4 binding sites in the 3 kb within the upstream of
miR-143. C, Dual-Luciferase assay showing different luciferase (Luc) activity of the mutated promoter of miR-143. Luciferase activities were normalized with the
relative activity of pGL-WT-Luc co-transfected with KLF4. Asterisks indicate statistical significance compared with the negative control groups. *, p � 0.05; **,
p � 0.01. D, schematic diagram showing the regulatory relationships among miR-143, miR-145, Klf4 and Osx during odontoblast differentiation.
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ent functions of the two miRNAs may depend on the differ-
ent cell types and tissues.
As there are different expressional levels between the miR-

143, miR-145, and Klf4 and Osx in odontoblast differentiation
during murine tooth development, we investigated the rela-
tionship between the two miRNAs and the two transcription
factors and found that themiR-145 directly represses their gene
expression through binding to their 3�-UTRs of Klf4 and Osx.
We failed to find the binding site of miR-143 within the
3�-UTRs of Klf4 or Osx (44). However, the miR-143 inhibited
Klf4 andOsx expression through themiR-145.When the activ-
ity of miR-145 was blocked, miR-143 failed to down-regulate
the expression of DMP1 and DSPP. All of these results further
indicated that miR-143 regulates odontoblast differentiation
through miR-145 pathway.
Klf4 has been extensively investigated for its roles in tumor-

igenesis, cell proliferation, and differentiation. Studies showed
that Klf4 is responsible for promoting the differentiation of
many cell types such as adipocytes (45), monocytes (46), and
goblet cells (47). However, an inhibitory effect ofKlf4 on cytod-
ifferentiation has also been demonstrated based on its ability to
maintain the stemness of embryonic stem cells (23, 48). Our
previous study found Klf4 exhibited a distinct expression pat-
tern during tooth development, especially with respect to
odontoblast differentiation. In situ hybridization and immuno-
chemistry analyses demonstrated thatKlf4 first appeared in the
polarizing odontoblast in E18.5 of murine first molar, indicat-
ing its role in odontoblast differentiation (19). When Klf4 was
overexpressed in human dental pulp cells, the expression level
of Dmp1 increased dramatically, with minor up-regulation of
Dspp detected, revealing that Klf4 can induce these cells into
odontoblast-like cells (18). As a transcription factor, KLF4 can
specifically bind to the CACCC motif in the promoter regions
of its downstream targets and initiate transcription such as
Dmp1 (46).We have shown that in human dental pulp cells and
murine odontoblasts, enforced expression of KLF4 mainly up-
regulate the expression of Dmp1, whereas DMP1 can act as
transcription factor promoting the Dspp expression (49), thus
explaining the down-regulation of both Dmp1 and Dspp after
the knockdown of Klf4. However, when KLF4 was overex-
pressed, the expression of miR-143 was depressed. ChIP and
Dual-Luciferase assay showed that KLF4 could bind to the pro-
moter region of miR-143, thus repressed its expression. The
mechanisms that KLF4 up- and down-regulates the Dmp1,
Dspp, and miR-143 gene expression need to be further
investigated.
On the basis of the results presented in this study and all of

the above considerations, we propose a model to further
explain the role of miR-143, miR-145, Klf4, and Osx during
odontoblast differentiation, schematically depicted in Fig. 8D.
Our current study demonstrated that in vitro induction of
odontoblast differentiation decreases the expression of miR-
145 andmiR-143. The decrease of miR-143 can partially down-
regulate miR-145 expression and thus release the expression of
the target genes Klf4 andOsx. Both KLF4 and OSX up-regulate
odontoblast maker genes,Dspp andDmp1, thereafter inducing
odontoblast differentiation. Moreover, KLF4 binds to its DNA
binding sites in miR-143 regulatory regions and inhibits its

transcription in mDPC6T cells. This feedback loop signaling
illustrates the orchestration betweenmiRNAs and their targets
during odontoblast differentiation.
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