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Abstract. Members of the let-7 family have been shown to play 
a critical role in cell differentiation and tumorigenesis. However, 
potential targets of let-7 are still unclear. In the current study, 
we used bioinformatic analysis combined with DNA sequence 
analysis to identify potential let-7 targets. We discovered that 
dentin matrix protein 1 (DMP1), which is a non-collagenous 
protein essential in the mineralization of dentin and bone, has 
a let-7 binding site in its 3'-untranslated region. Furthermore, 
reporter assays demonstrated that the DMP1 3'-untranslated 
region can be regulated directly by the members of let-7. Gene 
expression levels of let-7 and DMP1 were validated by qRT-PCR 
of dental pulp cells cultured in a mineralizing medium. Our 
results suggest that DMP1 is regulated post-transcriptionally 
by let-7 during odontoblast differentiation.

Introduction

Dental pulp cells (DPCs) have the potential to be mineral-
ized, which plays a key role in pulp repair and dentinogenesis. 
Reparative dentin formation and pulp regeneration after partial 
degradation are under the control of pulp progenitor cells (1). 
Dentinogenesis is regulated by tissue interactions associated 
with complicated signal pathways. Dentin matrix protein 1 
(DMP1), an essential noncollagenous and acidic phosphory-
lated extracellular matrix protein, is highly expressed in tooth 
odontoblasts and bone osteocytes, with low level expression in 
osteoblasts and cartilage (2-4). It is a multifunctional protein 
involved in the biomineralization of bones and dentin (5), 
phosphate homeostasis, and differentiation of odontoblasts 
and osteoblasts (6). The DMP1 gene has been mapped to 
human chromosome 4q21:22 (7) (chromosome 5q21 in mice)
(8). Dentinogenesis imperfecta type II, the autosomal domi-

nant disorder of dentin formation, has been also mapped to 
the same region of the genome, indicating that DMP1 expres-
sion is tightly linked genetically to its disease phenotype (9). 
Accordingly, DMP1 has been shown to play a prime role in 
dentin mineralization (10,11). Dentin and bone extracellular 
matrix (ECM) were shown to contain both the full length 
DMP1 as well as its processed N-terminal (N-ter) (37 kDa) 
and C-terminal (C-ter) (57 kDa) fragments. It was shown to 
regulate the transcription of DSPP during early odontoblast 
differentiation through binding of the promoter region through 
its carboxyl end (residues 420-489) and was implicated in 
signaling functions (12). This result led us to the hypothesis 
that DMP1 may have functions other than regulating miner-
alization. Recently, it was suggested that DMP1 belongs 
to the SIBLING (small integrin binding ligand N-linked 
glycoprotein) family of extracellular matrix proteins (13). The 
expression of SIBLING family proteins such as osteopontin 
and bone sialoprotein in soft tissues has been reported. DMP1 
gene expression was also detected in fetal bovine brain by 
northern analysis and in newborn mouse brain by in situ 
hybridization (14,15). These reports raised the possibility of 
DMP1 expression in other soft tissues, such as liver, muscle, 
kidney, pancreas, salivary and eccrine sweat glands. Together 
with results obtained in previous reports, it is suggested that, 
in addition to its high affinity to calcium or hydroxyapatite 
due to its acidic character and to its role in the mineralization 
process, DMP1 may affect various cell activities.

Cells contain a variety of noncoding RNAs, such as 
microRNAs (miRNAs), which are small (22-nt) endogenous 
noncoding RNAs that anneal to the 3' untranslated region 
(3'UTR) of target mRNAs to inhibit translation and lower 
protein levels. It remains to be established how specific 
miRNAs contribute to regulate the onset of a tissue-specific 
phenotype in response to a multifunctional morphogen. Let-7 
was one of the first identified miRNA families, consisting of 12 
closely related genes in which each isomer is usually located 
on a different chromosome and which is highly conserved 
across animal species in sequence and timing of expression 
(16,17). Let-7 plays a significant role in cell proliferation, 
differentiation and oncogenesis; identification of the target 
genes of miRNA may help to characterize its diverse functions 
(17,18). By bioinformatic analysis, we have found a potential 
binding site for let-7 within the 3'UTR of DMP1.

It is important to understand the molecular mechanism 
and specific genes during the developmental process. It 
has been proven that DMP1 is regulated by many growth 
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and transcription factors in previous studies. However, the 
regulation of DMP1 is not fully understood, particularly the 
understanding of its post-transcriptional regulation. Here we 
present the probable miRNA pathway of DMP1 in its post-
transcriptional regulation. Sophisticated computer-based 
prediction approaches of microRNAs and of their targets, 
and effective biological validation techniques for validating 
these predictions, now play a central role in discovery of 
microRNAs and elucidating their functions. In this study, we 
identified that let-7 may be the potential regulatory miRNA of 
DMP1 gene through utilization of bioinformatics analysis and 
a dual luciferase reporter assay. In addition, we assessed the 
expression levels of let-7 at 10 and 21 days of differentiation in 
odonto- and osteoblasts in dental pulp cells.

Materials and methods

Subjects and cell culture. Normal human impacted third 
molars were collected from adults (16-24 years of age) at 
the Nanfang Hospital in the Southern Medical University. 
The study protocol was approved by the Institutional Ethics 
Committee, and informed consent was obtained from all 
patients. DPCs were isolated and subjected to odontogenic 
induction as previously reported (19). Tooth surfaces were 
cleaned and cut around the cementum-enamel junction by 
using sterilized dental fissure burs to reveal the pulp chamber. 
The pulp tissue was gently separated from the crown and root 
and then digested in a solution of 3 mg/ml collagenase type I 
and 4 mg/ml dispase for 30-60 min at 37˚C. The cells were 
cultured in a growth medium containing Dulbecco's modi-
fied Eagle's medium (DMEM) (Gibco) with 15% fetal bovine 
serum, 100 U/ml penicillin and 100,000 µg/ml streptomycin, 
and then cultured at 37˚C in 5% CO2. DPCs at passage 3 
were cultured in DMEM with 15% FBS until they reached 
70-80% confluence. Cells were then induced in odontogenic 
medium consisting of 50 mg/ml ascorbic acid, 10 mM 
β-glycerophosphate, and 0.01 mM dexamethasone (Sigma) in 
DMEM with 15% FBS for 7-21 days. Control samples were 
DPCs grown in DMEM with 15% FBS and harvested at 80% 
confluence. T293 cells were grown in DMEM (Gibco) supple-
mented with 10% fetal bovine serum.

Mineralization staining. Mineralization of cultured DPCs was 
determined using Alizarin Red (AR) staining. After Day 21, 
the cell layer was washed with PBS and fixed in 10% formal-
dehyde (Sigma-Aldrich) at room temperature for 15 min, then 
washed in duplicate with excess dH2O prior to the addition of 
1 ml of 40 mM AR (pH 4.1). The plates were incubated at room 
temperature for 30 min under gentle shaking. Following aspi-
ration of the unincorporated dye, the plates were washed twice 
with dH2O and visualized using phase microscopy (Nikon).

Bioinformatics. DMP1 was identified as a potential target to 
search for miRNAs. Three different miRNA target prediction 
programs were used, TargetScan (http://www.targetscan.org/), 
the UCSC genome browser tract for PicTar4 (http://genome.
ucsc.edu/), and the miRBase for miRanda (http://microrna.
sanger.ac.uk/sequences/) (20-22). Each of these programs 
were searched for complementarity to the miRNA seed region 
in the 3'UTRs of DMP1. miRNAs were chosen based upon 

their targeted prediction by all three programs, conser vation 
of the binding region, and strength of the predicted interaction.

Dual luciferase reporter gene construct. A 1041-bp fragment 
of the DMP1 3'UTR containing the predicted binding site for 
let-7 was amplified from human genomic DNA using primers 
with a short extension containing cleavage sites for XhoI 
(5' end) and NotI (3' end): DMP1 forward (5'-CCGCTCGAGC 
ATCAGCTGTCCTAAGAAGCAGTT-3') and DMP1 reverse 
(5'-ATAAGAATGCGGCCGCTTTCTTCTGGGTATTATAA 
TCTTTATTAC-3'). Amplicons were cleaved with XhoI and 
NotI and cloned in between the XhoI and NotI cleavage sites of 
the psi-CHECK2 luciferase vector (Promega) downstream of 
the Renilla luciferase reporter gene.

Dual luciferase reporter assay. Luciferase assays were 
performed using the Dual-Luciferase assay kit as previously 
described (Promega). For let-7 target validation, 293-T cells 
were grown to a cell density of 60-70% and co-transfected 
in 24-well plates with the indicated psiCHECK2 lucif-
erase construct (0.5 µg/well) and miRNA (20 µM) using 
Lipofectamine 2000. Following 48 h, the cells were harvested 
in passive lysis buffer, and luciferase activity was measured 
with a GloMax™ 20/20 luminometer (Promega). Renilla 
luciferase activity was normalized to corresponding firefly 
luciferase activity and plotted as a percentage of the control 
between samples. Luciferase experiments were measured in 
triplicate using independent samples, as indicated.

qRT-PCR. Dental pulp cells cultured in a mineralizing medium 
were able to differentiate into odontoblast-like cells. Samples 
were harvested for the isolation of RNA at 10 and 21 days of 
differentiation to detect quantitative changes in gene DMP1 
and three miRNAs. Cells were cultured in a growth medium 
that served as the control. Total-RNA was extracted from cells 
using the TRIzol reagent (Invitrogen, Carlsbad, CA) per the 
manufacturer's instructions. RNA was analyzed for integrity, 
purity and concentration by gel electrophoresis and spectro-
photometry and stored at -80˚C until analysis.

For quantitative RT-PCR analysis, 0.1 µg of RNA per 
reaction was used with the QuantiTech SYBR-Green RT-PCR 
kit and primers specific for DMP1. To quantify miRNA 
expression, total-RNA was reverse transcribed for use in two-
step quantitative RT-PCR using the stem-loop method. The 
resulting cDNA was subjected to real-time qRT-PCR using 
the universal reverse primer in conjunction with a sequence-
specific forward primer for hsa-let-7a, hsa-let-7c, hsa-let-7d, 
hsa-let-7f, hsa-let-7g and hsa-let-7i. Each sample was performed 
in triplicate, and the results were normalized using primers to 
18S rRNA (for DMP1) or U6 (for miRNA analysis) (Table I). 
The reactions were incubated at 95˚C for 5 min for one cycle 
and then 95˚C/15 sec, 65˚C/15 sec, 72˚C/32 sec for 40 cycles, 
with a final 10-min extension at 65˚C. Results are expressed 
as fold change in expression relative to the control sample 
calculated using the equation RQ=2-ΔΔCt.

Statistical analyses. Statistical analysis was performed with 
SPSS for Windows (version 13.0) using the ANOVA test. All 
data are presented as the mean ± SD (n≥3). P≤0.01 was consid-
ered statistically significant.
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Results

Characteristics of dental pulp cells. It has been demonstrated 
that dental pulp cells can be expanded as a dentin-pulp-like 
structure. Our results show that DPCs have the potential to 
differentiate into odontoblast-like cells when cultured in 
the culture medium contain dexamethasone (Dex) and/or 
β-glycerophosphate (β-GP) (23). Ten days later, mineralized 
nodules formed and became more condensed. Alizarin Red 
staining of mineralized nodules in representative cell cultures 
is demonstrated at 21 days in Fig. 1B.

Bioinformatic analyses identify let-7 as a regulator of DMP1. 
With DMP1 being identified as a preferential target, miRNA 
target prediction was carried out using a combination of the 
following computational algorithms: TargetScan, miRanda, and 
PicTar. Based on the stem-loop feature of the miRNA and cross-
species comparison, a number of computational algorithms have 
been developed to predict miRNAs from the genome. Among 
miRNAs being predicted to target DMP1, let-7 was comple-
mentary to multiple sequences of potential miRNAs with a high 
probability of binding to the 3'UTR of DMP1. To increase our 
probability of identifying miRNAs capable of regulating DMP1 

Figure 1. Cultivation and characteristics of dental pulp cells. (A) Dental pulp cells were dispersed from the tissue after about 12 days (magnification, x4). (B) 
Cells from second passages were used for the mineralization culture with Alizarin Red staining. After about 21 days, mineralized nodules formed and became 
more condensed (magnification, x4).

Table I. Oligonucleotides used in this study.

Primer name Sequence-specific primer

hsa-let-7a-RT 5'-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACATATCAA-3'
hsa-let-7c-RT 5'-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACATACCAA-3'
hsa-let-7d-RT 5'-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGTATCAA-3'
hsa-let-7f-RT 5'-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACATATCAA-3'
hsa-let-7g-RT 5'-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACATGTVAA-3'
hsa-let-7i-RT 5'-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACGACAA-3'
U6-RT 5'-AACGCTTCACGAATTTGCGT-3'
hsa-let-7a-F 5'-TGAGGTAGTAGGTTGTATAGTT-3'
hsa-let-7c-F 5'-TGAGGTAGTAGGTTGTATGGTT-3'
hsa-let-7d-F 5'-AGAGGTAGTAGGTTGCATAGTT-3'
hsa-let-7f-F 5'-GCTGAGGTAGTAGATTGTATAGTT-3'
hsa-let-7g-F 5'-TGAGGTAGTAGTTTGTACAGTT-3'
hsa-let-7i-F 5'-GCATGAGGTAGTAGTTTGTGCTGTT-3'
miRNA-R 5'-GTGCAGGGTCCGAGGT-3'
U6-F 5'-CTCGCTTCGGCAGCACA-3'
U6-R 5'-AACGCTTCACGAATTTGCGT-3'
DMP1-F 5'-CCCTTGGAGAGCAGTGAGTC-3' 
DMP1-R 5'-CTCCTTTTCCTGTGCTCCTG-3'
18s rRNA-F 5'-CCTGGATACCGCAGCTAGGA-3'
18s rRNA-R 5'-GCGGCGCAATACGAATGCCCC-3'

miRNA-R represents the universal reverse primer in conjunction with a sequence-specific forward primer for hsa-let-7a, hsa-let-7c, hsa-let-7d, 
hsa-let-7f, hsa-let-7g and hsa-let-7i. RT, step-loop primer; F, forward; R, reverse.
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Figure 2. Binding ability of the members of let-7 family. Luciferase assays were performed following co-transfection of the DMP1 3'UTR luciferase reporter 
and the indicated miRNA-precursors. A luciferase signal is shown after Renilla luciferase readings were normalized to firefly luciferase. psi represents the 
luciferase vector alone. psiDMP1 represents the luciferase vector with a DMP1 3'UTR fragment. NC does not code for any known miRNA.

Figure 3. Luciferase reporter assay of (A) let-7a; (B) let-7c; (C) let-7d; (D) let-7f; (E) let-7g and (F) let-7i. Statistical analyses indicates that in the group of cells 
transfected with the luciferase vector alone, the binding abilities of miRNAs were similar to the negative control (NC) and blank psi luciferase vector alone. 
Six groups of cells transfected with DMP1 3'UTR vector, let-7a/c/d/f/g/i were able to reduce luciferase activity significantly compared with the blank (**P<0.01) 
and NC (**P<0.01) controls. (Error bars, ±2.00 SE).
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post-transcriptionally, we selected to further examine eight 
miRNAs that were identified by all three search algorithms.

Let-7 regulates DMP1. We used a luciferase reporter assay 
to test whether the 3'UTR of DMP1 contained sequences 
capable of interacting with let-7. The potential binding sites 
of let-7 within DMP1 3'UTR were obtained by TargetScan 
and PicTar. Synthetic oligos including predicted binding sites 
were annealed then cloned into XhoI/NotI site of psiCHECK-2. 
293-T cells were transiently transfected with the relevant DMP1 
3'UTR fragment and microRNA using Lipofectamine 2000 
(Invitrogen) at the indicated concentrations.

To test whether the luciferase assay responds to let-7, 
we then tested reporters in which the 3'UTR of DMP1 was 
inserted downstream of firefly luciferase. The 3'UTR of DMP1 
contains conserved let-7 seed matches at positions 988-994. 
When adding a miRNA that is able to interact with DMP1 
3'UTR, the bioluminescence reaction of Photinus pyralis 
luciferase was annihilated, as miRNA inhibits translation of 
vector mRNA. This construct allowed us to quickly and quan-
titatively evaluate the miRNA's effect on the 3'UTR of DMP1. 
The DMP1 3'UTR fragment was inserted into the psiCHECK2 

luciferase vector. The relative luciferase activity in 293-T cells 
transfected with the luciferase vector alone was set at 100% 
for comparison. The binding ability of the eight predicted let-7 
miRNAs with DMP1 is shown in Fig. 2.

Let-7a, let-7c, let-7d, let-7f, let-7g and let-7i (Fig. 3) all 
significantly (P<0.01) reduced luciferase activity when 
compared to the negative scrambled miRNA and the lucif-
erase vector alone, while let-7b and let-7e (Fig. 4) did not. 
There are 6 members of let-7 family miRNAs predicted by the 
biology software TargetScan and miRanda, and 5 by PicTar4. 
Let-7 family is considered a potentially important regulator of 
DMP1 3'UTR.

Expression levels of DMP1, let-7a, let-7c, let-7d, let-7f, let-7g 
and let-7i miRNA genes determined using qRT-PCR analysis. 
To validate the above data, the expression of 6 miRNA genes 
in the process of dental pulp cell differentiation was deter-
mined using qRT-PCR analysis. The DMP1 transcript was 
predominantly expressed in odontoblasts and transiently in 
preameloblasts along with an involvement with odontoblast 
differentiation and mineralization, which is used as an indicator 
of odontoblastic differentiation. Dental pulp cells cultured 

Figure 4. Luciferase reporter assay for (A) let-7b and (B) let-7e. Statistical analyses indicates that in the group of cells transfected with the luciferase vector 
alone, the binding ability of miRNAs was almost the same to the NC and blank controls. In the group of cells transfected with the DMP1 3'UTR vector, these 
miRNAs were not able to reduce luciferase activity significantly compared with the blank and NC controls. (Error bars, ±2.00 SE).

Figure 5. qRT-PCR for (A) DMP1 and (B) let-7a, let-7c, let-7d, let-7f, let-7g and let-7i at Days 0, 10 and 21 during mineralized culture of dental pulp cells. (A) 
Expression of DMP1 was weak before Day 7, but was increased on Days 10 and 21. (B) The 6 miRNAs existed in undifferentiated and differentiated dental 
pulp cells. After Day 10, the expression of especially let-7a, let-7c and let-7i were less than that on Day 0.
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in mineral izing medium exhibited odontoblastic features, 
including increasing DMP1. In our study, expression of DMP1 
was weak before Day 0, but the amount increased by Day 10. 
After Day 21, DMP1 was strongly expressed. As a regulator 
of DMP1, the members of let-7 family need to exist in undif-
ferentiated and differentiated dental pulp cells. Expression of 
3 miRNAs on Day 10 was decreased, especially that of let-7a 
and let-7c. On Day 21, expression level of the 3 miRNAs was 
significantly decreased when DMP1 was at its peak. The 
expression of the other 3 miRNAs was higher in differentiated 
than undifferentiated cells, but the relative expression of let-7i 
rose higher than that of the other two miRNAs (Fig. 5).

Discussion

miRNAs constitute a type of endogenous post-transcriptional 
regulatory gene expression. miRNAs provide important 
regulatory functions as key negative regulators of diverse 
biological and pathological processes, including development, 
organogenesis, apoptosis, cell proliferation, differentiation 
and in the control of tumorigenesis. Some miRNAs can 
control gene expression during mesenchymal differ entiation 
and in modulating osteogenic differentiation (24). A group 
of miRNAs can be co-regulatory when they target genes 
in common and therefore can involve a complex process. 
The conserved let-7 miRNA was originally discovered in 
Caenorhabditis elegans as a switch gene induced as cells exit 
the cell cycle when C. elegans reach their adult stage (25-27). 
In humans and mouse, like C. elegans, the expression of let-7 
is barely detectable in embryonic developmental stages but 
increases after differentiation and in mature tissue (28). A 
previous study has implicated let-7 as a tumor suppressor (29). 
Let-7 family members may play a role in cancer progression, 
as they map onto genomic regions altered or deleted, such as 
HMGA2. This target was identified by a different let-7, which 
contributes to differentiation during mammary epithelial cell 
differentiation affecting self-renewal (30,31). Previous studies 
on the functional effects of let-7 have focused on the targets 
Ras, HMGA2, and c-Myc (32-35).

Two approaches are used to identify candidate genes 
targeted by miRNAs: computational target prediction algo-
rithms and experimental target identification strategies. 
Prediction tools such as TargetScan and miRanda can be used 
to identify potential target genes for all miRNAs. Current 
miRNA target prediction tools have the common problem that 
their false positive rate is unavoidable, so experimental target 
identification is necessary. A dual luciferase reporter assay is 
a quick, sensitive and direct method to verify these predicted 
miRNAs (36). In this study, we predicted let-7 targeting DMP1 
using computational analyses and observed various let-7 
isoforms identified concurrently, let-7a, let-7c, let-7d, let-7f, 
let-7g and let-7i being the most predominant. Combined with 
qRT-PCR, we have shown for the first time that let-7 expres-
sion is differentially expressed on the marker gene DMP1 
during differentiation of dental pulp cells to odontoblast-like 
cells. The results showed that on Day 21 the expression levels 
of DMP1 were highest, and that of let-7a, let-7c and let-7g were 
lowest. When the level of DMP1 were low, let-7a, let-7c and 
let-7g were relatively high, which demonstrated that there was 
some link between DMP1 and miRNAs. But it remains unclear 

whether let-7 regulates other target genes and what are the key 
roles of the complex regulatory network between miRNA and 
mRNA in this molecular pathway for odonto-differentiation.

In a previous study, we used a dual luciferase reporter 
assay and qRT-PCR to confirm that mir885-5p, mir586 and 
mir32-targeted DSPP were expressed during differentiation 
into odontoblast-like cells (37). These findings warrant addi-
tional studies to investigate whether miRNA alterations are 
also involved in the process of differentiation of dental pulp 
cells to odontoblast-like cells and whether miRNA expression 
levels would manifest the biological and biochemical conse-
quences in the development of differentiation. The results of 
the present study suggest the possibility of using miRNAs for 
the development of cell differentiation. Further experiments 
will be required to assess the differentiation effect of let-7 
miRNA at various stages of the process, and such experiments 
are currently underway in our laboratory.

Accordingly, future identification of the targets for miRNAs 
and the regularity for change of miRNAs may provide clues to 
develop a novel marker during differentiation of dental pulp 
cells and result in abnormal dentin formation. It is envisaged 
that such future studies may ultimately provide a foundation 
for a new paradigm of the involvement of noncoding small 
RNA species, miRNA, in stem cell differentiation. Our find-
ings suggest a mechanistic link between the let-7 family of 
miRNAs and DMP1 gene expression in dental pulp cells. 
We anticipate that unraveling the molecular mechanisms by 
which miRNAs mediate effects during odontoblast differen-
tiation will allow us to decipher the central regulatory role of 
miRNAs in many fundamental biological processes.
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