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Studies of proteins involved in microRNA (miRNA) processing, maturation, and silencing have indicated the importance of
miRNAs in skeletogenesis, but the specific miRNAs involved in this process are incompletely defined. Here, we identified miRNA
665 (miR-665) as a potential repressor of odontoblast maturation. Studies with cultured cell lines and primary embryonic cells
showed that miR-665 represses the expression of early and late odontoblast marker genes and stage-specific proteases involved
in dentin maturation. Notably, miR-665 directly targeted Dlx3 mRNA and decreased Dlx3 expression. Furthermore, RNA-in-
duced silencing complex (RISC) immunoprecipitation and biotin-labeled miR-665 pulldown studies identified Kat6a as another
potential target of miR-665. KAT6A interacted physically and functionally with RUNX2, activating tissue-specific promoter ac-
tivity and prompting odontoblast differentiation. Overexpression of miR-665 reduced the recruitment of KAT6A to Dspp and
Dmp1 promoters and prevented KAT6A-induced chromatin remodeling, repressing gene transcription. Taken together, our re-
sults provide novel molecular evidence that miR-665 functions in an miRNA-epigenetic regulatory network to control
dentinogenesis.

Dentinogenesis is the process by which dentin, the major min-
eralized tissue of teeth, is formed through progressive cytod-

ifferentiation of progenitor cells to mature odontoblasts (1). Mul-
tiple layers of gene regulation, including those by microRNA
(miRNA), orchestrate the physiologic process of dentinogenesis
in a stage-specific manner (2). Progenitor cells, including dental
papilla cells or dental follicle cells, derived from the ectomesen-
chyme of the cranial neural crest, differentiate into preodonto-
blasts and produce predentin. Predentin stimulates further differ-
entiation of the cells it surrounds, giving rise to mature
odontoblasts that produce dentin. Odontoblast secretion of
dentin extracellular matrix proteins, including dentin sialo-
phosphoprotein (DSPP) and dentin matrix protein 1 (DMP1),
aids in the process of mineralization that forms primary dentin.
However, the mechanisms of odontoblast-specific gene regu-
lation by miRNA during dentinogenesis are not clearly under-
stood.

miRNAs are endogenous, noncoding RNAs implicated in
posttranscriptional RNA silencing (3–9). The importance of
miRNAs in skeletogenesis has been shown in mice by loss-of-
function analysis of proteins involved in miRNA processing
(Drosha and DGCR8), maturation (Dicer), and silencing (argo-
naute 2; AGO2), which revealed embryonic lethality and severe
developmental defects upon loss of these proteins (10–15). Fur-
thermore, cartilage-specific deletion of Dicer led to accelerated
differentiation and subsequent cell death (11), whereas osteo-
blast- and osteoclast-specific deletion increased bone mass (13,
16). Current studies on miRNA regulation of gene expression in-
dicate a key role for this process in tooth development (17–20) and
in controlling cellular signaling (18, 21–25) and differentiation (2,
26). However, these studies have not defined the contributions of
miRNA-mediated epigenetic control during odontoblast differ-
entiation. MicroRNA 665 (miR-665) located on human chromo-
some 14 clusters closely with miR-337, which has been implicated

in chondrogenesis; however, there has been no report on the role
of miR-665 in tooth formation (27).

Studies from several research groups have revealed that ho-
meodomain gene Dlx3 (Online Mendelian Inheritance in Man
[OMIM] entry 600525) is a highly critical regulator of craniofacial
and postnatal skeletal development (28–34). Mutations in DLX3
in humans have been associated with tricho-dento-osseous syn-
drome (TDO; OMIM 190320) and amelogenesis imperfecta
with taurodontism (AIHHT; OMIM 104510), both of which
are conditions characterized by abnormalities in tooth forma-
tion (35–39). During development, Dlx3 expression occurs in
cranial neural crest cells, endochondral osteoblasts, odonto-
blasts, ameloblasts, hypertrophic chondrocytes, and the devel-
oping limb (40, 41), and Dlx3-knockout mice die from placen-
tal failure at embryonic day 9.5 (E9.5), prior to bone and tooth
formation (28). Expression of DLX3 in postmigratory neural
crest cells (E9.5) helps commit these cells to further differenti-
ate into odontoblasts and cementoblasts, contributing to for-
mation of mature dentin and cementum for proper tooth for-
mation (40). Recently, Dspp was identified as a direct target of
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DLX3 in odontoblasts (30). This is the first mechanistic link
established between the transcription factor DLX3 and the
dentin matrix protein DSPP, both known to be mutated in
human disorders associated with tooth abnormalities (29, 30).
Despite the known role of DLX3 in the development of bone
and tooth phenotypes, the mechanism(s) of the posttranscrip-
tional regulation of Dlx3 by miRNA during dentinogenesis is
still unclear.

K (lysine) acetyltransferase 6a (KAT6A), also referred to as
MOZ or MYST-3, is a founding member of the MYST family of
lysine acetyltransferases, defined by a conserved MYST/MOZ do-
main (42). Functionally, KAT6A acetylates both itself and lysine
residues on histones H2B, H3, and H4 (43–46). Furthermore,
KAT6A functions as a coactivator for several DNA-binding tran-
scription factors including RUNX1 (44, 47–50) and RUNX2 (51),
which perform a crucial role in osteogenesis (52, 53). Moz/Kat6a
deletion is embryonic lethal (49), and haploinsufficiency for Moz/
Kat6a demonstrated craniofacial abnormalities (54, 55). Addi-
tionally, Moz/Kat6a-knockout mouse model studies suggest that a
Moz-driven acetylation mechanism controls a balance between
cellular proliferation and differentiation (56).

In this study, we found miR-665 to be a potential repressor of
odontoblast maturation through inhibition of Dlx3 and Kat6a
translation and increased mRNA degradation. The expression of
miR-665 is temporal and reciprocal to DLX3 and RUNX2 expres-
sion during in vitro odontoblast differentiation. Direct binding of
RUNX2 in the miR-665 promoter negatively regulates expression
of miR-665, and miR-665 promotes the switch from acetylation to
methylation of H3K9 in the tooth-specific Dspp and Dmp1 pro-
moters, further reducing the recruitment of active transcription
factors and chromatin modifiers. Conversely, KAT6A acetylates
and physically interacts with RUNX2 to functionally modulate
RUNX2 transcriptional activity and promote dentinogenesis. By
reducing both DLX3 and KAT6A expression, miR-665 hinders the
formation of activating complexes to promote epigenetic activa-
tion of Dspp and Dmp1 chromatin, impairing odontoblast differ-
entiation.

MATERIALS AND METHODS
Cell culture. HEK-293T, rat dental pulp MDPC-23, and rat odontoblast
OD-21 cells (57) were cultured at 37°C, and mouse odontoblast-like
M06-G3 cells (58) were maintained at 33°C, all in 5% CO2 in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 4.5 g/liter glu-
cose, L-glutamine, sodium pyruvate (Cellgro, VA), 10% fetal bovine se-
rum (Atlanta Biologicals, GA), 100 �g/ml streptomycin, 100 units/ml
penicillin (Gibco, NY), and 250 �g/ml amphotericin B (Cellgro, VA). To
induce differentiation, medium was further supplemented with 50 �g/ml
ascorbic acid, 10 mM �-glycerophosphate, and 1 � 10�7 M dexametha-
sone (Sigma-Aldrich, St. Louis, MO) for up to 21 days. Medium was
refreshed every 48 h for the duration of all experiments. Cell layers were
fixed in 2% paraformaldehyde or 10% formalin for histochemical detec-
tion of alkaline phosphatase (ALP) using Sigma reagents.

The levels of miR-665 expression were very similar in all three odon-
toblast cell lines we tested (see Table S1 in the supplemental material). The
evidence for miR-665 function in several cell lines justifies the significance
of our studies and provides information for future mouse model devel-
opment.

Dlx3 and Kat6a 3= UTR-reporter constructs and transfection. The
Dlx3 3= untranslated region (UTR; 1.5 kb) fragment was amplified with
overhanging 5= EcoRI and 3= NotI restriction sites. DNA fragments were
phosphorylated and ligated into the EcoRI-NotI sites of the pMIR-
REPORT luciferase (Luc) plasmid (Applied Biosystems, Inc., Foster City,

CA) to generate the Dlx3 3= UTR-Luc reporter plasmid. M06-G3 cells at
30% to 50% confluence were transfected with double-stranded RNA oli-
gonucleotides representing mature sequences that mimic endogenous
miR-9, miR-320, miR-421, or miR-665 or an miRNA nonspecific (NS)
control (obtained from Switchgear Genomics, Menlo Park, CA).
MDPC-23 or OD-21 cells at 30% to 50% confluence were transfected with
miR-665, anti-miRNA, or NS miRNAs. Luc assays were performed with
M06-G3 cells cotransfected with the specified miRNAs (100 nM each) or
NS miRNA (100 nM) and the Dlx3 3= UTR-Luc reporter DNA (200 ng)
plasmid using 5 �l of RNAiMax (Invitrogen, Carlsbad, CA) in three in-
dependent experiments. Dspp, Sp7, and Runx2 promoter-Luc assays were
performed in a similar manner by using 100 ng of promoter-Luc DNA
cotransfected with 50 ng of control or Kat6a (Fisher Scientific, Pittsburgh,
PA), Dlx3, or Runx2 (31) overexpression construct. Data represent the
means and standard errors of the means (SEM) for three experiments and
samples. The transfected cells were incubated for 24 h to determine Luc
activity or harvested after 48 h for protein and mRNA analysis. Transfec-
tion with Renilla Luc plasmid (Promega, Madison, WI) was used to nor-
malize the relative Luc values. Relative Luc activity (firefly Luc activity/
Renilla Luc activity) was expressed in relative luminescence units and
plotted. To characterize the specificity of miR-665 binding, the 3= UTRs
(90 to 100 bp) of putative targets Dlx3 and Kat6a were synthesized with
flanking 5= SpeI and 3= HindIII restriction sites. Double-stranded an-
nealed DNA fragments were phosphorylated and ligated to the pMIR-
REPORT Luc plasmid. Transformants were grown, and plasmid DNAs
were confirmed by sequencing. Luc assays were conducted by cotransfect-
ing miR-665 (100 ng), NS miRNA (100 ng), or anti-miR-665 (100 ng)
with a wild-type (WT) or mutant Dlx3 or Kat6a 3= UTR-Luc reporter
DNA (200 ng) construct into HEK-293T cells. WT and mutant sequences
of each 3= UTR are shown in Table S2 in the supplemental material. A
Renilla Luc plasmid (Promega) was transfected to normalize the relative
Luc values. The transfected cells were incubated for 24 h to determine Luc
activity.

Generation of cells stably expressing miR-665 and anti-miR-665.
Lentiviral miR and anti-miRNA precursor clones (CD-511B-1 for con-
trol, MMIR-665-PA-1 for miR-665 overexpression, and MiRZIP665-
PA-1 for miR-665 knockdown; System Biosciences, Mountain View, CA)
were used to produce mature virus particles expressing green fluorescent
protein (GFP) and miR-665 or anti-miR-665. The pCDH-Dlx3 lentiviral
clone (System Biosciences) was used to generate virus particles expressing
Dlx3 and coexpressing GFP. For viral packaging, individual lentiviral
clones were cotransfected with pMD2.G and pCMV�R-8.91 viral pack-
aging plasmids (Addgene plasmids 12259 and 12263; Addgene, Cam-
bridge, MA) into HEK-293T cells. Viral supernatants were harvested 48 h
after transfection and subsequently used for infections. Mouse and rat
odontoblasts were infected at 60% to 70% confluence for 48 h. Expression
of the GFP reporter was monitored and used to sort cells expressing miR-
665, anti-miR-665, or DLX3. Cells were then seeded into six-well plates
and differentiated for 7 days.

RNA isolation and real-time RT-qPCR. Total RNA was isolated using
TRIzol reagent (Invitrogen, Grand Island, NY) according to the manufac-
turer’s specifications. DNase I-treated total cellular RNA was primed with
oligo(dT) or random hexamer and reverse transcribed into cDNA using a
SuperScript III first-strand synthesis kit (Invitrogen, Grand Island, NY)
according to the manufacturer’s instructions. For miRNA detection,
poly(A) tailing was performed using a poly(A) polymerase (Pol) kit (Am-
bion, Grand Island, NY) according to the manufacturer’s instructions,
and reverse transcription was carried out with a SuperScript III first-
strand synthesis kit according to the manufacturer’s instructions. Gene
expression was determined by real-time reverse transcriptase quantitative
PCR (RT-qPCR) using Power SYBR green PCR master mix (Applied Bio-
systems, Inc.) and gene-specific primers in an ABI Prism 7000 Fast ther-
mocycler. For each gene, expression levels were normalized to glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) or U6 RNA expression.
Experiments were performed in triplicate, and results are given as mean
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values � SEM. Nucleotide sequences of primers are provided in Table S3
of the supplemental material.

Antibodies. The antibodies used for Western blotting, chromatin im-
munoprecipitation (ChIP) assays, and ribonucleoprotein immunopre-
cipitation (RNP-IP) are listed in Table S4 of the supplemental material.

Western blot analysis. Cells were lysed in radioimmunoprecipitation
assay (RIPA) lysis buffer (25 mM Tris-HCl [pH 7.6], 150 mM NaCl, 1%
NP-40, 1% sodium deoxycholate, 0.1% SDS, 1 mM phenylmethylsulfonyl
fluoride, 1� protease inhibitor cocktail [Roche], and 25 �M MG132
[proteasome inhibitor]). Lysates were sonicated three times on ice at 2%
power for 10 s. Samples (cleared lysates) were quantified, and equal
amounts of protein were resolved by SDS-PAGE. Proteins were trans-
ferred to a polyvinylidene difluoride (PVDF) membrane and were sub-
jected to immunoblotting with the appropriate antibodies. Immunoreac-
tive proteins were detected using Western Lightning chemiluminescence
reagent (Perkin-Elmer, Boston, MA).

RNP-IP. Polysomal extracts from OD-21 or MDPC-23 cells overex-
pressing miR-665 or anti-miR-665 were immunoprecipitated with affin-
ity-purified silencing complex-specific anti-AGO2 antibody (Millipore)
as previously described (59–69). The RNA isolated from RNP-IP was
subjected to cDNA synthesis using primers derived from a specific seed
sequence for miR-665. The first-strand cDNA was further amplified with
forward and reverse primers derived from the immediate upstream se-
quence of the 3= UTR target region of the Dlx3 mRNA.

Next-generation mRNA sequencing. The total RNA was purified
from the AGO2-immunoprecipitated complex isolated from control,
miR-665-overexpressing, and anti-miR-665-overexpressing MDPC-23
or OD-21 cells and subjected to mRNA sequencing in an Illumina HiSeq
2000 system (Illumina, San Diego, CA) using the latest versions of the
sequencing reagents and flow cells to provide up to 300 Gb of sequence
information per flow cell. The quality of the immunoprecipitated RNA
was assessed using an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA)
before conversion to cDNA. TruSeq library generation kits were used
according to the manufacturer’s instructions (Illumina). Library con-
struction consisted of random fragmentation of the miRNA followed by
cDNA production using random primers. The ends of the cDNA were
repaired and poly(A) tailed, and adaptors were ligated for indexing (up to
12 different bar codes per lane) during the sequencing runs. The cDNA
libraries were quantitated using qPCR in a Roche LightCycler 480 with a
Kapa Biosystems (Woburn, MA) kit before cluster generation. Clusters
were generated to yield approximately 725,000 to 825,000 clusters/mm2.
Cluster density and quality were determined during the run after the
parameters of the first base addition were assessed. Paired-end 2- by 50-bp
sequencing runs were conducted to align the cDNA sequences to the ref-
erence genome. Before alignment, the data were converted to the FASTQ
Sanger format using FASTQ Groomer. TopHat was used to align high-
throughput sequencing reads of RNA transcripts (RNA-Seq) to the refer-
ence genome using the short-read aligner Bowtie and to analyze the map-
ping results to identify splice junctions between exons. Aligned reads from
TopHat were analyzed by Cufflinks to assemble transcripts, estimate tran-
script abundances, and test for differential expression and regulation.
Cuffcompare, which is part of Cufflinks, was then used to compare the
assembled transcripts to a reference annotation and track Cufflinks tran-
scripts across multiple experiments. Finally, Cuffdiff was used to indicate
significant changes in transcript expressions, splicing, and promoter use.
To call small nucleotide polymorphisms, SAM Tools was used. Briefly, the
BAM file generated by TopHat was filtered so that the read was paired and
mapped. A pileup file was created from this filtered file, and the consensus
was generated using the MAQ model. This pileup file was then filtered to
report variants as well as to convert coordinates to intervals that were
covered by a specified number of reads with bases above a set quality
threshold.

ChIP assays. ChIP assays were performed as previously described (31,
70). Briefly, formaldehyde cross-linking of DNA-bound proteins in miR-
665-overexpressing and anti-miR-665-overexpressing odontoblasts was

performed for 15 min. Cells were collected in 1� phosphate-buffered
saline (PBS) and then lysed in lysis buffer (25 mM Tris-HCl [pH 8.0], 5
mM MgCl2, 10 mM EDTA, 1% SDS, 1% Triton X-100, 162.5 mM NaCl,
25 �M MG-132, and 1� complete protease inhibitor). Cell lysates were
sonicated to obtain DNA fragments with an average size of 0.2 to 0.6 kbp.
Immunoprecipitations were performed with the appropriate antibodies
or immunoglobulin G (IgG) as a control (see Table S4 in the supplemental
material). Immune complexes were collected, followed by recovery of
DNA. Aliquots of each recovered DNA sample were assayed by qPCR to
detect the proximal Dspp and Dmp1 promoter regions upstream of the
transcription start site. The oligonucleotide primers used are listed in
Table S3 of the supplemental material. Samples were normalized to the
initial input and expressed as percent chromatin pulldown (compared
with input). ChIP experiments were repeated three times with similar
results, and data in the Fig. 7 are the averages of three experiments with
SEM.

Immunoprecipitation. Approximately 107 cells per immunoprecipi-
tation were lysed in 500 �l of Nonidet P-40 (NP-40) lysis buffer (150 mM
NaCl, 50 mM Tris [pH 8.0], 1% NP-40, 1� complete protease inhibitor,
and 25 �M MG-132) for 15 min at 4°C. Cell lysates were sonicated, fol-
lowed by centrifugation at 16,000 � g for 15 min at 4°C. The supernatant
was transferred to a clean microcentrifuge tube and precleared with 40 �l
of protein A/G plus agarose beads (Santa Cruz) at 4°C for 30 min. To
precipitate immunocomplexes, 5 to 10 �g of antibody was added and
incubated at 4°C with agitation for 4 h or overnight. Sixty microliters of
protein A/G plus agarose beads (100 �l of 1:1 beads-PBS) was added to the
antibody-protein solution, and the cross-linking reaction was performed
at room temperature for 1 h. Beads were washed three times with 1� PBS
containing 1� protease inhibitors and 50 �l of 2� sample buffer, fol-
lowed by boiling for 5 min before analysis by Western blotting.

Biotin pulldown. A biotin pulldown assay was performed to isolate
Dlx3 and Kat6a mRNAs that bind to transfected biotinylated miR-665
(Bi-miR-665) (68, 69). MDPC-23 cells (0.2 � 106 cells/well) were trans-
fected in triplicate with 100 pmol/well biotinylated nonspecific miRNA
(Bi-NS-miR) or biotinylated miR-665 (Bi-miR-665) (Integrated DNA
Technologies, Inc.) in six-well plates. Thirty-six hours later, the cells from
three wells were harvested and centrifuged at 2,000 � g. After three washes
with 1� PBS, cell pellets were lysed in 0.7 ml of lysis buffer (20 mM Tris
[pH 7.5], 100 mM KCl, 5 mM MgCl2, 0.3% NP-40, 80 U of RNase Out
[Invitrogen], and Halt protease inhibitor cocktail [Life Technologies]),
and incubated on ice for 10 min. Lysates were sonicated on ice at 2%
power for 10 s three times, followed by centrifugation at 10,000 � g for 15
min at 4°C. The supernatant was transferred to a clean microcentrifuge
tube. Streptavidin-coated magnetic beads (Invitrogen) were blocked in
lysis buffer containing 500 �g/ml Saccharomyces cerevisiae tRNA and 1
mg/ml bovine serum albumin (BSA; Promega) for 2 h at 4°C and then
washed twice with 1 ml of lysis buffer. To capture miR-665-bound target
mRNA, cytoplasmic lysate was added to 100 �l of beads and incubated for
4 h at 4°C in a tube rotator. Beads were washed three times with lysis buffer
containing 1� protease inhibitors. RNA bound to the beads (pulldown
RNA) or from 10% of the cleared lysate (input RNA) was isolated using
TRIzol (Invitrogen). The levels of Dlx3 and Kat6a mRNAs in the Bi-
miR-665 or Bi-NS-miR pulldown assays were quantified by RT-qPCR.
GAPDH was used to normalize the mRNA levels. The fold enrichment
of pulldown mRNA from Bi-miR-665-transfected cells over that from
Bi-NS-miR-transfected cells was plotted.

RESULTS
Discovery of miR-665. A single miRNA is expected to target a
large number of diverse mRNAs; each singular mRNA may be
regulated by at least 15 distinct miRNAs (71–73). To overcome
this target multiplicity and aid in the selection of Dlx3-targeting
miRNAs that contribute to dentinogenesis, several principles were
implemented: (i) multiple miRNA bioinformatics algorithms
(PicTar, TargetScan, and microRNA.org) were utilized to identify
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potential miRNAs; (ii) the binding sites were chosen between the
stop codon and poly(A) site of the Dlx3 mRNA for optimal silenc-
ing potential (73); and (iii) miRNA qPCR analysis was used to
validate the expression of the identified miRNAs in odontoblasts.
Four miRNAs (miR-9, miR-320, miR-412, and miR-665) met our

predefined criteria for Dlx3-targeting miRNAs. All four miRNAs
bind regions located between kb �0.1 and kb �1.5 of the Dlx3
3=UTR (Fig. 1A), and expression of each miRNA was detected in
an odontoblast-like cell line (Fig. 1B). Analysis of the temporal
expression patterns of these miRNAs in M06-G3 odontoblast-like

FIG 1 Identification of a functional miR-665 site in the Dlx3 mRNA 3=UTR. (A) Putative binding sites for miR-9, miR-320, miR-421, and miR-665 (within 1.5
kb distal to the stop codon) conserved across mammalian species identified in Dlx3 mRNA using bioinformatics programs (http://useast.ensembl.org/Mus
_musculus/Gene/Summary). Nucleotide positions for miR-665 are shown in parentheses. (B) Relative expression levels of miR-9, miR-320, miR-421, and
miR-665 obtained by real-time RT-qPCR using total RNA isolated from mouse odontoblasts (M06-G3) induced to differentiate for 21 days. U6 RNA was used
as a loading control. (C) Schematic representation of the Dlx3 3=UTR-Luc reporter vector created by cloning the Dlx3 3=UTR (1.5 kb) into the pMIR-REPORT
Luc reporter vector (top). Relative Luc activity was determined in lysates from M06-G3 cells transfected with Dlx3 3=UTR-Luc, nonspecific (NS) miRNAs, and
individual Dlx3-targeting miRNAs (bottom). Luc activity was normalized with Renilla Luc activity and expressed in relative luminescence units. (D) Represen-
tative Western blot analysis with anti-Luc antibody of lysates from M06-G3 cells transfected with Dlx3 3=UTR-Luc and individual Dlx3-targeting miRNAs. (E)
Alignment of miR-665 binding to the murine Dlx3 3=UTR. Lowercase nucleotides indicate the mutations introduced in the seed sequence of the miR-665 binding
site within Dlx3. (F) Relative Luc activity in HEK-293T cells transfected with wild-type (WT) or mutated (MT) Dlx3 3= UTR constructs along with nonspecific
miRNA control (NS), miR-665, or anti-miR-665. Relative Luc activity was normalized with Renilla Luc activity and expressed in relative luminescence units. (G)
Representative Western blot showing DLX3 protein expression in MDPC-23 dental pulp cells stably infected with control, miR-665-expressing, or anti-miR-
665-expressing lentiviral particles. Tubulin was used as a loading control. (H) Quantitative analysis of the relative Dlx3 mRNA expression levels, normalized to
Gapdh, in MDPC-23 dental pulp cells stably infected with control, miR-665-expressing, or anti-miR-665-expressing lentiviral vectors, detected by qPCR after
96 h. *, P � 0.05; **, P � 0.01. (I) Representative RNP-IP assay in MDPC-23 cell lysates incubated with IgG (control) or anti-AGO2 antibody. Data are presented
as the amount of miR-665 bound to the Dlx3 3= UTR fragment (gray bar) relative to the total Dlx3 3= UTR cDNA input (black bar). Normal IgG was used as a
negative control. The RISC was immunoprecipitated with anti-AGO2 antibody, and associated mRNA was reverse transcribed to cDNA, using the miR-665 seed
sequence as a primer, and amplified by real-time RT-qPCR with primers specific to miR-665 binding sites in the Dlx3 3= UTR. (J) Quantitative analysis of
miR-665 binding to the Dlx3 3=UTR associated with the RISC determined by RNA sequencing of AGO2-immunoprecipitated RNA from MDPC-23 dental pulp
cells transduced with control, miR-665-overexpressing, and anti-miR-665-expressing lentiviral vectors. Significant changes in transcript expression (P values of
0.01 to 0.001) were analyzed using Cuffdiff bioinformatics. (K) Streptavidin pulldown to detect Dlx3 mRNA binding to miR-665 in MDPC-23 odontoblast cells
transfected with Bi-NS-miR or Bi-miR-665 mimics. The binding of Dlx3 mRNA was analyzed by qRT-PCR and normalized to Gapdh expression. CDS, coding
DNA sequence; Ch, chromosome; LUC, luciferase; CON, control; UTR, untranslated region; EV, empty vector; Bi, biotinylated.
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cells revealed very low expression of miR-9, miR-665, and miR-
421 from the proliferation stage to the mature odontoblast stage, a
period ranging up to day 15 after induction of differentiation.
Maximum expression of the same miRNAs was observed during
the mineralization stage, ranging from 18 to 21 days after induc-
tion of differentiation. An initial increase in the expression of
miR-320 was found in proliferating odontoblasts (differentiation
days 3 to 7), followed by a slight decline at maturation (day 11)
and a second induction in more mature odontoblasts (differenti-
ation days 12 to 21). These findings strongly indicate that miR-
665, miR-9, miR-421, and miR-320 could potentially regulate
Dlx3 expression in odontoblast cells during differentiation.

To examine the specificity and efficacy of these miRNAs, we
cloned a 1.5-kb fragment of the Dlx3 3=UTR into the 3=UTR of a
Luc reporter gene to create the Dlx3 3=UTR-Luc plasmid. Lysates
from M06-G3 cells transfected with miR-9, miR-320, miR-421, or
miR-665 and the Dlx3 3= UTR-Luc plasmid were assayed for Luc
reporter activity. Exogenous expression of each miRNA substan-
tially repressed Luc activity. However, miR-665 induced the great-
est repression (Fig. 1C). Lysates from M06-G3 cells transfected
with miR-9, miR-320, miR-421, or miR-665 and the Dlx3 3=UTR-
Luc plasmid were also subjected to immunoblot analysis with an
anti-Luc antibody. Exogenous expression of miR-665 and miR-
421 substantially repressed Luc protein expression. However, no
effects on Luc protein expression were observed after overexpres-
sion of miR-320 or miR-9 (Fig. 1D). RNA nucleotide complemen-
tarity analysis of miR-665 binding to the Dlx3 3=UTR indicated an
imperfect RNA, an RNA hybrid, appropriate for miRNA-medi-
ated repression (Fig. 1E). Primarily, miRNAs bind to the 3= UTR
of mRNAs and repress translation; therefore, we mutated the
functional miR-665 binding site in Dlx3 and investigated the ef-
fects using the Dlx3 3=UTR-Luc reporter assay in HEK-293T cells.
Substantial downregulation of Luc activity (80% to 90%) was de-
tected when the WT Dlx3 3= UTR-Luc plasmid was coexpressed
with miR-665 (Fig. 1F), but downregulation did not occur when
the miR-665 binding site in the Dlx3 3= UTR was mutated. In
contrast to the effects of miR-665 overexpression, anti-miR-665
overexpression increased Luc activity by at least 2-fold. These re-
sults indicate that miR-665 directly regulates homeobox factor
Dlx3 through an miRNA-mediated mechanism. Based on the
above findings and the higher expression of miR-665 in odonto-
blast and other mineralized cells and tissue (see Table S1 in the
supplemental material), we chose to study the function of miR-
665 in odontoblast differentiation.

The ability of miR-665 to target and silence endogenous Dlx3
was further validated by miR-665 overexpression and knockdown
assays. In MDPC-23 dental pulp cells, overexpression of miR-665
substantially repressed endogenous Dlx3 expression (at the
mRNA and protein levels), whereas expression of anti-miR-665
increased Dlx3 expression (Fig. 1G and H). To study the in vivo
binding of miR-665 to the 3= UTR of Dlx3 mRNA, we performed
an RNP-IP pulldown assay. In miR-665-overexpressing
MDPC-23 cells, a significant level (60%) of Dlx3 mRNA was
bound by miR-665 (Fig. 1I), as determined by real-time RT-qPCR
analysis of immunoprecipitated RNA. Additionally, sequencing of
the RNP-IP RNA revealed 8- and 2.5-fold enrichments in miR-
665 binding to the Dlx3 3= UTR in miR-665-overexpressing cells
compared with anti-miR-665- and control lentivirus-overex-
pressing cells, respectively (Fig. 1J). To exclude the possibility
that the 3= UTR of Dlx3 mRNA is recovered because of binding

to miRNAs other than miR-665, we transfected MDPC-23 cells
with biotinylated miR-665 (Bi-miR-665). Analysis of RNA
pulled down by streptavidin beads (streptavidin pulldown
RNA) by RT-qPCR revealed a substantial increase (4-fold) in
Dlx3 mRNA pulled down with Bi-miR-665 over the amount
pulled down with the biotinylated nonspecific miRNA (Fig.
1K). Thus, these results indicate that Dlx3 expression is directly
controlled posttranscriptionally through 3= UTR regulation by
miR-665. Therefore, we concluded that miR-665 is well posi-
tioned to have a central role in the regulation of odontoblast
differentiation.

miR-665 expression profile opposes Dlx3 and odontoblast
differentiation. Because miR-665 directly targets Dlx3, we hy-
pothesized that there is a functional yin-yang relationship in the
expression of miR-665 and Dlx3 expression during dentinogene-
sis. We tested the expression of both in differentiating M06-G3
odontoblast-like and primary dental pulp cells and in mouse em-
bryonic endochondral bone (Fig. 2). The appropriate differentia-
tion of M06-G3 and dental pulp cells was confirmed by the expres-
sion of the odontoblast stage-specific marker genes Runx2, Dlx3,
and Dspp (see Fig. S1 in the supplemental material). In odonto-
blast-like cells, endogenous miR-665 expression was low in the
odontoprogenitor and mature odontoblast stages (up to differen-
tiation day 11) and high during the mineralization stage (differ-
entiation days 15 to 21). Correlating inversely with low miR-665
RNA levels, expression of DLX3 peaked in proliferating to mature
odontoblasts (differentiation days 4 to 11). However, miR-665
expression increased as DLX3 expression declined at the mineral-
ization stage (Fig. 2A). Similar profiles of expression for miR-665
and DLX3 were observed in primary dental pulp cells during pro-
liferation to early maturation (differentiation days 0 to 10) and at
mineralization (Fig. 2B). The same reciprocal correlation was no-
ticed during skeletogenesis (embryonic days E12 to E19) (Fig. 2C).
To address whether the biological control of miR-665 increases
during differentiation, as suggested in by the experiment shown in
Fig. 2B, we performed RNP-IP in primary human dental pulp cells
at day 7 (early) and at day 10 (late) of differentiation. RNP-IP at
later days of differentiation (e.g., day 15) is challenging because of
a high extracellular matrix content. Binding of miR-665 to the
DLX3 mRNA 3= UTR was 3-fold lower at day 7 than at day 10 of
differentiation (Fig. 2D), reflecting the lower protein level of
DLX3 observed at this time (Fig. 2B). These results indicate a
requirement for miR-665 biological regulation of Dlx3 expression
during dentinogenesis.

Next, we examined the effects of osteogenic factors, bone mor-
phogenic protein 2 (BMP2; 200 ng/ml), 1,25(OH)2D3 (vitamin D;
10�5 unit/ml), dexamethasone (10 ng/ml), or all-trans retinoic
acid (2 �M) on the expression of miR-665. miR-665 expression
was decreased 50% by treatment with BMP2 for 24 h, and lesser
but significant changes in miR-665 expression were observed after
treatment with vitamin D, dexamethasone, or retinoic acid (Fig.
2E). Thus, BMP2 and other anabolic agents that support skeleto-
genesis downregulate miR-665 expression. Previously, we re-
ported that RUNX2, the master regulator of bone and tooth for-
mation, negatively regulates miR-23a cluster expression to
promote osteoblast differentiation (70). Thus, we explored the
possibility that RUNX2 negatively regulates miR-665 expression
to promote dentinogenesis. Mouse calvaria osteoblasts from
Runx2-null mice (52) showed more than 7-fold higher miR-665
expression than osteoblasts from WT mice, and reintroduction of
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RUNX2 by overexpression reduced miR-665 overexpression by
50% (Fig. 2F). This result suggests that, in committed odonto-
blasts, RUNX2 downregulates miR-665 to promote differentia-
tion.

The miR-337–miR-540 –miR-665 cluster (miR-337 cluster) is
located on human chromosome 14, on mouse chromosome 12,
and on rat chromosome 6, upstream of the retrotransposon-like 1
gene (RTL1). Human miR-665 has not been fully characterized;
however, we found miR-665 expression in human dental pulp
cells (Fig. 2B). No information has been published about the pro-
moter region for the miR-337 cluster, and RNA Pol II-mediated
transcription of this region has not been characterized. Using
bioinformatics, we identified two RUNX2 binding sites in the 5=
upstream region of both the mouse (�300 to �305 and �447 to
�452) and the rat (�56 to �61 and �382 to �387) miR-337
cluster, in the proximity of TFIIB and TFIID binding sites (see Fig.
S2 in the supplemental material). To assess the in vivo binding of
RUNX2 to the miR-337 cluster promoter, ChIP assays were per-
formed with mouse osteoblast and rat odontoblast cells. We ob-
served 15% to 20% RUNX2 recruitment in the proximal region
(bp �300 to �500 in mouse and bp �200 to �400 in rat) of the
miR-337 cluster (Fig. 2G). These results indicate that the down-

regulation of miR-665 expression results from direct binding by
RUNX2. Taken together, these findings indicate that miR-665 has
a critical role in the regulation of dentinogenesis that begins in
undifferentiated cells, in which low miR-665 expression allows
DLX3 to induce odontoblast differentiation (31), and continues
with high miR-665 expression attenuating or fine-tuning DLX3
expression during terminal differentiation. Additionally, these re-
sults demonstrate a requirement for RUNX2 to negatively regu-
late miR-665 for progression of osteoblastogenesis.

miR-665 inhibits dentinogenic gene expression. To test our
hypothesis that miR-665 regulates DLX3 expression and atten-
uates odontoblast differentiation, we studied the function of
miR-665 in vitro. We transduced odontoblast-like OD-21 and
MDPC-23 cells with lentivirus vectors encoding GFP and miR-
665 or anti-miR-665; infected cells were isolated on the basis of
GFP expression (Fig. 3A) and induced to differentiate. In OD-21
odontoblast cells transduced with the miR-665-expressing vector,
we observed 7.5- and 7.0-fold upregulation of miR-665 expression
at differentiation days 4 and 7, respectively (Fig. 3B). Histochem-
ical staining for ALP, a marker of tooth mineralization, on day 7
revealed that ALP expression was substantially lower in miR-665-
overexpressing cells than in control cells (Fig. 3C; see also Fig. S3C

FIG 2 Temporal expression of miR-665 and DLX3 maintains the physiology of odontoblast differentiation. (A) Representative Western blot showing DLX3
protein from M06-G3 cell lysates at the indicated days of differentiation (top). The graph depicts the relative expression levels of Dlx3 and miR-665 during
M06-G3 differentiation, normalized to actin (bottom). (B) Representative Western blot showing total protein from primary human dental pulp cells assayed for
DLX3 expression at the indicated days of differentiation (top). The graph depicts the relative expression levels of DLX3 and miR-665 during primary human
dental pulp cell differentiation, normalized to actin (bottom). (C) Total RNA isolated from mouse long bones at the indicated times of embryonic development
was analyzed for the expression of miR-665 and Dlx3 by real-time RT-qPCR. U6 expression was used as the loading control. (D) In vivo miR-665 binding to DLX3
3=UTR detected by RNP-IP with anti-AGO2 antibody. The 3=UTR of DLX3 mRNA associated with AGO2 was amplified with primers specific to the miR-665
binding sites (see Table S3 in the supplemental material). Normal IgG and 10% input were used as negative and positive controls, respectively. (E) Effects of
osteogenic factors on the expression of miR-665 in MDPC-23 dental pulp cells. Relative miR-665 expression was assessed with real-time RT-qPCR analysis of
total cellular RNA from odontoblasts treated with BMP2 (200 ng/ml), 1,25(OH)2D3 (VIT D; 10�5 unit/ml), dexamethasone (Dexa; 10 ng/ml), or retinoic acid
(RA; 2 �M) and harvested at 48 h posttreatment. (F) Relative miR-665 expression was assessed by real-time RT-qPCR in Runx2�/� mouse calvarial osteoblast
cells. U6 expression was used as the loading control. EV, empty vector; O-E; overexpressed. (G) In vivo occupancy of RUNX2 protein on the miR-337–miR-
540 –miR665 cluster promoter in mouse osteoblast and rat odontoblast chromatin. Positions of primer and amplified promoter regions are shown in Fig. S2 in
the supplemental material. ChIP was performed (n 	 3) at day 4 of differentiation with anti-RUNX2 and control IgG antibodies; 10% input was used as a positive
control. Statistical significance was determined by Student’s t test (*, P � 0.05; **, P � 0.01; ***, P � 0.001 versus matched control). OB, osteoblast; OdnB,
odontoblast.
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in the supplemental material), suggesting that miR-665 signifi-
cantly inhibits odontoblast mineralization.

This result was further supported by analysis of odontoblast-
specific markers and regulators of differentiation. On day 4, miR-
665 overexpression decreased, whereas anti-miR-665 increased,
the expression of Runx2 and Dlx3 (Fig. 3D; see also Fig. S3D and E
in the supplemental material). Notably, microRNA bioinformat-
ics studies did not reveal miR-665 binding sites in the 3= UTR of
Runx2 mRNA (http://www.targetscan.org). However, our previ-
ous study discovered that DLX3 directly binds to the Runx2 pro-
moter and activates Runx2 expression during differentiation (32).
Therefore, we conclude that the decrease of Runx2 expression on
day 4 is likely due to the repression of Dlx3 by miR-665 overex-
pression rather than to the direct regulation of Runx2 by miR-665.

Furthermore, miR-665 overexpression significantly decreased,
whereas anti-miR-665 increased, the expression of Col1A1,
Fam20C, Opn, Dspp, Dmp1, and Ocn on day 4, indicating initial
delay of odontoblast maturation and strong inhibition of late
mineralization by miR-665 (Fig. 3D; see also Fig. S3E in the sup-
plemental material). We observed similar inhibitory effects of
miR-665 overexpression on the expression of Mmp20 and Klk4
(Fig. 3D), already reported as downstream targets of Dlx3 essential
for tooth matrix formation (30). Similar inhibition of dentino-
genesis was also observed on day 7 of odontoblast differentiation
in miR-665-overexpressing cells. Most relevant marker genes
were analyzed in evaluating stage-specific tooth development. Ex-
pression levels of Dlx3, Runx2, and Sp7 transcription factors, re-
quired for the maturation odontoblast phenotype, were reduced
by 50% (Fig. 3E). Expression levels of Alp, an early marker for

odontoblast activity, and of Dspp and Ocn, late markers for odon-
toblast mineralization, were also significantly decreased (Fig. 3E).
These findings indicate that miR-665 strongly inhibits activators
essential for progression of odontoblast maturation and mineral-
ization.

We next examined the effects of miR-665 on odontoblast
marker proteins. Western blot analysis indicated that RUNX2
protein expression was inhibited severalfold by miR-665 overex-
pression (Fig. 3F; see also Fig. S3D in the supplemental material).
miR-665 overexpression also led to noticeably decreased protein
levels of SP7 and DSPP, which are also downstream targets of Dlx3
and are strong contributors to dentinogenic differentiation (Fig.
3F). These studies provide evidence that Dlx3 expression is di-
rectly controlled through 3= UTR regulation by miR-665, leading
to downregulation of Runx2, Sp7, Dspp, and other target genes to
impair dentinogenesis.

miR-665 endogenously associates with members of the chro-
matin-modifying complex. To study the precise mechanism by
which miR-665 contributes to the inhibition of dentinogenesis,
we analyzed the components of the RISC. The miR-665-guided
RISC was immunoprecipitated from both miR-665-transduced
(overexpression) and anti-miR-665-transduced (knockdown)
odontoblast-like cells using anti-AGO2 antibody. High-through-
put RNA sequencing analysis of immunoprecipitates uncovered
300 significantly altered transcription factors. Among these fac-
tors, 60 are chromatin-modifying factors, and of these, 15 are
linked to histone acetylation (Fig. 4A; see also Table S5 in the
supplemental material), including the Kat6a protein. These find-
ings indicate that in odontoblasts miR-665 has a key role in con-

FIG 3 Expression of miR-665 inhibits odontoblast (OD-21) differentiation. (A) Representative fluorescence microscopy images of OD-21 cells infected with
control or miR-665-expressing lentivirus vectors for 96 h. GFP is coexpressed with miR-665. (B) Quantitation of the expression levels of miR-665 in OD-21
odontoblast cells infected with miR-665-encoding lentivirus for 24 h, GFP sorted, and cultured in differentiation medium for 4 (d4) or 7 (d7) days. (C)
Histochemical staining for ALP activity in OD-21 cells infected with control or miR-665-expressing lentivirus vectors, GFP sorted, and cultured in differentiation
medium for 7 days. (D and E) The mRNA expression profile of tooth-related genes in OD-21 GFP-sorted control and miR-665-expressing lentivirus-infected
cells detected by PCR after 4 days of differentiation (D) and after 7 days of differentiation (E). (F) Representative Western blot showing the effects of
overexpressing miR-665 on the expression levels of DLX3, RUNX2, SP7, and DSPP proteins after 4 days of differentiation with control or miR-665-expressing
vectors in GFP-sorted OD-21 cells. Actin was used as the loading control. Con, control; ALP, alkaline phosphatase; Opn, osteopontin; Ocn, osteocalcin; Fam20C,
family with sequence similarity 20, member C; Mmp20, matrix metallopeptidase 20; Klk4, kallikrein-related peptidase 4; Dmp1, dentin matrix acidic phospho-
protein 1; Dspp, dentin sialophosphoprotein. Statistical significance was determined by Student’s t test (*, P � 0.05; **, P � 0.01; ***, P � 0.001 versus matched
control). Gapdh expression was used as the control.
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trolling not only Dlx3 expression but also other potential chroma-
tin-modifying factors that regulate the acetylation of histone H3
and H4 tails of the chromatin of odontoblast-specific genes.

To narrow the list of potential chromatin-modifying factors
regulated by miR-665, we confirmed the expression of each by
real-time RT-qPCR in miR-665-overexpressing and anti-miR-
665-expressing odontoblast-like cells (Fig. 4B to E). We consid-
ered only the chromatin factors that were decreased by miR-665
overexpression and increased by miR-665 knockdown. miR-665
overexpression or knockdown significantly altered the expression
of PHD finger protein 10 (Phf10), Kat6A, and YEATS domain-
containing protein 4 (Yeats4) (Fig. 4B). However, no changes were
observed in the expression of Kat5, Kat7, Dpf2, Tada2a, or Msl3
(Fig. 4C). Dpf3 expression was decreased by either miR-665 over-
expression or knockdown (Fig. 4E); however, Yeats2, Morf4l2,
Ncoa2, and Kat8 were upregulated, and Crebbp and Ing4 were
downregulated only upon knockdown of miR-665 (Fig. 4D and
E). Thus, the expression profiles of Dpf3, Yeats2, Ncoa2, Morf4l2,
Kat8, Crebbp, and Ing4 were not consistent with our criteria for

regulation by miR-665 and may be a result of indirect regulation.
These results indicate that miR-665 regulates epigenetic factors
with histone H3 and H4 acetylation activity to control chromatin
remodelling mechanisms and regulate odontoblast differentia-
tion.

To test our hypothesis that the miR-665-regulated changes in
the expression of chromatin-binding factors are independent of
Dlx3 downregulation by miR-665, we generated stable DLX3-
overexpressing odontoblasts. DLX3 overexpression (see Fig. S4A
in the supplemental material) increased the mRNA expression of
the DLX3 targets Runx2 and Sp7 by 2- and 5-fold, respectively (see
Fig. S4B and C); however, no significant increase in the expression
of any of the 15 chromatin-binding factors was observed (see Fig.
S4D). These results indicate that dentinogenesis is regulated by
miR-665-mediated chromatin modification independent of Dlx3
regulation.

miR-665 directly targets Kat6a. Neither the role of Kat6a in
tooth formation nor the mechanisms by which miR-665 regulates
chromatin modifications are understood. To address the mecha-

FIG 4 miR-665 associates with chromatin-binding factor Kat6a and regulates its expression. (A) AGO2-immunoprecipitated RNA from OD-21 cells overex-
pressing miR-665, or anti-miR-665 was purified and subjected to RNA sequencing analysis with the Illumina next-generation HiSeq platform. The mRNA
transcript abundance in the AGO2 pulldown was normalized to normal IgG. Heat map analysis was performed with GENE-E software (http://www
.broadinstitute.org/cancer/software/GENE-E/) and shows the enrichment in cognate mRNA binding to miR-665 over the binding to anti-miR-665. Significant
enrichment (
5-fold) of the chromatin-binding factors is shown (red over blue), as noted (**). (B to E) The mRNA expression profile of chromatin-binding
factors involved in histone acetylation detected in OD-21 cells infected with control, miR-665-overexpressing, or anti-miR-665-expressing lentivirus vectors and
GFP sorted, detected by real-time RT-qPCR after 96 h of infection. O/E, overexpression; KD, knockdown; Con, control; Phf10, PHD finger protein 10; Ing4,
inhibitor of growth family, member 4; Morf4l2, mortality factor 4 like 2; Msl3, male-specific lethal 3; Kat, K(lysine) acetyltransferase; Dpf, D4, zinc and double
PHD fingers; Tada2a, transcriptional adaptor 2A; Yeats, YEATS domain-containing protein; Crebbp, CREB binding protein; Ncoa2, nuclear receptor coactivator
2; min, minimum; max, maximum. Statistical significance was determined by Student’s t test (*, P � 0.01 versus matched control). Gapdh expression was used
as the control.
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nism by which miR-665 regulates epigenetic factor Kat6a to con-
trol chromatin remodelling mechanisms and regulate odonto-
blast differentiation, we examined the Kat6a 3=UTR for miR-665
binding sites. Bioinformatics programs revealed a putative miR-
665 binding site in the 3=UTR of murine Kat6a that is evolution-
arily conserved among vertebrate species (Fig. 5A). Kat6a mRNA
3= UTR and miR-665 nucleotide matching analysis indicated an
imperfect mRNA, an miRNA hybrid, appropriate for miR-665-
mediated repression (Fig. 5B). We next performed Luc reporter
assays to evaluate the binding of miR-665 to the 3= UTR of Kat6a
mRNA. miR-665 overexpression substantially reduced the activ-
ity (50%) of the Kat6a 3= UTR-Luc reporter in HEK-293T cells
(Fig. 5C). However, no change in Luc activity occurred when the
miR-665 binding site in the Kat6a 3= UTR was mutated (Fig. 5B,
where lowercase nucleotides indicate the mutations introduced in
the seed sequence, and C). In contrast, anti-miR-665 overexpres-
sion upregulated Kat6a 3=UTR-Luc activity by more than 2-fold.
These results indicate that Kat6a is directly repressed by miR-665.
Furthermore, sequencing of the RNP-IP RNA revealed 8- and
4-fold enrichments in miR-665 binding to the Kat6a 3= UTR in
miR-665-overexpressing cells compared with the binding in anti-
miR-665- and control lentivirus-overexpressing cells, respectively
(Fig. 5D). In Ago2 pulldown RNA, the amplification of miR-665
binding using the UTR-specific primers and miRNA seed se-

quence-generated cDNA cannot exclude the possibility that the 3=
UTRs of Dlx3 or Kat6a are actually regulated by other miRNAs.
Indeed, as a single mRNA can be targeted by multiple miRNAs, it
is possible that the Dlx3 or Kat6a binding is mediated by multiple
miRNAs, including miR-665. In order to confirm that the 3=UTRs
of Dlx3 and Kat6a mRNA are bound by miR-665, we transfected
MDPC-23 cells with biotinylated miR-665 or biotinylated non-
specific miRNA and captured the miR-665-bound mRNAs using
streptavidin pulldown of the biotinylated miR-665-mRNA com-
plex. RT-qPCR analysis of streptavidin pulldown RNA indicated
6-fold enrichment of Kat6a mRNA pulled down with Bi-miR-665
over the amount pulled down with the biotinylated nonspecific
miRNA (Fig. 5E). To test our hypothesis that miR-665 represses
KAT6A translation, thus inhibiting H3K9 acetylation, we exam-
ined KAT6A protein expression and H3K9 acetylation levels in
miR-665-overexpressing odontoblasts. miR-665 overexpression
significantly reduced KAT6A expression and H3K9 acetylation
(Fig. 5F). Taken together, these results indicate that miR-665 in-
hibits odontoblast differentiation by directly targeting Kat6a and
its histone acetylation activity.

KAT6A interacts with RUNX2, activates tissue-specific pro-
moters, and promotes dentinogenesis. No mechanistic role of
Kat6a has been defined in tooth formation. However, reports sug-
gest that KAT6A acetylates itself and lysine residues on histones

FIG 5 Kat6a is a direct target of miR-665. (A) Schematic illustration of the 3= UTR of Kat6a mRNA with a conserved miR-665 binding site. Bioinformatics
programs (TargetScan and MicroRNA.org) revealed that the 3=UTR of murine Kat6a has a putative miR-665 binding site. The identified miR-665 binding site
(octamer seed sequence, CUCCUGG, is shaded) is evolutionarily conserved among vertebrate species (human, mouse, and rat). (B) Kat6a mRNA nucleotide
complementarity with the miR-665 seed sequence at the 3=UTR is illustrated. Lowercase nucleotides indicate the mutations introduced in the seed sequence of
the miR-665 binding site. (C) Relative Luc activity in HEK-293T cells transfected with the wild-type (WT) or mutated (MT) Kat6a 3=UTR-Luc reporters along
with an NS miRNA control (Con), miR-665, or anti-miR-665. Relative Luc activity was normalized with Renilla Luc activity and expressed in relative lumines-
cence units. (D) Quantitative analysis of miR-665 binding to the Kat6a mRNA 3= UTR associated with the RISC was determined by RNA sequencing of
AGO2-immunoprecipitated RNA from MDPC-23 dental pulp cells infected with control, miR-665-overexpressing, and anti-miR-665-expressing lentivirus
vectors and GFP sorted. Significant changes in transcript expression (P values of 0.01 to 0.001) were analyzed using Cuffdiff bioinformatics. (E) Streptavidin
pulldown to detect Kat6a mRNA binding to miR-665 in MDPC-23 odontoblast cells transfected with Bi-NS-miR or Bi-miR-665 mimics. The binding of Kat6a
mRNA was analyzed by qRT-PCR and normalized to Gapdh expression. (F) Representative Western blot showing KAT6A and acetylated histone H3K9 proteins
from MDPC-23 dental pulp cells infected with control or miR-665-overexpressing lentivirus vectors and GFP sorted. Actin was used as the loading control.
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H2B, H3, and H4 (43–46). Moreover, KAT6A interacts with os-
teoblast- and odontoblast-specific RUNX2 (43, 51) and has been
implicated in skeletogenesis (53). Therefore, we focused on deter-
mining how miR-665 regulation is mediated through KAT6A and
RUNX2 to control transcriptional and epigenetic changes in
bone- and tooth-specific promoters using a Dspp promoter re-
porter assay. Figure 6A illustrates the physical map of the Dspp
proximal promoter with putative RUNX2 and DLX3 regula-
tory sites. Promoter activity was reduced by 40% with the over-
expression of miR-665 (Fig. 6B). Furthermore, overexpression
of RUNX2 or DLX3 increased Dspp promoter activity (Fig. 6C).
Interestingly, KAT6A overexpression also increased Dspp pro-
moter activity, both independently and synergistically with
RUNX2 (Fig. 6C, left and right panels), and significantly in-
creased the activity of Runx2 and Sp7 promoters (Fig. 6D).
Analysis of immunoprecipitates using antibodies against
RUNX2 or KAT6A indicated a physical interaction between the
two proteins (Fig. 6E). Taken together, these results indicate
that KAT6A and RUNX2 functionally cooperate in regulating
Dspp, and miR-665 hinders this cooperation.

Western blot and real-time RT-qPCR analyses of KAT6A-
overexpressing cells confirmed a substantial increase in KAT6A
protein expression and a severalfold increase in Kat6a mRNA ex-
pression (Fig. 6F). Along with the increases in the promoter activ-
ity of Runx2 and Sp7 reported above (Fig. 6D), KAT6A overex-
pression increased the mRNA expression of the Runx2 and Sp7
transcription factors required for commitment and differentia-
tion, as well as of Alp, Col1a1, Ocn, Dspp, and Dmp1, the early and
late markers of odontoblast matrix maturation and mineraliza-
tion (Fig. 6F). The substantial upregulation of Ocn expression
indicates a strong induction of matrix mineralization. Therefore,
Kat6a appears to be an activator of genes essential for progression
of odontoblast maturation and mineralization.

miR-665 inhibits KAT6A binding and histone H3 and H4
acetylation within Dspp and Dmp1 promoters. We next hypoth-
esized that miR-665 alters the in vivo binding of KAT6A, RUNX2,
and regulators of chromatin remodelling to the Dspp and Dmp1
promoters. We performed ChIP assays in control and miR-665-
overexpressing or anti-miR-665-overexpressing cells at differen-
tiation day 7. We observed 10- to 11-fold upregulation in the
expression of miR-665 or anti-miR-665 in miR-665 or anti-miR-
665 lentivirus-transduced MDPC-23 odontoblast cells (Fig. 7A,
left panel). Furthermore, the overexpression of anti-miR-665 de-
creased the expression levels of endogenous miR-665 by 50% (Fig.
7A, right panel).

We next hypothesized that the translational repression of
tooth-specific transcription factors, including DLX3, RUNX2,
KAT6A, and SP7, by miR-665 is the decisive factor in whether
tooth-specific promoters are activated or repressed. To address
this hypothesis, we analyzed protein expression of these factors in
miR-665- and anti-miR-665-overexpressing MDPC-23 cells. As
shown in Fig. 7B, Western blot analysis revealed that miR-665

FIG 6 KAT6A promotes odontoblast differentiation. (A) Schematic represen-
tation of the 2.5-kb Dspp promoter ligated to the pMIR-REPORT Luc reporter
gene. The promoter fragment shows putative RUNX2 and DLX3 binding sites
containing the core RUNX2 [(T/A)GTGGT or ACCAC(A/T)] and DLX3
(AATTA) motifs. (B) Relative Luc activity in HEK-293T cells transfected with
the 2.5-kb Dspp promoter-Luc reporter and NS miR control (Con) or miR-
665. (C) Relative Luc activity in cells transfected with the 2.5-kb Dspp promot-
er-Luc reporter and Kat6a, Runx2, or Dlx3. (D) Relative Luc activity in cells
transfected with the Sp7 or Runx2 promoter-Luc reporter and Kat6a. Data in
panels B and D are presented as mean values � SEM for three experiments and
samples. Experiments were performed in triplicate. Relative Luc activity was
normalized with Renilla Luc activity and expressed in relative luminescence
units. (E) Representative Western blots showing RUNX2 association in
KAT6A immunoprecipitates (top) and KAT6A association in RUNX2 immu-
noprecipitates (bottom). (F) The mRNA expression profile of odontoblast
differentiation marker genes in control and KAT6A-overexpressing MDPC-23
cells, detected by real-time RT-PCR after 96 h. A representative Western blot
shows exogenous KAT6A expression in MDPC-23 dental pulp cells (inset).
Experiments were performed in triplicate, and results are displayed as mean

values � SEM. Con, control; IB, immunoblot; IP, immunoprecipitation; Alp,
alkaline phosphatase; Opn, osteopontin; Ocn, osteocalcin; Fam20C, family
with sequence similarity 20, member C; Dmp1, dentin matrix acidic phospho-
protein 1; Dspp, dentin sialophosphoprotein; Col1A1, collagen 1�1. Statistical
significance was determined by Student’s t test (*, P � 0.05; **, P � 0.01; ***,
P � 0.001 versus matched control). Gapdh expression was used as the control.
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overexpression and knockdown, respectively, decreased and in-
creased DLX3, RUNX2, and KAT6A protein levels. Expression of
SP7 protein decreased by 30% to 50% with either miR-665 over-
expression or knockdown. We did not identify any miR-665 bind-
ing sites in the 3= UTR of Sp7 mRNA using miRNA bioinformat-
ics. Therefore, the mechanism controlling downregulation of SP7
protein in the presence of anti-miR-665 is unclear but may involve
indirect effects. The proximal promoters of Dspp and Dmp1 were
amplified as illustrated in Fig. 7C and D. Recruitment of RUNX2,
DLX3, and KAT6A to the Dspp and Dmp1 promoters was signifi-
cantly lower in miR-665-overexpressing cells, whereas anti-miR-
665 expression significantly increased recruitment of these factors
(Fig. 7C and D), which indicates that miR-665 mediates transcrip-

tional inhibition of both the Dspp and Dmp1 genes. miR-665 over-
expression also scarcely reduced SP7 recruitment to the Dspp and
Dmp1 promoters; however, no significant increase in the recruit-
ment of SP7 was found upon miR-665 knockdown. The associa-
tion of each promoter with ING4, a tumor suppressor with his-
tone H4-specific acetyltransferase activity that is involved in
chromatin remodeling (74), was greatly reduced by miR-665
overexpression, but no change was observed with anti-miR-665
expression (Fig. 7C and D). We next examined the histone H3 and
H4 modifications in Dspp and Dmp1 chromatin to assess the tran-
scriptional status of these genes. The trimethylation of histone H3
at K9 (H3K9me3) on the Dspp and Dmp1 promoters increased 2-
to 3-fold in miR-665-overexpressing cells and decreased 2-fold in

FIG 7 miR-665 decreases the epigenetic marks for transcriptional activation of the Dspp and Dmp1 promoters. (A) Quantitation of the relative expression levels
of miR-665 and anti-miR-665 in MDPC-23 odontoblast cells infected with miR-665-overexpressing or anti-miR-665-expressing lentivirus vectors for 96 h (left).
The effect of anti-miR-665 expression on miR-665 expression level is also shown (right). (B) Quantitation of DLX3, RUNX2, KAT6A, and SP7 protein expression
levels in MDPC-23 cells infected with control, miR-665-overexpressing or anti-miR-665-expressing lentivirus vectors after 96 h of infection (n 	 3). (C and D)
Schematics depicting the primers used in the ChIP assays to amplify the key regulatory elements present in the proximal Dspp promoter fragment (C) and the
proximal Dmp1 promoter fragment (D). The arrows indicate the positions of the forward and reverse primers. For the graph, immunoprecipitated DNA samples
from ChIP assays with antibodies against indicated transcription factors were amplified by real-time RT-qPCR with gene-specific promoter primers (see Table
S3 in the supplemental material). (E and F) Immunoprecipitated DNA samples from ChIP assays with antibodies against indicated histone H3 and H4
modifications were amplified by real-time RT-qPCR with gene-specific promoter primers (see Table S3). ChIP experiments were repeated three times with
similar results, and one representative experiment is presented. Statistical significance was determined by Student’s t test (*, P � 0.05; **, P � 0.01; ***, P � 0.001
versus matched control). IgG was used as a normalization control.
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miR-665-knockdown cells, indicating a repressive state of odon-
toblast differentiation (Fig. 7E and F). In contrast, acetylated his-
tone H3K9 (H3K9ac) and H4 (H4ac) levels were significantly
lower in miR-665-overexpressing cells than in control cells. No
significant changes in the modifications of acetylated H4 were
observed, while acetylated histone H3K9 was strikingly higher in
anti-miR-665-overexpressing cells (Fig. 7E and F). Additionally,
we observed a 4-fold decrease in the methylation of H3K4me3 on
the Dspp promoter only (Fig. 7E). These results suggest that miR-
665 promotes a repressive state of Dspp and Dmp1 expression as
evidenced by higher H3K9me3 recruitment and lower H3K9ac,
H4ac, and H3K4me3 recruitment. Thus, miR-665 may actively
inhibit H3K9 acetylation by targeting KAT6A and maintaining
trimethylation of H3K9. Furthermore, the decreased binding of
ING4 and KAT6A likely inhibits formation of activating com-
plexes specific for histone H3 and H4 acetylation on the Dspp and
Dmp1 promoters, which would inhibit dentinogenesis.

miR-665 represses KAT6A-mediated RUNX2 acetylation. To
test the hypothesis that miR-665 affects the KAT6A acetyltrans-
ferase activity involved in the posttranslational acetylation of
RUNX2 to inhibit dentinogenesis, we examined anti-RUNX2 im-
munoprecipitates for acetylation in odontoblast cells overexpress-
ing miR-665 or KAT6A. RUNX2 acetylation was lower in miR-
665-overexpressing cells than in control cells (Fig. 8A). These
results indicate that the miR-665-induced decrease in DLX3 and
KAT6A results in inhibition of RUNX2 protein translation and
acetylation. However, from this experimental approach we cannot
explain the lower levels of RUNX2 acetylation as miR-665 signif-
icantly decreases total RUNX2 protein. To confirm that this ef-
fect of miR-665 is mediated through KAT6A, we overexpressed
KAT6A in MDPC-23 cells. KAT6A overexpression increased

RUNX2 (Fig. 8B) and enriched the acetylation of RUNX2 (Fig.
8C). Thus, miR-665-mediated control of RUNX2 acetylation
through KAT6A may be an important component in regulating
the differentiation program.

Overall, our results suggest two mechanisms by which miR-
665 inhibits odontoblast differentiation (Fig. 8D). (i) In the miR-
665 mechanism, miR-665 directly represses expression of the
transcription factor DLX3 and its downstream targets (Runx2,
Sp7, Dspp, and Ocn). The miR-665 target KAT6A also modifies the
transcriptional activity of RUNX2 by direct interaction and acet-
ylation. (ii) In the miR-665-mediated epigenetic mechanism,
miR-665, through decreased expression of KAT6A, represses tis-
sue-specific Dspp and Dmp1 chromatin by modifying the methyl-
ation and acetylation of histone H3 and H4 tails and the alteration
of the Moz/Morf histone acetyltransferase complex composition.
When taken together, our results provide the first molecular evi-
dence for miR-665 regulation of an miRNA-epigenetic regulatory
network to control odontoblast differentiation.

DISCUSSION

Committed preodontoblasts progress through principal stages of
differentiation, with each stage characterized by the expression of
subsets of miRNAs and genes regulating the smooth transition
from the progenitors to mature odontoblasts. Indeed, expression
of several miRNAs increases during the late stages of osteoblast
differentiation, indicating the importance of miRNA regulation
for attenuating continued bone formation at the final osteocyte
stage of differentiation (10, 70). However, only a small fraction of
the many miRNAs have been evaluated in bone- and tooth-form-
ing cells undergoing differentiation. Here, we identified and func-
tionally characterized a novel Dlx3-binding miRNA, miR-665,

FIG 8 miR-665 inhibits KAT6A-mediated RUNX2 acetylation. (A) Representative Western blot showing RUNX2 immunoprecipitates incubated with anti-
acetyl antibody showing the effects of miR-665 overexpression on RUNX2 acetylation in control and miR-665-overexpressing cells. (B) Representative Western
blot showing KAT6A and RUNX2 expression in MDPC-23 dental pulp cells transfected with KAT6A. Actin was used as a loading control. (C) Representative
Western blot showing RUNX2 immunoprecipitates incubated with anti-acetyl antibody to detect RUNX2 acetylation in KAT6A-overexpressing MDPC-23
dental pulp cells. Normal IgG and empty vector (EV) were used as controls. (D) Two mechanisms of miR-665 regulation of dentinogenesis. Model 1 shows the
miRNA-mechanism in which DLX3 and RUNX2 binding and activation of the Dspp promoter promote dentinogenesis. miR-665 targets Dlx3 expression,
disrupting the depicted interactions and leading to gene inactivation. Model 2 shows the miRNA-mediated epigenetic mechanism in which KAT6A-mediated
acetylation of RUNX2 and chromatin on the Dspp promoter activates Dspp expression. miRNA-665 represses the expression of Kat6a, preventing the acetylation
of Dspp chromatin and the RUNX2-KAT6A interaction, thus inhibiting Dspp expression.
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that is differentially expressed in odontoblasts and controls the
expression of several crucial stage-specific factors to regulate the
differentiation program. Specifically, our results indicate that
miR-665 functions as a repressor of odontoblast maturation and
mineralization by directly repressing the expression of the tran-
scription factor Dlx3 and, thus, its downstream targets (Runx2,
Sp7, Dspp, and Ocn). Furthermore, we identified Kat6a as an miR-
665 target and found that KAT6A also activates and modifies the
transcriptional activity of RUNX2 by direct interaction and acet-
ylation. Moreover, miR-665 functions epigenetically through reg-
ulation of Kat6a to repress tissue-specific Dspp and Dmp1 chro-
matin remodeling. When taken together, our results provide
molecular evidence that miR-665 functions in an miRNA-epige-
netic regulatory network to control odontoblast differentiation.

miR-665 and Dlx3 regulation. Dlx3 is a member of the distal-
less homeobox family that interacts with transcription factors spe-
cific to mineralized tissue to regulate craniofacial and postnatal
skeletal development (33–43). Our results indicate that there is a
cellular requirement for miR-665 to fine-tune the expression of
Dlx3 within physiologic limits for maturation of progenitors to
odontoblasts. The very low expression of miR-665 compared
with the high expression of DLX3 during proliferation of mouse
odontoblasts and human pulp cells and during mouse embryonic
bone development indicates that DLX3 promotes dentinogenesis.
Therefore, the posttranscriptional regulation of Dlx3 by miR-665
controlled by BMP2 and RUNX2, as observed in our study, sug-
gests an integrated network of signaling and transcription factors
that coordinate the stage-specific events of odontoblast differen-
tiation. This mechanism is consistent with our previous findings
that demonstrated selective association of DLX3 and DLX5 with
Runx2 and Ocn genes at specific stages of osteoblast maturation as
well as participation of these factors and RUNX2 in chromatin
remodeling of bone-specific genes (31, 32). Together, these find-
ings emphasize the importance of maintaining appropriate cellu-
lar DLX3 levels at each stage of maturation.

miR-665, Kat6a, and chromatin regulation. Our results indi-
cate that miR-665 may contribute to alteration of the chromatin
status of Dspp and Dmp1 by targeting Kat6a expression, which
controls the acetylation of histone H3 and H4 tails and alteration
of MOZ/MORF complex composition. This suggests that the
physiologic modulation of miR-665 levels during differentiation
regulates the nucleosome dynamics of dentinogenic-specific
markers, including Dspp and Dmp1, by histone modification.
Moreover, our results indicate that KAT6A promotes RUNX2
acetylation and that these proteins function synergistically to in-
crease the transcription of genes involved in dentinogenesis.

The multifunctional role of miR-665 in controlling odonto-
blast differentiation, including direct targeting of mRNA and the
modulation of epigenetic mechanisms through indirect effects on
KAT6A recruitment, defines it as a member of a growing master
class of specialized miRNAs that control differentiation and tissue
development (8, 75, 76). Overall, the linkage of miR-665 to home-
odomain factor DLX3, epigenetic factor KAT6A, and transcrip-
tion factor RUNX2, all three of which regulate tooth biology, sup-
ports the developing concept that miRNAs link genetic and
epigenetic events that are requisite for maintaining a normal tissue
environment. The involvement of miR-665 at multiple levels of
odontoblast differentiation suggests diverse functions for miR-
665 that include physiologic tooth formation and homeostasis
and may inform the design of therapeutics for dental disorders.
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