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Abstract: The main pathological feature in isolated hereditary dentin disorders is the abnormality of dentin mineral-
ization. Dentin sialophosphoprotein (DSPP) gene is the only identified causative gene for the disorders. The present
study aims to explore the molecular association between Dspp mutations and the disrupted mineralization homeo-
stasis during odontoblast differentiation. We generated lentivirus constructs with the mouse full-length wild type
Dspp cDNA and 3 Dspp mutants and transfected them into mouse odontoblast-lineage cells (OLCs) which were then
performed 21-day mineralization inducing differentiation. The formation of mineralized nodules was obviously fewer
in mutants. Digital Gene Expression (DGE) showed that Dspp mutation affected the OLC differentiation in a degree.
Further examination validated that Dspp (LV-Dspp) overexpressing OLCs possessed the ability to strictly orchestrate
framework for mineralization inductors like Bmp2, Coll and Runx2, and proliferative markers for mineralization like
Alp and Ocn, as well as mineral homeostasis feedback regulators Mgp and Htral. However, the missense mutation
in Dspp signal peptide region (LV-M2) and the nonsense mutation (LV-M5) broke this orchestration. The results sug-
gested that the mutant Dspp disrupt the dynamic homeostasis of mineralization during OLC differentiation. We are
the first to use full-length mouse Dspp gene expression system to explore the mineralization mechanism by which
inductors and inhibitors adjust each other during odontoblast differentiation. Our findings shed new light on as-
sociation between Dspp and the dynamic homeostasis of mineralization inductors and inhibitors, and indicate the
disruption of mineralization homeostasis might be a crucial reason for Dspp mutations resulting in dentin disorders.
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Introduction controlling crystal growth [3, 4]. The tooth
DECM is a structurally dynamic scaffold that
strictly regulates framework for mineralization
and orchestrates many cellular processes re-

quired for maintaining tooth integrity. Previous

Dentinogenesis Imperfecta type Il and type I
(DGI-Il and DGI-Ill) and Dentin Dysplasia type Il
(DD-Il) are isolated autosomal dominant dentin

disorders. Dentin sialophosphoprotein gene
(DSPP) is the only identified causative gene for
these disorders. The gene encodes a single
transcript which cleavages into two main pro-
tein products: dentin sialoprotein (DSP) and
dentin phosphoprotein (DPP) [1]. DSP is a glyco-
protein with a relatively high sialic-acid content
and accounts for 5-8% of the dentin extracel-
lular matrix (DECM) excluding collagen [2].
Found as the major noncollagenous DECM pro-
tein, DPP is rich in aspartic acid and phosphory-
lated serine, and might regulate biomineraliza-
tion processes by binding to the matrix of struc-
tural proteins, nucleating mineralization and

findings suggested that DSPP function to stimu-
late progression of the osteogenic pathway and
could involve in multiple signaling pathways,
other than functioning as secretory protein to
regulate mineral deposition and crystal growth
[5, 6].

The main pathological feature in DGI-II, DGI-III
and DD-Il is the abnormality of dentin mineral-
ization. Many mutations in DSPP gene had been
identified in families with the above disorders
[7-14], however, the molecular mechanisms
involving in bridging the mutations and the
resulting abnormal dentin mineralization have
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Figure 1. Sketch for 3 Dspp mutations and the results of sequencing the mutants (NM_010080). A. Sketch for 3
Dspp mutations (SPP cleavage site: signal peptide peptidase cleavage site). B-D. The results of sequencing the mu-
tants. The upper pictures present the normal sequences, and the arrows indicate the location of mutations.

Table 1. The mutation points and primer sequences

the present study, we

Human Mouse Primer
NM_014208 NM_010080

generated 3 Dspp mu-
tants (Figure 1) which

LV-M2  c.44C>T c.50C>T 5-CAACTGCCTGGGICATTCCGGTTCCCCAGTTA-3
5-TGTCATTGTGTTCTTCAGCAGTGTTCCCCTGTTCG-3

were consistent with
the previous identi-
fied DSPP mutations

Lv-M4  ¢.52G>T c.58G>T 5-CCTGGGCCATTCCGITTCCCCAGTTAGTAC-3
S5-TTTCTATGTCATTGTGTTCTTCAGCAGTGTTCCCC-3

LV-M5  ¢.133C>T  ¢.142C>T 5-TCCAGGAACTGCAGCATAGAATGAGTTATCTATCA-3
5-GCATGTACCCCATCATGACCGTATGTTTCTATGTC-3

in human dentin dis-
orders [7-10]. The mu-
tants were transfect-

not been elucidated nowadays. Mineralization
is a homeostasis which involves both the en-
hancement of mineralization-inducing mole-
cules and the induction of mineralization inhibi-
tors. Abnormal mineralization usually means
the disrupted homeostasis. The molecular as-
sociation between DSPP mutations and the dis-
rupted mineralization homeostasis in human
dentin disorders has not been established. In
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ed into mouse Odon-
toblast-lineage cells
(OLCs) [15, 16], which were then performed
mineralization inducing differentiation.

The digital gene expression (DGE) [17] is a
sequence-based approach for gene expression
analysis, which generates such extensive
sequence data and depth-of-coverage that
even the rare transcripts can be detected and
quantified. The expression level of virtually all
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Table 2. Oligonucleotide primers for real-time
RCR with expected fragment size

Gene Primer bp

Dsp F: 5-TGAAAACTCTGTGGCTGTGC-3 248
R: 5-TGTGTTCTTCAGCAGTGTTCC-3

Bmp2 F: 5-TGACTGGATCGTGGCACCTC-3 112

R: 5-CAGAGTCTGCACTATGGCATGGTTA-3

Coll  F: 5-TGCTTGCAGTAACTTCGTGCCTA-3 143
R: 5-CATGGGACCATCAACACCATC-3

Runx2 F: 5-ATGATGACACTGCCACCTCTGAC-3 106
R: 5-AACTGCCTGGGGTCTGAAAAAGG-3

Ocn F: 5-CCGGGAGCAGTGTGAGCTTA-3 54
R: 5-CCATACTGGTCTGATAGCTC-3

Mgp  F: 5-GTCCTATGAAATCAGTCCCTTCA-3 108
R: 5-TTGTTGCGTTCCTGGACTCT-3

Htral F: 5-CATCTCCTTCGCAATTCCAT-3 155
R: 5-GACGGTCCTTCAGCTCTTTG-3
Puro  F: 5-CAAGGAGCCCGCGTGGTT-3 190

R: 5-GTCGGCGGTGACGGTGAA-3

F=Forward; R=Reverse. All primers were designed with the
software Primer 3.0 based on the published sequence.

genes in the sample is defined by the quantity
of mRNA for each gene. By phenotype detec-
tion, DGE analysis, Quantitative real-time PCR
and Western blot verification, we aim to identify
the regulating factors involving in the mutants
causing abnormal mineralization and try to
explore the molecular association between
Dspp mutations and the disrupted mineraliza-
tion homeostasis during dentin formation.

Materials and methods

Generation of lentivirus constructs expressing
normal and mutant Dspp

The full-length mouse Dspp construct pcDNA-
3.0-Dspp (a donation from Professor Chunlin
Qin) [18] was digested using BamHI and EcCoRV
restriction enzymes and subcloned into the
lentivirus vector LV-PURO-GFP (GenePharma
JiangSu, China), to generate the recombinant
shuttle plasmid LV-Dspp-PURO-GFP.

Then we generated 3 mutants according to
the identified DSPP mutations (Figure 1A):
Mutation 2 (M2) [9] is a missense mutation
located in the signal peptide region; Mutation 4
(M4) [7, 10] is a proposed mutational “hotspot”
occurring at the first nucleotide of exon 3;
Mutation 5 (M5) [8, 10] is a nonsense mutation
at codon 45. According to the manufacturer's
instruction, the constructs were generated with
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a QuikChange Lightning Site-Directed Mutagen-
esis Kit (Stratagene, catalog#210518, USA)
and verified by sequencing the PCR products
(Figure 1B-D). Table 1 showed the mutation
points and primers.

The bacterial host DH5« (Invitrogen, USA) were
transfected with LV-Dspp/M2/M4/M5-PURO-
GFP respectively, and then cultured in Luria-
Bertani medium with ampicillin at 25°C. The
target recombinant lentivirus plasmids and
Packaging plasmids (pGag/Pol, pRev, pVSV-G)
were amplified in 293T cells and packaged in-
to virus particles (LV-Dspp/M2/M4/M5). The
empty lentivirus vector LV-PURO-GFP was also
packaged as a control (LV-GFP). Viral titers were
estimated by optical density (OD) and a stan-
dard plaque assay.

Transfection of virus particles into OLC cells
and selection of stable transfectants

OLCs (donation from Professor Toshihiro Sugi-
yama) were transfected with lentivirus parti-
cles. Following 96 hours transfection, puromy-
cin (3.5 ng/ul Invitrogen, USA) was used to
select and maintain stable eukaryotic cell lines.
After 2 weeks screening, we got the OLCs sta-
bly expressing the wild-type Dspp, mutant Dspp
and the control. Then the OLCs were divided
into the following groups: LV-Dspp, LV-M2,
LV-M4, LV-M5 and the control LV-GFP group.

Cell differentiation

All groups with stably transfected OLCs were
cultured in alpha-minimum essential medium
with 10% fetal bovine serum (Hyclone, USA)
and 1% penicillin/streptomycin on type | colla-
gen-coated culture plates, at 37°C in a humidi-
fied atmosphere of 5% CO, in air. When cells
reached 70% confluence, they were transferr-
ed to mineralization inducing a-MEM contain-
ing 10% FBS, 1% penicillin/streptomycin, 10
nmol/L dexamethasone (Sigma, USA), 50 mg/L
ascorbic acid (Sigma, USA), and 10 mmol/L
B-sodium glycerophosphate (Sigma, USA), and
incubated with 2 ng/ul puromycin. Day 1 was
defined as the day of mineralization medium
supplementation to the cell culture. The medi-
um was changed every 3 days.

Alizarin red S staining for mineralization assay

The mineralization was assessed by staining
with Alizarin red S on day 7 and 21 for all
groups. The cells were fixed in 4% paraformal-
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Figure 2. Formation of mineralization nodules and ALP activity assay. A. Alizarin red staining of OLCs transfected
with LV-Dspp/M2/M4/M5 and LV-GFP on day 7 and 21. B. ALP activity in each group during the differentiation of
transfected OLCs. *Indicates statistical difference between the test group and the control, P<0.05.
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dehyde for 15 min, and washed with PBS. 1%
Alizarin red S (Sigma-Aldrich, USA) solution in
0.1% NH,OH at PH 4.1-4.3 was added to each
well, and incubated for 30 min at 37°C. Then
they were rinsed several times with PBS to
remove all unincorporated staining.

ALP activity

Cultures of the stably transfected OLCs were
washed 3 times with PBS. The activity of the
cellsin all groups was measured on day O, 7, 14
and 21 in freshly prepared colorimetric sub-
strate 0.1 M NaHCO,-Na,CO, buffer (pH 10)
containing 0.1% Triton X-100, 2 mM MgSO,,
and 5 mM p-nitrophenyl phosphate. ALP activi-
ty was calculated as moles of p-nitrophenol per
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Figure 3. Heat map of selected identified
genes P<0.05. Hierarchical clustering of
differentially expressed genes in LV-Dspp
(A), LV-M5 (B) and LV-GFP (C) group. Each
column represents an experimental con-
dition, each row represents a gene, red
indicates up-regulation, and green indi-
cates down-regulation.

mg protein. The optical density was measured
at 405 nm by a HTS 7000 Plus Bio Assay read-
er (PE, USA), and normalized to total protein.

Screening of differentially expressed genes by
DGE

Total RNA was extracted from cultured stably
transfected OLCs of LV-Dspp, LV-M5 and
LV-GFP groups using HP Total RNA Kit (OMEGA,
USA) and was quantitated into 1 pg. Sequence
tag preparation was in the charge of Huada
Gene technology company (Shenzhen, China).
The expression pattern of these differentially
expressed genes (DEGs) was visualized using
the heat-map function, and its log2 Ratio (group
A/group B) will be clustered. In the pairwise
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Figure 4. Categories of DEGs based on GO function in LV-GFP-VS-LV-Dspp (A) and LV-GFP-VS-LV-M5 (B). The results are summarized in three major categories: bio-
logical process, cellular component and molecular function. P<0.05 as a threshold.
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Figure 5. The scatter plot for KEGG enrichment result. Top 20 Statistics of KEGG pathway enrichment for LV-GFP-VS-
LV-Dspp (A) and LV-GFP-VS-LV-M5 (B). Rich Factor is the ratio of differentially expressed gene numbers annoted in
this pathway terms to all gene numbers annoted in this pathway term. Q<0.05 as significantly enriched.

comparison, the former one (group A) is consid-
ered as the control, and the latter one (group B)
is considered as the treatment.

Based on DGE profiles [19], Gene Ontology
(GO) functional enrichment analysis and Kyoto
Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis were performed.
GO enrichment analysis firstly maps all DEGs to
GO terms in the database (http://www.geneon-
tology.org/), calculating gene numbers for
every term, then using hypergeometric test to
find significantly enriched GO terms in DEGs
comparing to the genome background. The
calculated P-value goes through Bonferroni
Correction, taking corrected P-value<0.05 as a
threshold. With nr annotation, we used Blast-
2GO program to get GO annotation of DEGs,
then we used WEGO software [20] to do GO
functional classification for DEGs and to under-
stand the distribution of gene functions of the
species from the macro level.

KEGG is the major public pathway-related data-
base [21]. Pathway enrichment analysis identi-
fies significantly enriched metabolic pathways
or signal transduction pathways in DEGs com-
paring with the whole genome background. The
calculating formula is the same as that in GO
analysis, and pathways with Q-value<0.05 as
significantly enriched in DEGs.
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Based on the results of the DGE analysis, some
significant molecules were selected to be
examined and verified by Quantitative real-ti-
me PCR and Western-blot examination in all
groups including LV-Dspp, LV-M2, LV-M4, LV-M5
and the control LV-GFP group on day O, 7, 14
and 21 separately.

Quantitative real-time PCR

Total RNA was extracted from cultured stably
transfected OLCs using HP Total RNA Kit
(OMEGA, USA). RNA was reverse-transcribed
into cDNA with the RevertAid First Strand cDNA
Synthesis Kit (Takara, China). Quantitative real-
time PCR was performed with 50 ng of cDNA
and FastStart Universal SYBR Green Mastor
(Rox) (Roche, USA) using the 7900HT Fast Real
Time PCR System (Applied Biosystems, USA).
The following temperature profile was used:
95°C for 10 minutes, and subjected to 40
cycles of denaturation at 95°C for 15 s, anneal-
ing at 60°C for 60 s, and melt curve from 60°C
to 90°C. Expressions of the target genes were
normalized to Puromycin (Puro) levels and the
2-AACt method was used to calculate relative
expression levels. Table 2 showed the primers
sequences of the examined genes.

Western blot analysis

Cell layers were washed 3 times with PBS
before cell dissolving, then total proteins were

Am J Transl Res 2015;7(11):2379-2396
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Figure 6. Expression of Dsp in each group during the differentiation of transfected OLCs. A. mMRNA expression of Dsp
was investigated by Real-time PCR analysis. B, C. Protein expression of Dsp was detected by Western-Blot. D. B-actin
served as an internal control. *Indicates statistical difference between the test group and the control P < 0.05. It is
worth mentioning that the levels of Dsp were thousands times higher in the test groups than in the control, resulting
in the large margin of error bars, so the error bars in the graph were not indicated.

extracted by RIPA lysis and extraction buffer
(Beyotime, China), followed by centrifugation
(13,000 g for 5 min) to remove cellular debris.
Protein quantification was performed with the
Bio-Rad DC Protein Assay (Bio-Rad, USA). Equal
amounts of protein were subjected to SDS-
PAGE gel electrophoresis on 10%-20% (w/V)
acrylamide gel and then transferred onto PVDF
membrane (Millipore, USA). After blocking with
TBST containing 5% nonfat dry milk the blots
were detected by specific commercial antibod-
ies diluted in TBST overnight at 4°C: DSP (Santa
Cruz Biotechnology, sc-33587, USA), Bmp2
(Abcam, ab82511, UK), Coll (Abcam, ab88147,
UK), Runx2 (Abcam, ab76956, UK), Ocn (Santa
Cruz Biotechnology, sc-376835, USA), Mgp
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(Santa Cruz Biotechnology, sc-66965, USA),
Htral (Abcam, ab38611, UK), and [B-actin
(Epitomics, USA). There after, membranes were
incubated with horseradish peroxidase-conju-
gated secondary antibody (Antgene, China) for
1 h at room temperature. Immunocomplexes
were visualized using chemiluminescence, and
then exposed. The relative integrated density
of protein bands were analyzed by NIH ImageJ
1.48 v, and then normalized to that of the
B-actin.

Statistical analysis

The data for Q-PCR, Western-blot and ALP
activity were presented as mean * SD from

Am J Transl Res 2015;7(11):2379-2396
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Figure 7. Expression of Bmp2 and Coll in each group during the differentiation of transfected OLCs. mMRNA expres-
sion of Bmp2 (A) and Col1 (C) were investigated by Real-time PCR analysis. Protein expression of Bmp2 (B, B’) and
Coll (D, D’) were detected by Western-Blot. (E) B-actin served as an internal control. *Indicates statistical difference

between the test group and the control P < 0.05.

three independent experiments and the resu-
Its were compared by one-way ANOVA using
Statview software (SAS Institute Inc., Lary, NC).
The differences between each test group and
the control LV-GFP group at each time-point
were presented and the statistical significance
was P < 0.05.

Results
Stable transfectants

The expression of the GFP reporter gene in the
infected cells was used to determine the infec-
tion efficiency by fluorescent microscopy. OLCs
grew well and showed strong green fluores-
cence after 2 weeks puromycin selection, with
transfer efficiency of 99% (data not shown).

Alizarin red S staining for mineralization assay
More and larger mineralized nodules were

observed in LV-Dspp/M4/GFP groups on day 7
and day 21, and very few mineral deposits were
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visualized in LV-M2 and LV-M5 groups (Figure
2A).

ALP activity assay

Alp activity was much higher in LV-Dspp/M4
groups than in other groups at all time and
peaked on day 14. LV-M2/M5 groups showed
obviously lower Alp activity on day 14 and 21,
and LV-M5 group always showed the lowest
level (Figure 2B).

Analysis of DGE libraries

On the basis of the Hiseq of lllumina 3’-tag DGE
protocol, we generated raw tags between 11.7
and 12.5 million for each of the 12 samples.
After removing low-quality reads, the total num-
ber of clean tags per library ranged from 11.6
to 12.4 million and the number of tag entities
with unique match ranged from 8.6 to 9.3 mil-
lion (Supplemental Table 1). The number of
DEGs with expression difference was less in
LV-GFP-VS-LV-M5 than in LV-GFP-VS-LV-Dspp
(Supplemental Figure 1).
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Clustering of DEGs

In this study, we focused our attention on the
genes connected to mineralization. Among
these genes (Figure 3), Dspp, Bmp2, Mmps,
Mgp, Htral and some Wnts were up-regulated,
Collal, Colla2, Col2al and some other Wnts
were down-regulated, but each group showed
different expression pattern. Runx2 had the
expression defect in LV-M5 group, Ocn (Bglap),
Bglap2 and Wntl0a were detected only in
LV-Dspp group. The expression level of Mmps
was similar in the three groups.

GO analysis and KEGG pathway

A total of 15584 differentially expressed genes
were detected and mapped to terms in GO
database and compared with the whole ge-
nome background. The GO comparison among
LV-DSPP, LV-M5 and LV-GFP reflects most
genes are enriched in biological process includ-
ing cell proliferation, locomotion, response to
stimulus, signaling, et al, cellular component
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including extracellular region and macromolec-
ular complex, et al, and molecular function
including molecular transducer activity, et al
(Figure 4). Comparison between the results of
LV-GFP-VS-LV-Dspp and LV-GFP-VS-LV-M5 sh-
owed that the DEGs for cell proliferation, loco-
motion, reproduction, reproduction process
were less in LV-GFP-VS-LV-M5 (Figure 4B), and
that the DEGs for macromolecular complex and
transporter activity pass from a greater to a
smaller number in LV-GFP-VS-LV-Dspp (Figure
4A), while in LV-GFP-VS-LV-M5 the number of
DEGs for macromolecular complex had no sig-
nificant change and the DEGs for transporter
activity increased (Figure 4B).

KEGG analysis showed the number of genes in
pathways including ECM-receptor interaction
pathway, cell adhesion molecules pathway,
focal adhesion pathway and some amino acids
pathway associated with mineralization metab-
olism was obviously less in LV-GFP-VS-LV-M5
than in LV-GFP-VS-LV-DSPP (Figure 5). The
RichFactor of top 20 pathways in the KEGG

Am J Transl Res 2015;7(11):2379-2396
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database of LV-GFP-VS-LV-M5 gradually de-
creased, and the pathways with statistical sig-
nificance only showed on day O in LV-GFP-VS-
LV-M5 (Figure 5B). The RichFactor and the gene
numbers of ECM-receptor interaction pathway
in LV-GFP-VS-LV-DSPP behave like a parabola
(Figure 5A), whereas the expression of this
pathway gradually decreased, even disap-
peared from day 14 in LV-GFP-VS-LV-M5 (Figure
5B).

Identification and verification of examined mol-
ecules during OLC mineralizing induction

Based on the results of the DGE analysis, 7 sig-
nificant molecules (Dspp, Bmp2, Coll, Runx2,
Ocn, Mgp and Htral) were selected to be exam-
ined and verified by Quantitative real-time PCR
and Western-blot examination.

The integration of exogenous gene induced the
extremely high expression of Dsp in all trans-
fected test groups. Dsp expression in LV-M2/
M5 groups was obviously lower than that in
LV-Dspp/M4 groups, and was significantly high-
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er than that in the control group at transcription
level (Figure 6A), while the two groups show-
ed lower protein expression than other three
groups at translational level especially on day
14 and day 21 (Figure 6B and 6C).

Relative mRNA and protein expressions of spe-
cific mineralization inductors including Bmp2,
Coll and Runx2, proliferative marker Ocn, min-
eralization negative regulator Mgp and Htral
are as follows: Expression of Bmp2/Bmp2 was
obviously up-regulated in all groups during cell
differentiation, whereas in LV-M2/M5 groups it
showed a smooth rising-trend and exhibited
significantly lower expression than in LV-Dspp/
M4/GFP groups on day 21 (Figure 7A, 7B and
7B’); During cell maturation, Coll mRNA and
protein levels were significantly declined in all
groups although the control group has little
variation in mRNA level: Col1/Coll expression
in LV-M5 group showed the highest level during
the whole process, and in LV-M2 group it was
higher than in LV-DSPP/M4 groups during the
late stage of mineralization (Figure 7C, 7D and
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7D’); Runx2/Runx2 expression in LV-M2/M5
groups maintained lasted low level and was
much lower than in other groups (Figure 8A, 8B
and 8B’); Ocn/Ocn expression was obviously
up-regulated and peaked on day 21, but it
showed extremely lower level in LV-M2/M5
groups than in LV-Dspp/M4/GFP groups on day
14 and 21 (Figure 8C, 8C and 8D’); Mgp/Mgp
expression kept high level and was obviously
higher in LV-M2/M5 groups than in LV-Dspp/
M4/GFP groups on day 14 and 21 (Figure 9A,
9B and 9B’); Htral/Htral expression in LV-M2/
M5 groups continuously up-regulated and
peaked on day 21, and exhibited obviously
higher level than in LV-Dspp/M4/GFP groups on
day 21 (Figure 9C, 9C and 9D’).

Discussion

To date, no full-length DSPP protein has been
identified or isolated from dentin. We firstly
reported the differentiation and mineralization
of OLCs which were transfected with the mou-
se full-length Dspp gene and the full-length
mutant Dspp. Because of the highly repetitive
sequence in DPP region, Dspp gene appeared
to be cytotoxic to many kinds of cells. It was a
great challenge to obtain the cells stably
expressing the full-length Dspp [22], which
becomes an obstacle for researchers to further
study the precise function of DSPP during den-
tin formation. After failure of transfecting a vari-
ety of cell types, we fortunately received the
OLCs, and eventually obtained the stable OLCs
transfected with the full-length Dspp and the
full-length mutant Dspp.

Mutant DSPP protein is expected to have a
dominant negative effect on cell function and/
or dentin matrix mineralization [14]. The ge-
notype-phenotype correlation appears to be
affected not only by the degree of reduction in
the amount of wild-type (WT) DSPP but also by
the quantity of mutant protein [14]. Secretion of
WT DSPPisreduced when coexpressed with mu-
tant proteins, and the decline level is in a dose-
dependent manner. Compared to WT DSPP
alone, co-expression of equal amount of the
mutant DSPP protein caused a 40% loss in
secreted WT and this increased to a>70% loss
at the modest dose of 4:1 (mutant:WT) [23],
which would result in the normal DSPP protein
not being properly processed for rapid accumu-
lating dentin matrix. The OLC is a kind of odon-
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toblast-lineage cell able to express the endog-
enous and exogenous Dspp. Our results showed
that the OLCs transfected with different types
of mutant Dspp suffered diverse degree of
impairment on mineralization differentiation,
which is like the different DSPP mutations
resulting in the phenotype variation in the den-
tin disorders.

LV-M2 in the present study was a missense
mutation which located in the last amino acid
of signal peptide region of mouse Dspp. The
mutation would severely compromise the abili-
ty of translocating the primary translation prod-
uct into endoplasmic reticulum, and then cause
the decrease of the Dsp and Dpp dramatically.
The nonsense mutation (c.133C>T) of DSPP,
corresponding to LV-M5 in the present study,
was associated with the DGI-Il phenotype,
which could affect the coding proteins by the
nonsense-mediated mMRNA decay (NMD) [24].
The nonsense mutation may exert its effect by
greatly reducing the quantity of Dsp and Dpp.
The two mutations impair the function of Dpp
or/and Dsp and induce defective dentin
mineralization.

A complex molecular network of regulators
including mineralization inductors and inhibi-
tors governs the odontogenesis of odontoblast
[25]. Mutations in DSPP resulted in hereditary
human dentin disorders which characterized as
abnormal mineralization. The molecular regula-
tion mechanism between mutational DSPP and
dynamic homeostasis of mineralization regula-
tors would be the important etiology to develop
the abnormal dentin phenotype. The findings in
the present study indicated that mutant Dspp
could disrupt the strictly orchestrated molecu-
lar framework for odontoblast differentiation.

In the present study, the formation of mineral-
ized nodules was obviously fewer in LV-M2/M5
groups which indicated the mutant Dspp dis-
rupted the mineralization homeostasis. Alp is
recognized as an early marker of osteogenic
differentiation and mineralization [5]. The dif-
ferent pattern of Alp activity in LV-M2 and
LV-M5 groups suggested that the two types of
mutations could exert diverse impacts on the
dynamic homeostasis of dentin mineralization.
To explore the molecular association between
Dspp and the homeostasis of mineralization,
we performed a large-scale analysis of gene
expressions in LV-Dspp, LV-M5 and LV-GFP
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groups using DGE approach. A number of genes
were involved in biological process, cellular
component and molecular function, suggesting
that these function may be associated with cel-
lular metabolism, response to mineralization
stimulus and the activity of signaling path-
ways.

Compared with the results of LV-GFP-VS-LV-
Dspp, the number of DEGs for cell proliferation,
locomotion, reproduction, reproduction pro-
cess was obviously less in results of LV-GFP-
VS-LV-M5, which could indicate that these cell
activities associate with metabolism of ECM
and cell accelerated growth be inactive in
LV-M5 group. The DEGs for macromolecular
complex and transporter activity passed from a
greater to a smaller number in LV-GFP-VS-LV-
Dspp during mineralization, suggesting the for-
mation of ECM compound and the activity of
transporter started earlier and actively in
LV-Dspp group, while in LV-GFP-VS-LV-M5 the
number of DEGs for this process displayed in
irregular manner, which indicated that activity
of ECM compound and cellular delivery be dif-
ferent from those in normal mineralization
process.

KEGG analysis suggested that several path-
ways are affected, including ECM-receptor
interaction pathway, cell adhesion molecules
pathway, focal adhesion pathway and some
amino acids pathway associated with mineral-
ization metabolism. Less expression of these
pathways in LV-GFP-VS-LV-M5 implied that the
intercellular and extracellular communications
were passive and the metabolism of ECM
responding to mineralize stimulus was inactive.
Meanwhile the top 20 pathways in the KEGG
database in LV-GFP-VS-LV-M5 were disorderly
and the number of pathways with statistical sig-
nificance was very few, indicating the pathways
strictly orchestrating framework for minerali-
zation homeostasis was disrupted in LV-M5

group.

The canonical Smad/BMP2 plays important
role in the interaction between DSPP and odon-
toblast differentiation [6, 26]. In our study,
Bmp2 expression was up-regulated during cell
maturation although the rising trend in LV-M2/
M5 groups exhibited smooth profile. It can be
speculated that BMP2 is an indispensable fac-
tor in dentin development and is not easily
manipulated by mutant Dspp. LV-M2 and LV-M5
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may exert effect by greatly reducing the quan-
tity of Dpp and/or Dsp, which would impair the
cooperation between Dspp and Bmp2 to regu-
late odontoblast differentiation and mineral
deposition. Previous studies [27] demonstrat-
ed that DPP acted as an accelerator of recom-
binant human BMP2 induction of orthotopic
hard tissue formation, when DPP was covalent-
ly cross-linked to type | collagen. The potential
of the DPP immobilized to type | collagen for
apatite induction is similar to that of crystal
growth on seeded hydroxyapatite [28]. Coll
serves as a mineralization scaffold rarely
appears or absents in the peritubular dentin
that is a hypermineralized zone surrounding
tubules [29]. However, our previous study found
that amounts of collagen fibers were around
dentin tubules in peritubular dentin which was
hypomineralized in DGI specimen [10]. In the
present study, Coll were significantly declined
in all groups, and showed the highest expres-
sion in LV-M5 group. Although Coll expression
in LV-M2 group was not noticeable as that in
LV-M5 group, it remained higher than that in
LV-Dspp/M4 groups during the late stage of
mineralization. Our findings indicated that
LV-M2/M5 mutants might compromise Dspp
synthesis and then interfere in Dpp binding to
collagen type | for apatite induction and miner-
al deposition.

Because Wnt/B-catenin binds the Runx2 pro-
moter and controls its transcription [30], mean-
while Ocn is a known target gene for Runx2 that
is directly or indirectly regulated by the interac-
tion between Bmp2 and Dspp [26, 31], we
chose the two factors to further validate. Runx2
and Ocn involve in dentin formation likely
dependent on the stage of cytodifferentiation.
Runx2 expresses in preodontoblasts, and then
strongly expresses in early mature odontoblast,
but downregulates during mineralizing matura-
tion [32, 33]. Ocn is a marker of late stage
osteoblast differentiation and strongly express-
es in maturated osteoblasts [34]. In the pres-
ent study, Runx2/Runx2 expression in LV-M2/
M5 groups was always in a significantly low
level at all stages of mineralization, as well as
DGE showed Runx2 had the expression defect
in LV-M5 group. Although Ocn/Ocn expression
in LV-M2/M5 groups showed a similar up-regu-
lated trend as other groups during the progres-
sion of mineralization, it was still lower than
that in other groups on day 14 and 21, as DGE
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showed it was absent in LV-M5 group. The
results suggested that as a signaling molecule
in cell differentiation, abnormal Dspp would
cause abnormal Runx2 regulation which dis-
turb odontoblast differentiation and/or lead
Ocn unable to properly remodel the differentia-
tion of odontoblasts.

Mineralization is a process of dynamic homeo-
stasis requiring a feedback mechanism to pre-
vent further calcification. MGP and Htral play
key roles during this well orchestration, and
they might regulate mineralization in an inter-
dependent manner [35]. Previous studies dem-
onstrated that Htral interacting with Mgp
played a role in reparative dentin formation
[36]. Htral-mediated cleavage of Mgp at the
C-terminus may enhance the ability of Mgp to
bind to the ECM, and next may inhibit Bmp2 sig-
naling and mineralization, which suggested
that Htral regulate matrix calcification via the
inhibition of Bmp2 signaling [37, 38]. In the
present study, the expression profile of Htral
was in accordance with that of Mgp, and their
expression were always inversely proportional
to Bmp2. While the expression level in LV-M2/
M5 groups was significantly higher for Mgp/
Htral and obviously lower for Bmp2 than that
in other groups especially at late stage. The
results indicated that the mutant Dspp altered
the expression pattern of Mgp and Htral and
then could inhibit Bmp2 signaling, which would
consequently cause an imbalance for mineral-
ization homeostasis. How Mgp and Htral regu-
late dentin mineralization in an interdependent
manner, and how Dspp participate in or con-
verge BMP2 to mediate this process need to be
further elucidated.

In our study, lentivirus was subcloned with
Dspp cDNA, no splicing process existed. So
LV-M4 mutant is predicted to result in an amino
acid substitution. However, Mutations located
at or near exon-intron junctions could affect the
recognition of splice sites [11, 14]. Our findings
showed the expression of most examined mol-
ecules and mineral deposits in LV-M4 group
were significantly different from those in LV-M2
and LV-M5 groups and exhibited manifestation
similar to those in LV-Dspp group. So it should
be the disturbance of the splice process rather
than the substitution of amino acid residue for
LV-M4 mutation affecting the structural integ-
rity and function of DSPP in human dentin
disorders.
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Although little is known about the mechanisms
involving in regulating such hallmark cellular
responses by Dspp, it can be proposed that
Dspp could signal odontoblast precursor cells
differentiate into mature odontoblasts during
the early stages of tooth development, and that
Dspp might contribute to positive signaling
related to the regulation of mineral deposition,
crystal formation and growth in the later stage
[3, 5, 6, 39]. Furthermore, Dspp also might reg-
ulate the subsequent feedback inhibition of sig-
naling in order to maintain tissue homeostasis
as well as morphogenesis [6, 31, 40]. Overall,
our findings shed new light on association
between Dspp and the dynamic homeostasis of
mineralization inductors and inhibitors, and
indicated that the disruption of the homeosta-
sis might be the crucial reason for Dspp muta-
tions resulting in the dentin disorders. Further
studies need to reveal whether Dspp regulates
these mineralization inductors and inhibitors
directly or as upstream signal factors playing
key roles in maintaining dynamic homeostasis
indirectly.
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Supplemental Table 1. Summary of the output data and mapping work

Sample Total Reads Clean Reads Total mapped Perfect Match <3 bp mismatch  Unique Match  Total Unmapped
LV-NC 12202594 12140360 10694941 9188184 1506757 8939389 1507653
O day 99.49% 87.64% 75.30% 12.35% 73.26% 12.36%
LV-NC 12312917 12252583 10882605 9439742 1442863 9205635 1430312
7 day 99.51% 88.38% 76.67% 11.72% 74.76% 11.62%
LV-NC 12038695 11982113 10618037 9279344 1338693 8897928 1420658
14 day 99.53% 88.20% 77.08% 11.12% 73.91% 11.80%
LV-NC 11926887 11868445 10503777 9125167 1378610 8763231 1423110
21 day 99.51% 88.07% 76.51% 11.56% 73.47% 11.93%
LV-DSPP 11994078 11936506 10535671 9117280 1418391 8776659 1458407
O day 99.52% 87.84% 76.01% 11.83% 73.17% 12.16%
LV-DSPP 12079423 12019025 10574029 9134124 1439905 9049430 1505394
7 day 99.50% 87.54% 75.62% 11.92% 74.92% 12.46%
LV-DSPP 12502670 12440156 10986895 9452467 1534428 9270682 1515775
14 day 99.50% 87.88% 75.60% 12.27% 74.15% 12.12%
LV-DSPP 11763346 11703352 10332138 8927788 1404350 8610118 1431208
21 day 99.49% 87.83% 75.89% 11.945 73.19% 12.17%
LV-M5 12164613 12102573 10681830 9206196 1475634 8900192 1482783
0 day 99.49% 87.81% 75.68% 12.13% 73.16% 12.19%
LV-M5 12119421 12056400 10659628 9191095 1468533 9130573 1459793
7 day 99.48% 87.95% 75.84% 12.12% 75.34% 12.05%
LV-M5 11806754 11742997 10383170 8928782 1454388 8731663 1423584
14 day 99.46% 87.94% 75.62% 12.32% 73.95% 12.06%
LV-M5 11725637 11668181 10333855 8958564 1375291 8577921 1391782
21 day 99.51% 88.13% 76.40% 11.73% 73.16% 11.87%
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Supplemental Figure 1. Differentially-expressed genes (DEGs) in different groups P<0.05. The red dots represent the up-regulated genes, the green dots indicate

the down-regulated genes, and the blue dots show the genes without expression difference between the two samples.



