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Abstract

secretory- to maturation-stage amelogenesis.

Background: In the rodent incisor during amelogenesis, as ameloblast cells transition from secretory stage to
maturation stage, their morphology and transcriptome profiles change dramatically. Prior whole genome
transcriptome analysis has given a broad picture of the molecular activities dominating both stages of
amelogenesis, but this type of analysis has not included miRNA transcript profiling. In this study, we set out to
document which miRNAs and corresponding target genes change significantly as ameloblasts transition from

Results: Total RNA samples from both secretory- and maturation-stage rat enamel organs were subjected to
genome-wide miRNA and mRNA transcript profiling. We identified 59 miRNAs that were differentially expressed at
the maturation stage relative to the secretory stage of enamel development (False Discovery Rate (FDR) < 0.05, fold
change (FC) > 1.8). In parallel, transcriptome profiling experiments identified 1,729 mRNA transcripts that were
differentially expressed in the maturation stage compared to the secretory stage (FDR < 0.05, FC >1.8). Based on
bioinformatics analyses, 5.8% (629 total) of these differentially expressed genes (DEGS) were highlighted as being
the potential targets of 59 miRNAs that were differentially expressed in the opposite direction, in the same tissue
samples. Although the number of predicted target DEGs was not higher than baseline expectations generated by
examination of stably expressed miRNAs, Gene Ontology (GO) analysis showed that these 629 DEGS were enriched
for ion transport, pH regulation, calcium handling, endocytotic, and apoptotic activities. Seven differentially
expressed MiRNAs (miR-21, miR-31, miR-488, miR-153, miR-135b, miR-135a and miR298) in secretory- and/or
maturation-stage enamel organs were confirmed by in situ hybridization. Further, we used luciferase reporter assays
to provide evidence that two of these differentially expressed miRNAs, miR-153 and miR-31, are potential regulators
for their predicated target mRNAs, Lamp1 (miR-153) and Tfrc (miR-31).

Conclusions: In conclusion, these data indicate that miRNAs exhibit a dynamic expression pattern during the
transition from secretory-stage to maturation-stage tooth enamel formation. Although they represent only one of
numerous mechanisms influencing gene activities, miRNAs specific to the maturation stage could be involved in
regulating several key processes of enamel maturation by influencing mRNA stability and translation.
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Background

Amelogenesis is the developmental process of dental en-
amel formation. Amelogenesis involves two major func-
tional stages, secretory and maturation, and these stages
are clearly demarcated by a transition zone in the continu-
ously growing rodent incisor teeth [1]. The transition of
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ameloblasts from secretory to maturation stage, character-
ized by both morphological and functional changes, re-
sults in the formation of mature enamel with ordered
crystallite structures. Gene dysregulation at any stage of
amelogenesis can result in a group of hereditary condi-
tions called Amelogenesis Imperfecta (Al) that adversely
affect the structure and appearance of enamel [2-6].
Although researchers today have a very clear idea of the
molecular activities that define secretory-stage amelogen-
esis [1], the molecular events that define enamel matur-
ation remain understudied.
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MicroRNAs (miRNA) are a class of small non-coding
RNAs that regulate the expression of target genes by dir-
ectly binding to their target mRNAs. To date, there are
two functional studies that used the deletion of Dicer-1 to
analyze miRNA function during tooth development [7,8].
The epithelial deletion of Dicer-1, using the keratin 14
gene promoter-Cre recombinase combination (K14-Cre),
does not induce embryonic tooth defects [8], whereas the
earlier epithelial deletion of Dicer-1, triggered by Pitx2-Cre,
or mesenchymal deletion under the control of Wntl-Cre,
led to a severe dental phenotype [7]. In vitro studies
showed that miR-34a regulates human dental papilla
cell differentiation by targeting NOTCH and TGF-beta
signaling [9]. MiR-143 and miR-145 control odontoblast
differentiation and dentin formation through KLF4 and
OSX transcriptional factor signaling pathways [10].

Dynamic changes in miRNA levels have been observed
during tooth development. Based on microarray profiling
studies, 8 miRNAs have been identified to be both stage-
and tissue-specific in murine tooth formation [8]. That is,
miR-140, miR-31, miR-875-5p and miR-141 were expressed
mainly during tooth morphogenesis identified at embryonic
day 16 (E16), whereas miR-689, miR-720, miR-711 and
miR-455 were prevalent at the cytodifferentiation stage
(E18) [8]. A more recent study that combined both deep
sequencing and microarray approaches to elucidate the
miRNA expression profiles in the bud, cap, early bell and
late bell stages of developing lower deciduous molars of
miniature pigs identified 166 miRNAs expressed differen-
tially across the four stages [11]. A subsequent bioinfor-
matic prediction suggested that 18 of these miRNAs play
key roles during tooth development, including let-7f, miR-
128, miR-200b and miR-200c [11]. Two epithelial stem
cell niches, located in the labial and lingual cervical loop
regions, have been identified and shown to have different
miRNA expression profiles [12]. Together these observa-
tions indicate that miRNAs are dynamically involved in
tooth development by fine-tuning tooth morphogenesis
and patterning, as well as terminal cell differentiation and
tissue homeostasis.

To investigate the potential role of miRNA regulation
in maturation-stage tooth development, we conducted
genome-wide miRNA and mRNA transcript expression
profiling analyses of secretory-stage and maturation-
stage enamel organs obtained from rat incisors. We
identified a group of stage-specific miRNAs and identi-
fied candidate gene targets based on bioinformatic pre-
diction. Two maturation-stage-related genes, LampI and
Tfrc, were verified by luciferase reporter assay to be the
target genes of miRNA regulators. The results indicated
a dynamic expression pattern of miRNAs during the
transition from secretory-stage to maturation-stage en-
amel mineralization, and suggest that miRNAs can influ-
ence key processes of enamel maturation.
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Methods

Animal dissection and total RNA isolation

All vertebrate animal studies complied with Institutional
and Federal guidelines (Institutional Animal Care and Use
Committee (IACUC) protocol number 11736). We used
rat incisors as the source of total RNA, because the refer-
ence line that separates the secretory- and maturation-
stage enamel organs along the enamel surface has been
well established in rats [13,14]. Four male Wistar Hannover
rats, 4-week-old, weighing 100-110 g, were sacrificed for
their mandibles. After being frozen and kept in liquid
nitrogen overnight, the mandibles were subsequently ly-
ophilized over the following 24 h. The bone encasing the
enamel surface of incisors was then carefully removed and
the exposed multicellular layer, which contains mostly the
secretory- and maturation-stage enamel organs, was col-
lected into separate RNase-free Eppendorf tubes. Dissec-
tion procedures followed previously described protocols
[13,15]. The total RNA including miRNA was extracted
from secretory- and maturation-stage enamel organs using
miRNeasy Mini Kit (Qiagen, Valencia, CA, USA). The en-
amel organs isolated from the four rats were fully proc-
essed and analyzed separately (RNA extraction, miRNA
qPCR, whole genome array analysis and bioinformatics).

Sample quality control by quantitative real-time PCR analysis
Using previously described methods, the expression of two
stage-specific genes, Odam (most highly expressed during
maturation stage) and Enam (most highly expressed during
secretory stage), were checked by real-time PCR to ensure
the accuracy of dissections and quality of total RNA col-
lected from each individual sample [13,16]. cDNA used for
real-time PCR analysis of Odam and Enam was synthesized
using miScript II RT Kit with miScript HiFlex Buffer
(Qiagen). Real-time PCR reactions were performed with iQ
SYBR® Green supermix (Bio-rad Life Sciences, Hercules,
CA) and rat-specific primers (Odam-Forward: 5'-ATCAA
TTTGGATTTGTACCACA-3’, Odam-Reverse: 5'-CGTC
GGGTTTATTTCAGAAGTGA-3’, Enam-Forward: 5'-
TGCAGAAATACAGCTTCTCCT-3’, Enam-Reverse: 5'-
CATTGGCATTGGCATGGCA-3’, Actb-Forward: 5'-AG
TGTGACGTTGACATCCGTA-3’, Actb-Reverse: 5'-GCC
AGGGCAGTAATCTCCTTCT-3"). For all RNA sample
pairs (four rats each with secretory-stage and maturation-
stage enamel organs) quantitative real-time PCR for Odam
showed an increase in expression in maturation-stage
by >130 fold, while Enam expression was clearly evident
in the secretory stage, but negligible in the maturation
stage. These results indicated that the samples were suit-
able to use for additional genome profiling experiments.

Genome-wide miRNA and mRNA profiling analysis
Genome-wide miRNA profiling analysis was conducted
based on the Rat miRNome miScript miRNA PCR Array
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(V16.0, 384-well; Qiagen), which profiles the expression of
the 653 most abundantly expressed and best characterized
miRNA sequences in the rat miRNA genome as annotated
by the miRBase Release 16. cDNA was prepared using
miScript II RT Kit with miScript HiSpec Buffer (Qiagen).
MiScript SYBR Green PCR Kit (Qiagen) was used for the
real-time PCR reactions on the miScript miRNA PCR
Array and the real-time instrument was a LightCycler 480
(Roche Applied Science, IN, USA).

On the exact same RNA samples used for miRNA
expression profiling analysis, we conducted genome-
wide mRNA transcriptome analysis using RatRef-12-v1
Expression BeadChips (Illumina, Inc., San Diego, CA).
This platform interrogates approximately 22,000 tran-
scripts selected primarily from the National Center for
Biotechnology Information (NCBI) RefSeq database
(Release 16). All sample preparation, hybridization, Bead-
Chips processing, and data acquisition were performed at
the Southern California Genotyping Consortium (SCGC),
according to the manufacturers’ recommended protocols.

MiRNA and mRNA expression profiling analyses were
conducted on four animals, with each animal providing
both secretory- and maturation-stage RNA samples. Each
individual RNA sample was analyzed both for miRNA ex-
pression (triplicate technical replicates to ensure quality)
and for mRNA expression. In total, 24 miRNA (8 individ-
ual samples in triplicate) and 8 mRNA global expression
data sets were generated in this study. Original gene ex-
pression data files are available for download from the
Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/
geo/) under GEO accession record GSE59401.

MiIiRNA and mRNA gene expression data processing

Raw miRNA expression data generated on miRNome
miScript miRNA PCR Arrays were processed using SAS
9.2 statistical software. All raw data were acquired in the
form of Ct values. The raw Ct values were normalized to
the average Ct values of the six internal controls located
in the last row of each 384-well plate. For the purpose of
downstream analyses, we assigned a single expression
score to each miRNA based on the average of data ob-
tained from three replicates. All processed data from all
24-miRNA expression profiling experiments are pro-
vided in Additional file 1.

Raw mRNA gene expression data generated using
RatRef-12-v1 Expression BeadChips were processed using
the R statistical package to produce normalized logarithm-
transformed gene expression scores [15]. Processed data
from all 8 mRNA expression profiling experiments are pro-
vided in Additional file 2. Differences in the expression
levels of each mRNA and miRNA between secretory- and
maturation-stage tooth development were evaluated using
two-tail Student t test, and the type I error was controlled
using the Benjamini Hochberg (B-H) method. In Additional
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file 3, we provide a summary of the numbers of differen-
tially expressed mRNAs and miRNAs based on a variety of
commonly used FC and FDR criteria. Hierarchical cluster-
ing analyses of mRNA and miRNA data sets were based on
Euclidean distance and average linkage metrics and con-
ducted using Partek® Genomics Suite version 6.5 (PGS)
(Figure 1).

Pathway analysis

We used Ingenuity Pathway Analysis (IPA) (Ingenuity
Systems, Redwood City, CA) to predict gene targets for dif-
ferentially expressed miRNAs identified by qPCR array
analysis. In order to refine further the number of predicted
targets for differentially expressed miRNAs, we used IPA to
compare the list of predicted gene targets and the list of
maturation stage-specific genes identified by mRNA tran-
scriptome profiling on BeadChips. Genes in common be-
tween these two lists were uploaded to WebGestalt for
Gene Ontology (GO) and KEGG (Kyoto Encyclopedia of
Genes and Genomes) pathway analysis [17,18] (Figure 2).
The selection criteria for enriched GO categories were B-H
adjusted P<0.05 for Fisher’s exact test and minimum 5
genes in enriched categories. IPA also was used to analyze
the functional relationships between differentially expressed
miRNAs and these overlapping genes (Figure 2).

To begin to estimate baseline expectations of how
miRNA level could influence mRNA levels in our system,
we generated a list of stably expressed miRNAs present in
both the secretory and maturation stages (herein defined
as having raw Ct values <38 stages and whose relative ex-
pression levels showed no statistical differences between
the two stages (FDR =0.05)). As above, we used IPA to
predict mRNA targets for these stably expressed miRNAs
and compared this list of predicted targets with the differ-
entially expressed mRNAs identified through mRNA tran-
scriptome profiling on BeadChips.

In situ hybridization analysis of selected miRNAs
expression

The mandibles were dissected out from euthanized Wistar
Hannover rats (~100 g body weight,4 weeks-old), with the
surrounding soft tissues removed. The hemimandibles
were then fixed in 4% paraformaldehyde (PFA) at 4°C
overnight, decalcified in 10% EDTA (pH 7.4) at 4°C for
10 weeks, and embedded in paraffin for sectioning. Sagittal
sections of 7 um were prepared and LNA-DIG miRNA
detection probes, including U6 probes (positive control)
and scrambled probes (Exiqon, Inc., MA, USA), were uti-
lized for miRNA in situ hybridization. All the procedures
for the in situ hybridization analyses were performed fol-
lowing the one-day protocol recommended by the manu-
facturers, with the probe concentration and substrate
incubation time adjusted for each of tested probes indi-
vidually. Information regarding probe sequences and the
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Figure 1 Hierarchical clustering analysis of the expression levels of miRNAs with highest variability (Coefficient of Variance (CV) >0.15)
across all samples. All four pairs of samples are labeled in acronyms (Maturation-stage RNA sample 1-4: M1-4, Secretory-stage RNA sample 1-4:
S1-4). The color scale from red to green indicates relative abundance of miRNAs from higher to lower.
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Figure 2 Flow chart depicting the strategy used to select miRNA target genes for pathway analyses.
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complete in situ hybridization protocol can be found on
the website of Exiqon (www.exiqon.com).

Cell culture and luciferase reporter assay

Mouse ameloblast-like LS8 cells [19,20] were used as the
host cells for exogenous miRNA mimics, miRNA inhi-
bitors and luciferase reporter vectors in the luciferase
reporter assay. LS8 cells were cultured in low-glucose
DMEM medium (Gibco® Life Technologies, Grand Island,
NY, USA) supplemented with 10% Fetal Bovine Serum
(FBS) at 37°C in a 5% CO, atmosphere. LS8 cells were
seeded in 12-well cell culture plates to achieve a confluence
of approximately 30% the day before transfection. Lipofec-
tamine’ LTX with Plus™ Reagent (Life Technologies) was
diluted in FBS-free low-glucose DMEM medium at a con-
centration recommended by the manufacturers.

Luciferase reporter vectors containing 3'-UTR of target
genes and/or miRNA mimics/inhibitors were mixed into
diluted transfection reagents to form a transfection com-
plex. Immediately before transfection, the cell culture
medium was changed to FBS-free low-glucose DMEM
medium. FBS-free low-glucose DMEM medium was re-
moved 3 h after transfection, and cells were then incu-
bated in low-glucose DMEM medium with 10% FBS. 48 h
after transfection, cells were lysed using the passive lysis
buffer provided in the Dual-Luciferase® Reporter Assay
System (Promega, San Luis Obispo, CA, USA). Luciferase
Assay Reagent (LARII) and Stop & Go reagent were then
added to the cell lysates sequentially. The luciferase re-
porter activities were detected using a Turner Biosystems
Luminometer TD-20/20 according to the manufacturers’
recommended protocol. Each luciferase reporter assay was
conducted with triplicate technical replicates.

Two kinds of dual luciferase reporter vectors contain-
ing the 3'-UTR of different mouse-specific target genes

(Lampl and Tfrc) were purchased from GeneCopoeia
(Catalog # MmiT029570-Lamp1, MmiT030401-Tfrc). MiRNA
mimics and inhibitors for miR-153 and miR-31 were
also mouse-specific and were obtained from Qiagen
(Catalog # MSY0000163-miR-153 mimic, MIN0000163-
miR-153 inhibitor; MSY0000538-miR-31 mimic, MIN0000538-
miR-31 inhibitor). For verifying the relations between
miR-153 (mature miRNA sequence: 5'-UUGCAUAGUC
ACAAAAGUGAUC-3’) and Lampl expression, the setup
of experimental groups involved LS8 cells: 1) transfected
with luciferase reporter vector (3'-UTR of Lampl); 2) co-
transfected with miR-153 mimics and luciferase reporter
vector (Lampl 3'-UTR); 3) co-transfected with miR-153
inhibitors and luciferase reporter vector (Lampl 3'-UTR).
For miR-31 (mature miRNA sequence: 5'-AGGCAAGAU
GCUGGCAUAGCUG-3") and Tffc, the experimental groups
involved LS8 cells: 1) transfected with luciferase re-
porter vector (Tfrc 3'-UTR); 2) co-transfected by miR-31
mimics and luciferase reporter vector (Ifrc 3'-UTR); 3)
co-transfected by miR-31 inhibitors and luciferase re-
porter vector (Ifrc 3'-UTR).

The amount of luciferase reporter vector was stabilized
at 700 ng per transfection, to achieve optimal DNA trans-
fection efficiency. The tested concentrations of miRNA
mimics in final transfection complex (after being added
into FBS-free cell culture medium in a 12-well plate) were
20pM, 60pM and 120pM, while the tested concentrations
of miRNA inhibitors were 0.2nM, 0.6nM and 1.2nM (note
that it is recommended by the manufacturers that the
concentration of miRNA inhibitors should be ~10 times
that of miRNA mimics).

Renilla luciferase activities were normalized to the fire-
fly luciferase activities. For each verification experiment
(miR-153 with Lampl or miR-31 with Tfic), two-tail Stu-
dent t-test was used to detect the statistical differences
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in normalized luciferase activities between experimental
groups 1 and 2, and between groups 1 and 3. In real-time
PCR analyses of miRNA levels in LS8 cells following
transfection, the raw Ct values were normalized to those
of RNU6-2. The level of miRNA at each time point after
transfection was calculated relative to the level of RNU6-2
using the ACt method. The significance level for all statis-
tical analyses mentioned above was P < 0.05.

Real-time PCR analysis of cellular miRNA levels

Prior to luciferase reporter assays, the levels of miR-153
and miR-31 in LS8 cells were detected using miRNA real-
time PCR analysis at different time points: 0 h, 6 h, 24 h
and 48 h following transfection by miRNA mimics or in-
hibitors. The levels of miR-153 and miR-31 were calculated
relative to the level of RNA U6 Small Nuclear 2 (RNU6-2),
as recommended by the manufacturers. The protocols for
RNA extraction, cDNA synthesis and real-time PCR reac-
tions were similar to the protocols of qPCR array analyses
stated above. The mouse-specific primers of miR-153,
miR-31 and RNU6-2 were purchased from Qiagen
(Catalog # MS00011214-miR-153 primers, MS00001407-
miR-31 primers, MS00033740-RNU6-2 primers), and
the primer sequences were not disclosed by the
manufacturers.

Results

miRNAs are differentially expressed in enamel organs as
they transition from secretory stage to maturation stage
in tooth development

The miRNA expression profiles of maturation-stage enamel
development were compared to those of secretory-stage en-
amel development using total RNA samples obtained from
the enamel organs of rat incisors. Although we considered
multiple statistical cut-offs (Additional files 3 and 4),
herein we assigned differential expression based on >1.8-
FC and <5% FDR between the two developmental stages.
This provided a robust set of differentially expressed miR-
NAs for follow-up analysis.

Hierarchical clustering analysis of the most variably
expressed miRNAs across all samples showed that the
maturation and secretory stages of enamel development
have distinct miRNA expression profiles (Figure 1). All the
maturation-stage samples and all the secretory-stage sam-
ples were placed into non-overlapping groups. A total
of 59 out of 653 miRNAs were identified as being differ-
entially expressed within maturation-stage enamel or-
gans when compared to secretory-stage enamel organs.
Among these 59 stage-specific miRNAs, 39 were up-
regulated during maturation stage (relative to secretory
stage) (Figure 3, Additional file 1) while 20 were down-
regulated (Figure 4, Additional file 1). All raw Ct values and
relevant statistics can be found in the supplemental infor-
mation (Additional file 1).
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Differentially expressed genes are identified at mRNA level
The eight total RNA samples used for parallel genome-
wide transcript profiling (ie., four secretory-stage samples
and four maturation-stage samples) were from the same
samples as those used for miRNA expression profiling such
that the two data sets (genome-wide transcript and miRNA
expression profiling) could be matched with each other. To
be consistent with our miRNA data analysis and also iden-
tify robust signals, we used the same criteria for differential
gene expression as above (>1.8-FC, <5% FDR) between the
two developmental stages. A total of 1,729 genes were
differentially expressed (701 down- and 1,028 up-regulated)
in the maturation-stage enamel organs compared to the
secretory-stage enamel organs (Additional file 2).

Identifying differentially expressed genes that are
predicted targets of the differentially expressed miRNAs
The strategy we used to identify targets of differentially
expressed miRNAs is provided (Figure 2). The list of dif-
ferentially expressed miRNAs was uploaded to IPA to gen-
erate predicted gene targets using integrated prediction
algorithms (TargetScan, TarBase, miRecords and Ingenu-
ity” Knowledge Base). A total of 8,492 unique candidate
target genes were predicted to be regulated by the 39 up-
regulated (maturation- relative to secretory-stage) miR-
NAs. Likewise, 6,518 unique candidate target genes were
predicted to be regulated by the 20 down-regulated (mat-
uration- relative to secretory-stage) miRNAs. In parallel,
we used the same computational methods to predict
16492 unique gene targets for the 516 stably expressed
miRNAs in these maturation and secretory stage samples
(see Methods).

Next, we sought to refine the candidate relationships be-
tween predicted gene targets of differentially expressed
miRNAs with our microarray-based measurements of
mRNA levels. Approximately 5.8% (629/10,786) of the
candidate target genes were differentially expressed in the
expected direction in our analysis (i.e. over-expressed
miRNA coincides with reduced expression of candidate
target mRNA and vice versa). Next, we compared the list of
predicted gene targets of up-regulated miRNAs with the
observed list of down-regulated mRNAs during enamel
maturation (Figure 2). A total of 299 observed down-
regulated genes were identified as the potential targets for
the 39 up-regulated miRNAs (Additional file 5). A total of
141 out of these 299 genes were predicted to be regulated
by multiple miRNAs (Additional file 5; highlighted in bold).
Conversely, we compared the predicted gene targets of
down-regulated miRNAs with the observed list of up-
regulated mRNAs during amelogenesis. A total of 330 up-
regulated genes were identified as potential targets for the
20 down-regulated miRNAs (Additional file 6). Among
these 330 genes, 105 were predicted to have multiple
miRNA regulators (Additional file 6; highlighted in bold).
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Figure 3 Fold-changes of 39 up-regulated miRNAs (FDR < 0.05) at maturation stage relative to secretory stage based on miRNA qPCR
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To place our observations in perspective, we compared
the list of predicted gene targets of stably expressed
miRNAs with the list of differentially expressed mRNAs
(maturation- relative to secretory-stage). Approximately
8.1% of the candidate target mRNAs (1341 total: 828 up-
regulated and 513 down-regulated) were identified to be
the potential targets for the stably expressed miRNAs
(Additional files 7, 8 and 9). Thus, it is not remarkable
that 5.8% of the candidate target genes of differentially

expressed miRNAs are differentially expressed in the ex-
pected direction. There are numerous potential reasons
for this including (i) transcription factors will play a
dominant role in influencing mRNA levels in accordance
with our prior studies [13,15] and (ii) the magnitude of
the miRNA expression changes observed in our study
where at least half of the protein-coding genes in the ro-
dent genome were implicated as potential targets of dif-
ferentially expressed miRNAs.
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Thus, outside of translational regulation outside the
scope of the current study, we propose that miRNAs more
likely serves to fine-tune the levels of transcripts that are
rapidly up-regulated or down-regulated during amelogen-
esis. For example, if the immediate up-regulation of a gene
transcription is needed, then excessive mRNA may result,
requiring immediate miRNA-targeting to reach optimal
levels. In such cases, increased levels of specific targeting
miRNA may be required to achieve this fine-tuning of
highly up-regulated transcripts. To begin to address this
issue, we identified 41 highly up-regulated mRNAs (=5
fold, <5% FDR) during amelogenesis that could be paired
with predicted targeting miRNAs that were also differen-
tially expressed (>1.8-fold, <5%FDR) during amelogenesis
(Additional file 10). A subset of these transcripts was sub-
ject to follow-up experiments described below.

Candidate miRNA regulated genes are enriched in key
processes involved in enamel maturation

Next, we used various pathway analyses to explore rela-
tionships among the differentially expressed mRNAs that
were candidate targets of differentially expressed miRNAs.
GO analysis of the 330 up-regulated genes identified as
potential targets for the 20 down-regulated miRNAs
highlighted 120 enriched categories (Additional file 11).
The categories most highly relevant to maturation-stage
tooth development included: carboxylic acid transmem-
brane transporter activity (11 genes) (Table 1); ATPase ac-
tivity, coupled to transmembrane movement of ions,
phosphorylative mechanism (5 genes) (Table 2); endosome

membrane (18 genes) (Table 3); lysosome (14 genes)
(Table 4); calcium ion binding (27 genes) (Table 5); and
cytokine activity (11 genes) (Table 6). GO analysis of the
299 down-regulated genes identified as potential targets
for the 39 up-regulated miRNAs highlighted 82 enriched
categories (Additional file 12). The categories that are
seemingly most relevant to maturation-stage tooth devel-
opment included: calcium ion transmembrane transporter
activity (11 genes) (Table 7); and extracellular matrix part
(8 genes), cation channel complex (7 genes), Golgi mem-
brane (20 genes), GTPase activity (11 genes), regulation of
cell-cell adhesion (7 genes) and cell junction (23 genes)
(Additional file 12).

We also conducted KEGG analysis and IPA Core
Analysis for each group of differentially expressed genes
with and without involvement of miRNAs (Additional files
13, 14, 15, 16, 17, 18, 19, 20 and 21). In general, we did
not find noteworthy categories relevant to maturation-
stage tooth development. Nevertheless, we did find
KEGG pathways, including calcium signaling, ECM-
receptor interaction, lysosome and endocytosis, that could
be relevant to enamel maturation (Additional files 13
and 14), and several IPA canonical pathways that are
highly conserved during amelogenesis (Additional files 15,
16, 17 and 18). The IPA-derived interaction networks of
differentially expressed miRNAs and their predicted gene
targets showed clearly that miRNAs are regulatory hubs in
these enriched functional pathways (Figure 5). In addition,
several genes were targets of multiple miRNAs and
served to connect these hubs. The details regarding the
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Table 1 Genes enriched in the GO category “carboxylic
acid transmembrane transporter activity” and their
predicted miRNA regulators

Human Gene mRNA Fold  Predicted miRNA miRNA Fold
symbol change regulator(s) change
SLCTA1 46.7 rmo-miR-298 -4.3
SLCEA8 56 mo-miR-135a -89
SLC6A14 406 rno-miR-3085 —43
SLC16A6 3.1 mo-miR-135a/376b- —89/-2.8
3p
SLC22A5 1.8 rno-miR-138 =27
SLC23A2 43 rmo-miR-138 =27
SLC25A15 26 rno-miR-138/3085 —27/-43
SLC26A1 39.8 mo-miR-138/298 —2.7/-43
SLC26A7 7.8 ro-miR-135a/153/ —89/-3.7/-43
298
SLC36A1 19 rmo-miR-298/3085/ —4.3/-43/-36
346
SLC38A1 20 mo-miR-138/153 —27/-37

All fold changes represent the ratio of maturation to secretory phase
expression values.

miRNA-mRNA interaction networks are provided in
the (Additional files 15, 16, 17, 18, 19, 20 and 21).

The expression of stage-specific miRNAs confirmed by in
situ hybridization

LNA-DIG miRNA probes were used to detect miRNA ex-
pression in enamel organs along the enamel surface of rat
incisors (Figure 6). Mandible section slides stained with U6
LNA-DIG served as the positive controls (Figure 6B) and
scrambled controls showed little background (Figure 6C
and D). The expression patterns of seven selected miRNAs
(miR-21, miR-31, miR-488, miR-153, miR-135b, miR-135a
and miR-298) were examined (Figure 6E-R). In situ
hybridization analyses of miR-21, miR-31 and miR-488
generated higher signal intensities in maturation-stage en-
amel organ cells than in secretory-stage enamel organ cells
(Figures 6E and 4J), and this data correlates well (same

Table 2 Genes enriched in the GO category “ATPase
activity, coupled to transmembrane movement of ions,
phosphorylative mechanism” and their predicted miRNA
regulators

Human Gene  mRNA Fold Predicted miRNA miRNA Fold
symbol change regulator(s) change
ATP2A2 22 ro-miR-298 —43

ATP1B2 2.2 mo-miR-298/410 —43/-2.3
ATP1B3 24 rno-miR-153 -37
ATPEVICI 25 ro-miR-135a/153 —8.9/-3.7
ATPEVIET 30 ro-miR-135a -89
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Table 3 Genes enriched in the GO category “endosome
membrane” and their predicted miRNA regulators

Human Gene mRNA Fold  Predicted miRNA miRNA Fold

symbol change regulator(s) change

ATP6VOA1 22 ro-miR-138 -2.7

CD68 46 rmo-miR-135a -89

CFTR 49 rno-miR-298/3085/ -43/-43/-2.8
376b-3p

ECET 28 rno-miR-138 =27

EHD3 46 rno-miR-138/153 -2.7/-37

EHDA4 33 rno-miR-376b-3p -28

FCGR1A 18 rno-miR-3085 -2.7

LAMP1 32 mo-miR-153 -37

MYD88 24 rno-miR-138/298/ —2.7/-4.3/-43/-
3085/135a 89

PARM1 1.1 rno-miR-203 -2.2

PMEPA1 49 rmo-miR-410 -23

RAB21 1.9 mo-miR-410 =23

SLCT1A2 3.0 rno-miR-203 -2.2

SLC26A7 7.8 rno-miR-135a/153/ —89/-3.7/-43
298

TFRC 286 rno-miR-490* -86

TMBIM1 55 ro-miR-3085 —4.3

VPS378B 2.1 rno-miR-3085/376b- -43/-28
3p

ZNRF2 1.9 mo-miR-153 -37

All fold changes represent the ratio of maturation to secretory phase
expression values.

Table 4 Genes enriched in the GO category “lysosome”
and their predicted miRNA regulators

Human Gene mRNA Fold  Predicted miRNA miRNA Fold
symbol change regulator(s) change
BGN 2.3 ro-miR-3085 —43

CD68 46 rmo-miR-135a -89

CTSS 20 rmo-miR-203 =22

FMOD 35 ro-miR-203/138 —2.2/-2.7
LAMP1 32 mo-miR-153 =37

P2RY2 24 rmo-miR-135a -89
PDGFRB 28 rno-miR-3085 -43

PON2 1.9 rno-miR-376b-3p -2.8

SDC3 18 mo-miR-138 -2.7
SLC11A2 30 rmno-miR-203 =22
SLC36A1 19 rno-miR-298/3085/ —43/-4.3/-36

346

STS 23 rmo-miR-138 -2.7
TMBIM1 55 rmo-miR-3085 -43

ZNRF2 1.9 rmno-miR-153 =37

All fold changes represent the ratio of maturation to secretory phase
expression values.

All fold changes represent the ratio of maturation to secretory phase
expression values.
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Table 5 Genes enriched in the GO category “calcium ion
binding” and their predicted miRNA regulators
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Table 6 Genes enriched in the GO category “cytokine
activity” and their predicted miRNA regulators

Human Gene mRNA Fold Predicted miRNA miRNA Fold Human Gene mRNA Fold  Predicted miRNA miRNA Fold
symbol change regulator(s) change symbol change regulator(s) change
ANXA8L2 53 rmno-miR-298/3085 —4.3/-43 BMP1 20 ro-miR-138 =27
ATP2A2 22 ro-miR-298 -43 CCL19 24.7 rno-miR-298 —43
BMP1 20 mo-miR-138 -2.7 CSF1 2.1 rmo-miR-3085 -43
CDH13 20 rmno-miR-153 =37 CX3Cl 15.6 rno-miR-298 -4.3
CDH17 22 rno-miR-298 -43 GAB1 19 ro-miR-153/376b- —3.7/-2.8/-2.3
CHP1 1.8 rmno-miR-135a/298 -89/-43 3p/410
B2 42 mo-miR-346/153 -36/37 g 20 fno-miR-3085 43
DSG2 20 o-miR-153 37 INHBA 4.8 rmo-miR-135a -89
BUOX] 4 omiR298 43 TNFSF11 24 MO-mMiR-3085/410  -43/-2.3
EFHD2 28 mo-miR-138/153 ~27/-37 TNFSF13 24 no-mik-298 43
EHD3 46 mo-miR-138/153 ~27/37 WNTSA 30 fno-mif410 23
D4 - mo-miR-376-3p g VEGFA 32 mo-miR-203/410 -22/-23
X All fold changes represent the ratio of maturation to secretory phase
FAT3 29 rmo-miR-153/203/3085 —3.7/-2.2/-43 expression values.
FCN1 26 rmo-miR-3085 -43
GCH1 50 rmo-miR-490* -86
LCP1 30 mo-miR-135a 39 predicted regulator of TFRC‘ (Table 3, A(%dltlongl file 6).
A However, these target predictions for differentially ex-
MANTAT1 4.5 rno-miR-135a/3085 —-89/-43 . .
4 pressed miRNAs were based mainly on human genome
MEGF6 28 mo-miR-135a/3085  —89/-43 predictions; thus, we searched TargetScan (http://www.
MMP14 19 mo-miR-298/3085/410 —4.3/-43/-23 targetscan.org/) for the predicted miRNA regulators of
PLCB3 2.1 rno-miR-298 —43 these two genes within the mouse genome. We found that
RUNX] 29 Mo-miR-298/3085/ _43/-43/- the prediction of miR-153 as the regulator of LAMP1/
410/135a 23/-89 Lampl was consistent between the human and mouse ge-
RYR3 21 mo-miR-153 -37 nomes. However, miR-490* was not listed as one of the
SCUBE] 24 no-miR-298 _43 predicted regulators for mouse-specific Tfrc. One of the
SPARCL 26 SN, Y m1RNA§ identified as being hlghl‘y u‘p-regulated in
maturation-stage enamel organ cells is miR-31 (~10 fold
STAT3 23 rmo-miR-410 -23 . .
increase when compared to secretory-stage), and bioinfor-
STIM2 38 mo-miR-153/154* —37/-25 matic prediction identifies miR-31 as a potential regulator
SULF2 23 rmo-miR-138 -27 of Tfrc in all vertebrate genomes. As a result, we decided

All fold changes represent the ratio of maturation to secretory phase
expression values.

directional change) with the miRNA qPCR array data/fold
increase (i.e., miR-21, miR-31, miR-488 increased by 5.2,
9.5 and 6.9 fold, respectively) (Additional file 1). In contrast,
as seen in the in situ slides, there was a decrease in the ex-
pression levels of miR-153, miR-135b, miR-135a and miR-
298 from secretory-stage to maturation-stage tooth devel-
opment (Figure 6K-R). This trend of expression correlates
well with the miRNA qPCR array data (i.e, miR-153, miR-
135b, miR-135a and miR-298 changed by -3.7, -12.4, -8.9
and —4.3 fold, respectively) (Additional file 1).

Lamp1 and Tfrc are potential gene targets of miRNA
regulators

According to previous bioinformatic studies, miR-153 is
a predicted regulator of LAMP1, while miR-490* is a

to use miR-31 for subsequent in vitro verification that Tfrc
could be subjected to miRNA regulation at some level in
the mouse genome.

The expression levels of miR-153 and miR-31 in LS8
cells at different time points, following the transfection of
corresponding miRNA mimics or inhibitors, were first
checked separately using quantitative real-time PCR.
Before LS8 cells were transfected by miR-153 mimics, the
expression of miR-153 could not be detected (Figure 7A).
During the first 6 h after transfection with miR-153
mimics, there was a sharp increase in the intracellular
level of miR-153, which decreased continuously from 6 h
through 48 h. At 48 h, the level of miR-153 returned to
the original, non-detectable level. Because there was
almost no endogenous miR-153 expression, miR-153
inhibitors did not change the intracellular level of miR-
153, which remained at zero throughout the experiment
(Figure 7A). By comparison, a higher level of intracellular
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Table 7 Genes enriched in the GO category “calcium ion
transmembrane transporter activity” and their predicted

miRNA regulators

Human Gene mRNA Fold Predicted miRNA miRNA Fold

symbol change regulator(s) change

ATP2B1 -55 rno-miR-223/27a/384-  2.6/2.0/19.2/6.9/
5p/488/489 67.0

ATP2B3 -33 rmno-miR-351 2.2

CACFD1 -1.8 rno-miR-137 141

CACNA1TD -20 ro-miR-137/384-5p/489  2.2/19.2/67.0

CACNA1G -18 ro-miR-137/702-5p 14.1/2.6

CACNB2 —4.1 rno-miR-351/137/27a/  2.2/14.1/2.0/19.2/
384-5p/31/9 9.5/ 100

CACNB3 -19 rmno-miR-351 2.2

CHRNAT10 —55 rno-miR-351 22

NCS1 =27 rmno-miR-223 26

SLC24A3 24 rno-miR-137 14.1

SLCBA3 -38 rno-miR-21/489 5.2/67.0

All fold changes represent the ratio of maturation to secretory phase

expression values.
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miR-31 was detected in LS8 cells before transfection with
miR-31 mimics, indicating that miR-31 was intrinsically
expressed in LS8 cells (Figure 8A). The changes in the
expression of intracellular miR-31 were relatively subtle
following transfection with miR-31 mimics, while the
introduction of miR-31 inhibitors repressed the intracellu-
lar miR-31 almost immediately (within 10 min) after
transfection. The intracellular miR-31 level following
transfection with the miR-31 inhibitors remained un-
detectable for the 48 h of observation.

In the luciferase reporter assay, exogenously introduced
miR-153 mimics caused a decrease of 24.6% in the lucifer-
ase reporter activities (P =0.007) (Figure 7B), indicating a
direct interaction between the miR-153 mimics and the 3'-
UTR of exogenously added Lampl (contained in luciferase
reporter vector). Introduction of miR-153 inhibitors into
Lampl 3'-UTR transfected LS8 cells failed to cause statisti-
cally significant changes in luciferase reporter activities (P =
0.776) (Figure 7B). This is consistent with the array ana-
lyses, in which miR-153 was down-regulated, and as a direct
result Lampl was up-regulated, during enamel maturation.
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Figure 6 Expression patterns of seven miRNAs in secretory- and
maturation-stage enamel organs as shown by in situ hybridization.
(A) Negative control. Samples were incubated without any miRNA
detection probes. (B) Positive control. U6 detection probes were used for
incubation. (C) Scrambled control for secretory-stage enamel organ.

(D) Scrambled control for maturation-stage enamel organ. (E), (G), (1),
(K), (M), (O) and (Q) The expression of miR-21, miR-31, miR-488, miR-153,
miR-135b, miR-135a and miR-298 in secretory-stage enamel organ.
MiR-21, miR-31 and miR-488 are down-regulated, while miR-153,
miR-135b, miR-135a and miR-298 are up-regulated in secretory-stage
enamel formation compared to maturation-stage. (F), (H), (J), (L), (N), (P)
and (R) The expression of miR-21, miR-31, miR-488, miR-153, miR-135b,
miR-135a and miR-298 in maturation-stage enamel organ, showing
altered maturation-stage expression patterns. Images shown at 20x
magnification. S, secretory stage. M, maturation stage.

Exogenously added miR-31 mimics showed a small in-
hibitory effect, however it was not statistically significant
(P=0.284) (Figure 8B). This may suggest that the initial
levels of endogenous miR-31 are so high that the target-
ing activity of exogenous miR-31 mimics on the 3'-UTR
of Tfrc is minimal. When miR-31 inhibitors were added
to Ifrc 3'-UTR LS8 cells there was a 77.8% increase
in luciferase reporter activities (P=0.008) (Figure 8B).
Taken together these results would suggest that the Tfrc
3'-UTR luciferase vector is functional, and that the miR-
31 mimics effectively target the Tfrc transcript. This data
on miR-31 directed Tfrc transcript down-regulation is
also consistent with the gene expression microarray ana-
lyses, in which both Tfrc and miR-31 were up-regulated
during enamel maturation. That is, Tfrc is up-regulated
by approximately 30 fold during maturation (Additional
file 6), which is an extreme change in expression, and
may require some “fine-tuning” and downward adjust-
ments. The most immediate response from cells to fine-
tune this Tfrc transcriptional up-regulation may be to
activate processes that target Tfrc mRNAs for degrad-
ation, which may include gene up-regulation of miR-31
transcription.

Clearly, relating cell culture-based experiments to
in vivo-derived data poses problems for interpretation,
but these data sets for Lampl and miR-153 interactions,
as well as for Tfrc and miR-31 interactions, warrant fur-
ther investigation.

Discussion

The involvement of miRNAs in tooth development was
first suggested in 2008 [21]. Since then, studies investigat-
ing miRNA expression profiles during amelogenesis have
covered mainly the early developmental stages of odonto-
genesis prior to the secretory and maturation stages of
amelogenesis [8,11,21]. The bioinformatics analyses from
these earlier murine and porcine studies have sug-
gested that key roles of these stage- and/or tooth-
specific miRNAs relate primarily to cell differentiation,
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tooth morphogenesis and patterning [8,11,21]. In our
study, we conducted genome-wide miRNA expression
profiling analysis in secretory- and maturation-stage en-
amel organs obtained from rats, and identified 59 (out of
653) miRNAs that were differentially expressed between
secretory- and maturation-stage tooth development. This
is consistent with the dynamic expression pattern of miR-
NAs during tooth formation across species, as noted in
prior studies [8,11,21], indicating possible regulatory roles
of miRNAs in the later stages (enamel organ maturation)
of enamel development.

Identifying target genes for miRNAs is essential to con-
nect the stage-specific miRNA regulators to biological
functions. Computational prediction provides a tool to
generate list of candidate miRNA target genes [22-26].
However, the list of predicted genes for miRNAs can be
intimidating (herein, over ten thousand), making it im-
practical for further investigation. To refine the number of

predicted target genes for the 59 differentially expressed
miRNAs, we conducted a parallel alignment analysis
between the list of predicted genes and the list of stage-
specific genes identified by genome-wide transcript
expression profiling. The alignments generated three
workable lists of predicted genes for the secretory- and
maturation-stage-specific miRNAs (Additional files 5, 6
and 19). These were up-regulated miRNAs and their po-
tential down-regulated mRNA targets (39 and 299 re-
spectively; Additional file 5); down-regulated miRNAs and
their potential up-regulated mRNA targets (20 and 330 re-
spectively; Additional file 6); and up-regulated miRNAs
and their most highly up-regulated potential mRNA tar-
gets (15 and 41 respectively; Additional file 19). Recent
studies demonstrated that a majority (>80%) of mamma-
lian miRNAs affect their gene targets at the mRNA level
by decreasing the stability of target mRNAs [27] and the
method of pairing inversed expression profiles of miRNAs
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and mRNAs has been successfully used in previous
miRNA expression profiling studies [28-35]. Nevertheless,
we were still at risk of including false positive candidates
and/or excluding valid candidates from the final lists
due to the intrinsic complexity of miRNA regulation
[27,36-39]. Another potential problem with miRNA target
prediction is that, because the genetic information about
miRNA target prediction is relatively sparse in rodents
compared to humans, all procedures and software in-
volved in target prediction are based on homologous hu-
man miRNAs, that may also increase the false discovery
and false negative rates.

The functions of ameloblasts during maturation-stage
tooth development include matrix turnover, calcium
handling, pH regulation and ion transport [13]. GO ana-
lysis of the predicted gene targets for differentially
expressed miRNAs highlighted the functional categories
that overlap with all the key processes during enamel mat-
uration. For example, among the 18 genes significantly

enriched in the category “endosome membrane” (Table 3),
up-regulation of Cftr and LampI at both the mRNA and
protein levels (maturation relative to secretory) have been
shown previously [13,40,41]. Two other examples listed in
Table 3, Slc26a7 and Tfrc, have also been confirmed as be-
ing up-regulated at both the mRNA and protein levels
(maturation relative to secretory) by our group (data not
included). Lampl and Tfrc are considered to be the po-
tential ameloblast membrane-bound receptors for EMP
debris [20,40,42-44], and are involved with trafficking be-
tween the plasma membrane and endosomal/lysosomal
structures through associations with one or more adaptor
protein complexes. CFTR functions as a regulator of pH
during rapid crystal growth and is critical for completion
of enamel mineralization [41,45-47]. CFTR is expressed
most highly in maturation-stage ameloblasts; furthermore,
in Cftr-deficient animals that exhibit hypomineralized
enamel, only the maturation-stage ameloblasts are struc-
turally affected [41,45-47]. Apart from these relatively
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well-studied genes, Slc11a2 (listed in Table 3), which is in-
volved in iron transport in epithelial tissues, is regulated
by Cd61 in maturation-stage ameloblasts [48]. Another
gene of note, listed in the category of “cytokine activity”
(Table 6), is Wnt5a. WntSa-induced cell death is crucial in
determining the tooth size during murine tooth develop-
ment [49]. In addition, enriched in the category “carbox-
ylic acid transmembrane transporter activity” are 11 SLC
gene family members (Table 1). The mRNA expression
levels of Slclal, Slc6a8, Slc25al5, Slc26al [13] and the
other solute carrier (SLC) gene family members (listed in
Table 1) are significantly up-regulated in the enamel organ
cells during enamel maturation, and highlight the import-
ance of SLC-mediated chloride-bicarbonate exchange in
enamel maturation. It is noteworthy that GO analysis of
the miRNA-regulated genes indicated that 27 genes up-
regulated during maturation stage genes were significantly
enriched in the category of “calcium ion binding” (Table 5),
while 11 genes down-regulated during maturation stage
were also enriched in the category of “calcium ion trans-
membrane transporter activity” (Table 7). These data lend
support to the complexity of genetic networks control-
ling enamel maturation, or even the whole process of
amelogenesis.

Experimental validation would be required for the
identification of miRNA target genes in vivo following
computational prediction of miRNA and mRNA inter-
action. To date, there is still no consensus about the
working schemes of experimental validation of miRNA
targets in vivo. However, in addition to computational
prediction, at least three criteria should be met before
confirming the miRNA regulator for a given gene [50]:
1) miRNA/mRNA coexpression; 2) miRNA effect on tar-
get proteins; 3) miRNA effect on biological functions.
While all of these criteria might not be met under all
conditions, nevertheless it is advisable that as many be
achieved as possible. In our efforts to validate the regula-
tory relations between Lampl and miR-153, as well as
between Tfrc¢ and miR-31, we first demonstrated the
coexpression of miRNAs and mRNAs of target genes
during maturation-stage development. In the case of
Lampl and miR-153 there was an inverse relationship,
with higher Lampl mRNA levels and lower miR-153
levels noted in the maturation stage (Table 4). In the
case of Tfrc and miR-31, the highest levels of expression
of both were noted in maturation-stage amelogenesis
(Additional files 1, 2 and 19). The interaction between
the seeding sequence of the miRNA (miR-153 and miR-
31) and the 3'-UTR of the target mRNA (Lampl and
Tfrc) was predicted by TargetScan, and the binding site
of miR-31 to the mRNA of Tfrc was predicted to be
highly conserved across vertebrates. The effects of miR-
153 and miR-31 on target proteins (Lampl and Tfrc re-
spectively) was identified indirectly by the changes in
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luciferase reporter assays induced by exogenously intro-
duced mimics and inhibitors of corresponding miRNAs
into the host cells (Figures 7B and 8B). The experiments
seeking to confirm the effects of these miRNAs on bio-
logical functions is not possible at this stage due to a
lack of suitable animal models and/or appropriate organ
culture systems. As part of our future approach to study-
ing the role of miRNAs in amelogenesis, gain-of-function
or loss-of-function studies of miRNAs should be consid-
ered in suitable primary organ cultures or with the devel-
opment of appropriate animal models. A caveat about
investigating the functional role of miRNAs is that there
can be functional redundancy among miRNAs. For ex-
ample, miR-21 and miR-31 facilitate invasion and metasta-
sis of colon carcinoma cells by suppressing the same
target TIAM1 in TGE-p signaling pathway [51]. In human
natural regulatory T cell FOXP3 expression is affected by
both miR-21 and miR-31, although the regulation of
miR-21 is indirect [52]. Thus loss-of-function of a sin-
gle miRNA, especially the one of multi-gene family may
not result in an aberrant phenotype [53].

Finally, it has been a widely accepted concept that gene
expression regulation is controlled by various factors at
protein and RNA levels [54]. Although the key role of
miRNA regulation has been suggested in multiple bio-
logical processes and diseases, it cannot be the only con-
tributor to the intrinsic complexity of regulatory networks.
In our study, 1729 genes (transcripts) showed differential
expression during maturation-stage tooth development.
Among the 1729 genes, 299 up-regulated and 330 down-
regulated genes were predicted to be regulated by the 59
differentially expressed miRNAs (Additional files 5 and 6).
On the other hand, the remaining stably expressed miR-
NAs were predicted to be the regulators of 828 up-
regulated and 513 down-regulated genes (out of 1729).
These data suggested that genetic regulators other than
miRNAs, such as transcription factors, must be dominant
players in the processes of enamel maturation. In the IPA
core analysis of the miRNA-regulated candidate gene lists
(299 up-regulated and 330 down-regulated), the potential
transcription factors were predicted (Additional files 15
and 16; Upstream Regulators). It is highly possible that
miRNAs and transcription factors co-regulated the
expression of these two groups of target genes, in
forms of feed-forward loops (FFLs) and feedback loops
(EBLs) [54-57].

Conclusion

In conclusion, miRNAs are dynamically expressed when
tooth development transitions from the secretory stage to
the maturation stage, and the differentially expressed miR-
NAs likely play a role in the regulation of enamel ma-
turation events by targeting genes involved in specific
activities such as pH regulation, ion transport, endocytosis
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and apoptosis. The data presented here should help identify
the roles of individual miRNAs in amelogenesis, and more
generally help to clarify the potential roles of miRNA-
centered regulatory mechanisms in mineralized tissues.
Our data also suggest additional experiments to establish
causal relationships between miRNA and mRNA levels in
genetically modified cell culture and animal models are
warranted. Recognition of miRNA-related regulation and
the functions of corresponding target genes during enamel
development may also shed light on clinical diagnosis and/
or treatment of diseases such as amelogenesis imperfecta.

Availability of supporting data
The data sets supporting the results of this article are in-
cluded within the article and its additional files.
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Additional file 1: Normalized miRNA expression scores, fold
changes and P values.

Additional file 2: Normalized (log) mRNA transcripts expression
scores, fold changes and P values.

Additional file 3: Number of differentially expressed mRNAs with a
5% FDR and different fold changes.

Additional file 4: Volcano plot depicting the miRNA expression
data. the relationships between fold changes of miRNA expression
(X-axis) and adjusted p values (Y-axix) are provided. Differentially
expressed miRNAs (maturation/secretory, Fold Changes = 1.2/<-1.2,
FDR <0.05 are highlighted in red, while the non-differentially expressed
miRNAs are colored in blue.

Additional file 5: Up-regualted miRNAs at maturation-stage tooth
development relative secretory-stage and their predicted gene
targets expressed in opposite direction.

Additional file 6: Down-regualted miRNAs at maturation-stage
tooth development relative secretory-stage and their predicted
gene targets expressed in opposite direction.

Additional file 7: Non-differentially expressed miRNAs between
secretory- and maturation-stage tooth development and their
predicted target that are up-regulated during maturation-stage
(relative to secretory-stage).

Additional file 8: Non-differentially expressed miRNAs between
secretory- and maturation-stage tooth development and their
predicted target that are down-regulated during maturation-stage
(relative to secretory-stage).

Additional file 9: Flow chart depicting the strategies used to select
targets for differentially (Observed) and non-differentially (Baseline)
expressed miRNAs. Approximately 5.8% (629/10,786) of the candidate
target genes were differentially expressed in the expected direction in
our analysis. By comparison, approximately 8.1% of candidate target
mRNAs (1341 total: 828 up-regulated and 513 down-regulated) were
identified to be the potential targets for the stably expressed miRNAs.

Additional file 10: Up-regualted miRNAs at maturation-stage tooth
development relative secretory-stage (FC > 5) and their predicted
gene targets expressed in the same direction.

Additional file 11: Gene Ontology analysis of the 330 up-regulated
transcripts (maturation relative to secretory) that are predicted to
be regulated by the 20 down-regulated miRNAs (maturation
relative to secretory).

Additional file 12: Gene Ontology analysis of the 299 down-regulated
transcripts (maturation relative to secretory) that are predicted to be
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regulated by the 39 up-regulated miRNAs (maturation relative to
secretory).

Additional file 13: KEGG analysis of the 330 up-regulated transcripts
(maturation relative to secretory) that are predicted to be regulated
by the 20 down-regulated miRNAs (maturation relative to secretory).

Additional file 14: KEGG analysis of the 299 down-regulated transcripts
(maturation relative to secretory) that are predicted to be regulated by
the 39 up-regulated miRNAs (maturation relative to secretory).

Additional file 15: IPA core analysis of differentially expressed
miRNAs and their predicted gene target candidates (with 140
molecules involved per network interaction).

Additional file 16: IPA core analysis of differentially expressed
miRNAs and their predicted gene target candidates (with 70
molecules involved per network interaction).

Additional file 17: IPA core analysis of down-regulated miRNAs and
their validated predicted gene target candidates (with 140 molecules
involved per network interaction).

Additional file 18: IPA core analysis of down-regulated miRNAs and
their validated predicted gene target candidates (with 140 molecules
involved per network interaction).

Additional file 19: IPA Gene Network Analysis. Top gene networks
for differentially expressed miRNAs (maturation/secretory) and their
validated predicted gene target candidates were generated by IPA to
show their directed interactions, with 140 (Panels A-C) and 70 (Panels
D-F) molecules involved in each network.

Additional file 20: IPA Gene Network Analysis. Top gene networks
for down-regulated miRNAs (maturation/secretory) and their validated
predicted gene target candidates were generated by IPA to show their
directed interactions, with 140 (Panels A-C) and 70 (Panels D-F) molecules
involved in each network.

Additional file 21: IPA Gene Network Analysis. Top gene networks
for up-regulated miRNAs (maturation/secretory) and their validated
predicted gene target candidates were generated by IPA to show their
directed interactions, with 140 (Panels A-C) and 70 (Panels D-F) molecules
involved in each network.

Abbreviations

Al: Amelogenesis imperfecta; B-H: Benjamini Hochberg; DEGs: Differentially
expressed genes; ECM: Extracellular matrix; FBS: Fetal bovine serum; FC: Fold
changes; FDR: False discovery rate; PGS: Partek® genomics suite; GO: Gene
ontology; IACUC: Institutional Animal Care and Use Committee; IPA: Ingenuity
pathway analysis; KEGG: Kyoto Encyclopedia of genes and genomics;
LNA-DIG: Locked nucleic acid-digoxygenin; NCBI: National Center for
Biotechnology Information; PFA: Paraformaldehyde; qPCR: quantitative
Polymerase chain reaction; RNU6-2: U6 Small nuclear 2; SCGC: Southern
California Genotyping Consortium; 3-UTR: Three prime untranslated region.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

KY, JGH, and MLP designed the experiments; KY and ZZ performed the
experiments; KY and JGH analyzed the data; and KY, JGH and MLP wrote the
manuscript. All listed authors critically read, edited, and approved the final
manuscript. MLP accepts full responsibility for the integrity of the data analysis.

Acknowledgements

The authors would like to thank Dr. Kimberly Siegmund (USC) for her
assistance in data normalization and gene annotation of genome-wide
transcripts expression profiling analysis. We would also like to thank Rodrigo
Lacruz for his continued support for the project, and for critically reviewing
the manuscript prior to submission. This work was supported by grants
DE019629 (MLP) and GM072447 (JGH) from the National Institutes of Health.

Author details
'Center for Craniofacial Molecular Biology, Herman Ostrow School of
Dentistry, University of Southern California, 2250 Alcazar Street, CSA103,


http://www.biomedcentral.com/content/supplementary/1471-2164-15-998-S1.xlsx
http://www.biomedcentral.com/content/supplementary/1471-2164-15-998-S2.xlsx
http://www.biomedcentral.com/content/supplementary/1471-2164-15-998-S3.xlsx
http://www.biomedcentral.com/content/supplementary/1471-2164-15-998-S4.pptx
http://www.biomedcentral.com/content/supplementary/1471-2164-15-998-S5.xlsx
http://www.biomedcentral.com/content/supplementary/1471-2164-15-998-S6.xlsx
http://www.biomedcentral.com/content/supplementary/1471-2164-15-998-S7.xls
http://www.biomedcentral.com/content/supplementary/1471-2164-15-998-S8.xls
http://www.biomedcentral.com/content/supplementary/1471-2164-15-998-S9.pptx
http://www.biomedcentral.com/content/supplementary/1471-2164-15-998-S10.xlsx
http://www.biomedcentral.com/content/supplementary/1471-2164-15-998-S11.xlsx
http://www.biomedcentral.com/content/supplementary/1471-2164-15-998-S12.xlsx
http://www.biomedcentral.com/content/supplementary/1471-2164-15-998-S13.xlsx
http://www.biomedcentral.com/content/supplementary/1471-2164-15-998-S14.xlsx
http://www.biomedcentral.com/content/supplementary/1471-2164-15-998-S15.xlsx
http://www.biomedcentral.com/content/supplementary/1471-2164-15-998-S16.xlsx
http://www.biomedcentral.com/content/supplementary/1471-2164-15-998-S17.xlsx
http://www.biomedcentral.com/content/supplementary/1471-2164-15-998-S18.xlsx
http://www.biomedcentral.com/content/supplementary/1471-2164-15-998-S19.pptx
http://www.biomedcentral.com/content/supplementary/1471-2164-15-998-S20.pptx
http://www.biomedcentral.com/content/supplementary/1471-2164-15-998-S21.pptx

Yin et al. BMC Genomics 2014, 15:998
http://www.biomedcentral.com/1471-2164/15/998

Los Angeles, CA 90033, USA. Department of Biochemistry and Molecular
Biology, Keck School of Medicine, University of Southern California, 2250
Alcazar Street, CSA140, Los Angeles, CA 90033, USA.

Received: 26 July 2014 Accepted: 23 October 2014
Published: 19 November 2014

References

1. Nanci A: Ten Cate’s Oral Histology Development, Structure and Function.
7th edition. St Louis, Missouri: Mosby Elsevier; 2008.

2. Gadhia K, McDonald S, Arkutu N, Malik K: Amelogenesis imperfecta: an
introduction. Br Dent J 2012, 212(8):377-379.

3. Hu JC Chun YH, Al Hazzazzi T, Simmer JP: Enamel formation and
amelogenesis imperfecta. Cells Tissues Organs 2007, 186(1):78-85.

4. Stephanopoulos G, Garefalaki ME, Lyroudia K: Genes and related proteins
involved in amelogenesis imperfecta. J Dent Res 2005, 84(12):1117-1126.

5. Wright JT: The molecular etiologies and associated phenotypes of
amelogenesis imperfecta. Am J Med Genet Part A 2006, 140(23):2547-2555.

6. Wright JT, Torain M, Long K, Seow K, Crawford P, Aldred MJ, Hart PS,

Hart TC: Amelogenesis imperfecta: genotype-phenotype studies in 71
families. Cells Tissues Organs 2011, 194(2-4):279-283.

7. Cao H, Wang J, Li X, Florez S, Huang Z, Venugopalan SR, Elangovan S,
Skobe Z, Margolis HC, Martin JF, Amendt BA: MicroRNAs play a critical role
in tooth development. J Dent Res 2010, 89(8):779-784.

8. Michon F, Tummers M, Kyyronen M, Frilander MJ, Thesleff I: Tooth
morphogenesis and ameloblast differentiation are regulated by
micro-RNAs. Dev Biol 2010, 340(2):355-368.

9. Wan M, Gao B, Sun F, Tang Y, Ye L, Fan Y, Klein OD, Zhou X, Zheng L:
microRNA miR-34a regulates cytodifferentiation and targets
multi-signaling pathways in human dental papilla cells. PLoS One 2012,
7(11):250090.

10. Liu H, Lin H, Zhang L, Sun Q, Yuan G, Zhang L, Chen S, Chen Z: miR-145
and miR-143 regulate odontoblast differentiation through targeting KIf4
and Osx genes in a feedback loop. J Biol Chem 2013, 288(13):9261-9271.

11. Li A Song T, Wang F, Liu D, Fan Z, Zhang C, He J, Wang S: MicroRNAome
and expression profile of developing tooth germ in miniature pigs. PLoS
One 2012, 7(12):e52256.

12. Jheon AH, Li CY, Wen T, Michon F, Klein OD: Expression of microRNAs in
the stem cell niche of the adult mouse incisor. PLoS One 2011, 6(9):224536.

13. Lacruz RS, Smith CE, Bringas P Jr, Chen YB, Smith SM, Snead ML, Kurtz |,
Hacia JG, Hubbard MJ, Paine ML: Identification of novel candidate genes
involved in mineralization of dental enamel by genome-wide transcript
profiling. J Cell Physiol 2012, 227(5):2264-2275.

14.  Smith CE: Cellular and chemical events during enamel maturation.

Crit Rev Oral Biol Med 1998, 9(2):128-161.
15.  Lacruz RS, Smith CE, Chen YB, Hubbard MJ, Hacia JG, Paine ML: Gene-

expression analysis of early- and late-maturation-stage rat enamel organ.

Eur J Oral Sci 2011, 119(Suppl 1):149-157.

16. Lacruz RS, Nanci A, Kurtz |, Wright JT, Paine ML: Regulation of pH During
Amelogenesis. Calcif Tissue Int 2010, 86(2):91-103.

17. Wang J, Duncan D, Shi Z, Zhang B: WEB-based GEne SeT AnalLysis Toolkit
(WebGestalt): update 2013. Nucleic Acids Res 2013, 41(Web Server issue):
W77-83.

18. Zhang B, Kirov S, Snoddy J: WebGestalt: an integrated system for
exploring gene sets in various biological contexts. Nucleic Acids Res 2005,
33(Web Server issue):W741-748.

19.  Chen LS, Couwenhoven RI, Hsu D, Luo W, Snead ML: Maintenance of
amelogenin gene expression by transformed epithelial cells of mouse
enamel organ. Arch Oral Biol 1992, 37(10):771-778.

20. Shapiro JL, Wen X, Okamoto CT, Wang HJ, Lyngstadaas SP, Goldberg M,
Snead ML, Paine ML: Cellular uptake of amelogenin, and its localization

to CD63, and Lamp1-positive vesicles. Cell Mol Life Sci 2007, 64(2):244-256.

21, Jevnaker AM, Osmundsen H: MicroRNA expression profiling of the
developing murine molar tooth germ and the developing murine
submandibular salivary gland. Arch Oral Biol 2008, 53(7):629-645.

22. Xiao F, Zuo Z, Cai G, Kang S, Gao X, Li T: miRecords: an integrated
resource for microRNA-target interactions. Nucleic Acids Res 2009,
37:D105-110.

23. Papadopoulos GL, Reczko M, Simossis VA, Sethupathy P, Hatzigeorgiou AG:
The database of experimentally supported targets: a functional update
of TarBase. Nucleic Acids Res 2009, 37:D155-158.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

Page 17 of 18

Lewis BP, Burge CB, Bartel DP: Conserved seed pairing, often flanked by
adenosines, indicates that thousands of human genes are microRNA
targets. Cell 2005, 120(1):15-20.

Grimson A, Farh KK, Johnston WK, Garrett-Engele P, Lim LP, Bartel DP:
MicroRNA targeting specificity in mammals: determinants beyond seed
pairing. Mol Cell 2007, 27(1):91-105.

Friedman RC, Farh KK, Burge CB, Bartel DP: Most mammalian mRNAs are
conserved targets of microRNAs. Genome Res 2009, 19(1):92-105.

Guo H, Ingolia NT, Weissman JS, Bartel DP: Mammalian microRNAs
predominantly act to decrease target mRNA levels. Nature 2010,
466(7308):835-840.

Chen HC, Chen GH, Chen YH, Liao WL, Liu CY, Chang KP, Chang YS, Chen
SJ: MicroRNA deregulation and pathway alterations in nasopharyngeal
carcinoma. Br J Cancer 2009, 100(6):1002-1011.

Chen HC, Lee YS, Sieber M, Lu HT, Wei PC, Wang CN, Peng HH, Chao AS,
Cheng PJ, Chang SD, Chen SJ, Wang TH: MicroRNA and messenger RNA
analyses of mesenchymal stem cells derived from teeth and the
Wharton jelly of umbilical cord. Stem Cells Dev 2012, 21(6):911-922.

Clarke C, Henry M, Doolan P, Kelly S, Aherne S, Sanchez N, Kelly P, Kinsella P,
Breen L, Madden SF, Zhang L, Leonard M, Clynes M, Meleady P, Barron N:
Integrated miRNA, mRNA and protein expression analysis reveals the
role of post-transcriptional regulation in controlling CHO cell growth
rate. BMC Genomics 2012, 13:656.

Dong J, Carey WA, Abel S, Collura C, Jiang G, Tomaszek S, Sutor S, Roden AC,
Asmann YW, Prakash YS, Wigle DA: MicroRNA-mRNA interactions in a murine
model of hyperoxia-induced bronchopulmonary dysplasia. BMC Genomics
2012, 13:204.

He HC, Han ZD, Dai QS, Ling XH, Fu X, Lin ZY, Deng YH, Qin GQ, Cai C, Chen
JH, Jiang FN, Liu X, Zhong WD: Global analysis of the differentially expressed
miRNAs of prostate cancer in Chinese patients. BVIC Genomics 2013, 14:757.
Huang C, Xiao X, Chintagari NR, Breshears M, Wang Y, Liu L: MicroRNA and
mRNA expression profiling in rat acute respiratory distress syndrome.
BMC Med Genomics 2014, 7:46.

Ichimi T, Enokida H, Okuno Y, Kunimoto R, Chiyomaru T, Kawamoto K,
Kawahara K, Toki K, Kawakami K, Nishiyama K, Tsujimoto G, Nakagawa M,
Seki N: Identification of novel microRNA targets based on microRNA
signatures in bladder cancer. Int J Cancer 2009, 125(2):345-352.

Tan KS, Choi H, Jiang X, Yin L, Seet JE, Patzel V, Engelward BP, Chow VT:
Micro-RNAs in regenerating lungs: an integrative systems biology
analysis of murine influenza pneumonia. BMC Genomics 2014, 15:587.

Du T, Zamore PD: Beginning to understand microRNA function. Cell Res
2007, 17(8):661-663.

Salmanidis M, Pillman K, Goodall G, Bracken C: Direct transcriptional
regulation by nuclear microRNAs. Int J Biochem Cell Biol 2014, 54:304-311.
Standart N, Jackson RJ: MicroRNAs repress translation of m7Gppp-capped
target mRNAs in vitro by inhibiting initiation and promoting deadenylation.
Genes Dev 2007, 21(16):1975-1982.

Pillai RS, Bhattacharyya SN, Filipowicz W: Repression of protein synthesis
by miRNAs: how many mechanisms? Trends Cell Biol 2007, 17(3):118-126.
Lacruz RS, Brookes SJ, Wen X, Jimenez JM, Vikman S, Hu P, White SN,
Lyngstadaas SP, Okamoto CT, Smith CE, Paine ML: Adaptor protein
complex 2-mediated, clathrin-dependent endocytosis, and related gene
activities, are a prominent feature during maturation stage amelogenesis.
J Bone Miner Res 2013, 28(3):672-687.

Bronckers A, Kalogeraki L, Jorna HJ, Wilke M, Bervoets TJ, Lyaruu DM,
Zandieh-Doulabi B, Denbesten P, de Jonge H: The cystic fibrosis
transmembrane conductance regulator (CFTR) is expressed in
maturation stage ameloblasts, odontoblasts and bone cells. Bone 2010,
46(4):1188-1196.

Bartlett JD, Ganss B, Goldberg M, Moradian-Oldak J, Paine ML, Snead ML,
Wen X, White SN, Zhou YL: 3. Protein-protein interactions of the developing
enamel matrix. Curr Top Dev Biol 2006, 74:57-115.

Tompkins K, George A, Veis A: Characterization of a mouse amelogenin
[A-41/M59 cell surface receptor. Bone 2006, 38(2):172-180.

Zou Y, Wang H, Shapiro JL, Okamoto CT, Brookes SJ, Lyngstadaas SP, Snead
ML, Paine ML: Determination of protein regions responsible for
interactions of amelogenin with CD63 and LAMP1. Biochem J 2007,
408(3):347-354.

Arquitt CK, Boyd C, Wright JT: Cystic fibrosis transmembrane regulator
gene (CFTR) is associated with abnormal enamel formation. J Dent Res
2002, 81(7):492-496.



Yin et al. BMC Genomics 2014, 15:998
http://www.biomedcentral.com/1471-2164/15/998

46.  Chang EH, Lacruz RS, Bromage TG, Bringas P Jr, Welsh MJ, Zabner J, Paine
ML: Enamel pathology resulting from loss of function in the cystic
fibrosis transmembrane conductance regulator in a porcine animal
model. Cells Tissues Organs 2011, 194(2-4):249-254.

47. Sui W, Boyd C, Wright JT: Altered pH regulation during enamel
development in the cystic fibrosis mouse incisor. J Dent Res 2003,
82(5):388-392.

48. Yoshida T, Kumashiro Y, lwata T, Ishihara J, Umemoto T, Shiratsuchi Y,
Kawashima N, Sugiyama T, Yamato M, Okano T: Requirement of integrin
beta3 for iron transportation during enamel formation. J Dent Res 2012,
91(12):1154-1159.

49.  Cai J, Mutoh N, Shin JO, Tani-Ishii N, Ohshima H, Cho SW, Jung HS: Wnt5a
plays a crucial role in determining tooth size during murine tooth
development. Cell Tissue Res 2011, 345(3):367-377.

50. Kuhn DE, Martin MM, Feldman DS, Terry AV Jr, Nuovo GJ, Elton TS:
Experimental validation of miRNA targets. Methods 2008, 44(1):47-54.

51. Cottonham CL, Kaneko S, Xu L: miR-21 and miR-31 converge on TIAM1 to
regulate migration and invasion of colon carcinoma cells. J Bio/ Chem
2010, 285(46):35293-35302.

52. Rouas R, Fayyad-Kazan H, El Zein N, Lewalle P, Rothe F, Simion A, Akl H,
Mourtada M, El Rifai M, Burny A, Romero P, Martiat P, Badran B: Human
natural Treg microRNA signature: role of microRNA-31 and microRNA-21
in FOXP3 expression. Furopean J Immunol 2009, 39(6):1608-1618.

53.  Mallory AC, Dugas DV, Bartel DP, Bartel B: MicroRNA regulation of
NAC-domain targets is required for proper formation and separation of
adjacent embryonic, vegetative, and floral organs. Curr Biol 2004,
14(12):1035-1046.

54.  Zhang HM, Kuang S, Xiong X, Gao T, Liu C, Guo AY: Transcription factor
and microRNA co-regulatory loops: important regulatory motifs in
biological processes and diseases. Brief Bioinform 2013,

[Epub ahead of print].

55.  Michon F: Tooth evolution and dental defects: from genetic regulation
network to micro-RNA fine-tuning. Birth Defects Res A Clin Mol Teratol
2011, 91(8):763-769.

56. Shalgi R, Lieber D, Oren M, Pilpel Y: Global and local architecture of the
mammalian microRNA-transcription factor regulatory network.

PLoS Comput Biol 2007, 3(7).e131.

57. Tsang J, Zhu J, van Oudenaarden A: MicroRNA-mediated feedback and
feedforward loops are recurrent network motifs in mammals.
Mol Cell 2007, 26(5):753-767.

doi:10.1186/1471-2164-15-998
Cite this article as: Yin et al: Genome-wide analysis of miRNA and
mRNA transcriptomes during amelogenesis. BMC Genomics 2014 15:998.

Page 18 of 18

~
Submit your next manuscript to BioMed Central
and take full advantage of:
¢ Convenient online submission
¢ Thorough peer review
* No space constraints or color figure charges
¢ Immediate publication on acceptance
¢ Inclusion in PubMed, CAS, Scopus and Google Scholar
* Research which is freely available for redistribution
Submit your manuscript at ( -
www.biomedcentral.com/submit BiolVed Central
J




	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Animal dissection and total RNA isolation
	Sample quality control by quantitative real-time PCR analysis
	Genome-wide miRNA and mRNA profiling analysis
	MiRNA and mRNA gene expression data processing
	Pathway analysis
	In situ hybridization analysis of selected miRNAs expression
	Cell culture and luciferase reporter assay
	Real-time PCR analysis of cellular miRNA levels

	Results
	miRNAs are differentially expressed in enamel organs as they transition from secretory stage to maturation stage in tooth development
	Differentially expressed genes are identified at mRNA level
	Identifying differentially expressed genes that are predicted targets of the differentially expressed miRNAs
	Candidate miRNA regulated genes are enriched in key processes involved in enamel maturation
	The expression of stage-specific miRNAs confirmed by in situ hybridization
	Lamp1 and Tfrc are potential gene targets of miRNA regulators

	Discussion
	Conclusion
	Availability of supporting data

	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

