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Smad7 Regulates Dental Epithelial
Proliferation during Tooth Development
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Abstract

Tooth morphogenesis involves dynamic changes in shape and size as it proceeds through the bud, cap, and bell stages. This process
requires exact regulation of cell proliferation and differentiation. Smad7, a general antagonist against transforming growth factor—f3
(TGF-B) signaling, is necessary for maintaining homeostasis and proper functionality in many organs. While TGF-f signaling is widely
involved in tooth morphogenesis, the precise role of Smad7 in tooth development remains unknown. In this study, we showed that
Smad?7 is expressed in the developing mouse molars with a high level in the dental epithelium but a moderate to weak level in the dental
mesenchyme. Smad7 deficiency led to a profound decrease in tooth size primarily due to a severely compromised cell proliferation
capability in the dental epithelium. Consistent with the tooth shrinkage phenotype, RNA sequencing (RNA-seq) analysis revealed
that Smad7 ablation downregulated genes referred to epithelial cell proliferation and cell cycle GI/S phase transition, whereas the
upregulated genes were involved in responding to TGF-f3 signaling and cell cycle arrest. Among these genes, the expression of Cdknla
(encoding p21), a negative cell proliferation regulator, was remarkably elevated in parallel with the diminution of Ccnd/ encoding the
crucial cell cycle regulator cyclin D1 in the dental epithelium. Meanwhile, the expression level of p-Smad2/3 was ectopically elevated
in the developing tooth germ of Smad7 null mice, indicating the hyperactivation of the canonical TGF-f signaling. These effects were
reversed by addition of TGF-B signaling inhibitor in cell cultures of Smad7~~ molar tooth germs, with rescued expression of cyclin DI
and cell proliferation rate. In sum, our studies demonstrate that Smad7 functions primarily as a positive regulator of cell proliferation
via inhibition of the canonical TGF-f signaling during dental epithelium development and highlight a crucial role for Smad7 in regulating
tooth size.
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the latter further phosphorylates intracellular Smad protein
(Smad?2/3). Phosphorylated Smad2/3 (p-Smad2/3) forms a
complex with the common Smad (Smad4) and translocates
into the nucleus, resulting in transcriptional regulation of target
genes (Derynck and Zhang 2003).

Introduction

Tooth morphogenesis, including growth and patterning, is a
complex process based on epithelial-mesenchymal interactions
and requires exact temporal and spatial regulation of cell pro-
liferation and differentiation. Many signaling molecules are
expressed in the dental epithelium and mesenchyme and are

involved in the regulation of growth and eventually tooth size.
For example, inactivation of Shh in the dental epithelium
results in a cap stage tooth rudiment with a severely reduced
tooth size (Dassule et al. 2000). Fgf10, a dental mesenchymal
factor, stimulates cell proliferation in the dental epithelium
during tooth development (Jernvall and Thesleff 2000,
Kettunen et al. 2000). Moreover, our previous study has shown
that Wnt5a-deficient mice exhibit smaller teeth as a result of
the reduced levels of cell proliferation in both dental epithe-
lium and mesenchyme (Lin et al. 2011). However, the regula-
tory mechanism of tooth growth remains elusive.
Transforming growth factor— (TGF-P) signaling plays a
key role in tooth development, with a close association with
odontoblast maturation and root development (Oka et al. 2007,
Lietal. 2017). In addition, TGF- signaling participates in cell
proliferation and apoptosis as a bifunctional regulator during
tooth development (Zhao et al. 2008). In the canonical TGF-3
signaling pathway, TGF-§ ligand binds to the TGF-f type II
receptor (TGF-BRII) and then type I receptor (TGF-BRI), and
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As a general antagonist against the TGF-f superfamily,
Smad7 prevents the activation of Smad2/3 by competing for
binding to TGF-BRI (Sapkota et al. 2006). Moreover, Smad7-
induced degradation of TGF-BRI after recruitment of E3 ubiq-
uitin ligases also contributes to the inhibition of TGF-B
signaling (Yu et al. 2017). It was reported previously that atten-
uation of Smad7 in early embryonic tooth germs by antisense
oligonucleotide treatment in organ culture inhibited tooth
development with increased apoptotic activity in the enamel
organ epithelium (Ito et al. 2001). On the other hand, overex-
pression of Smad7 in the dental epithelium led to furrowed and
duplicated tooth formation, resulting from interrupted amelo-
blast layers and dentin organization (Klopcic et al. 2007).
Collectively, while these studies have implicated the functional
importance of Smad7 in tooth morphogenesis, the precise role
of Smad7 in tooth development remains elusive.

In this study, we investigated the function of Smad7 during
tooth morphogenesis using a loss-of-function mouse model.
We showed that Smad7 deficiency led to reduced tooth size
with attenuation of the cell proliferation rate, especially in the
dental epithelium. The abnormally elevated/activated canoni-
cal TGF-P signaling in the absence of Smad7 upregulated the
level of p21, which was further responsible for inhibition of
cyclin D1 expression. Our findings demonstrate that Smad7
orchestrates a network to regulate tooth growth by modulating
canonical TGF-f signaling activity during tooth development.

Materials and Methods

Generation of Transgenic Mice

The conditional Smad7 floxed (JAX#017008; The Jackson
Laboratory) and Meox2“™* (JAX#003755; The Jackson
Laboratory) mouse lines have been described previously
(Tallquist and Soriano 2000; Kleiter et al. 2010). Smad7"~
mice were generated by mating Smad 7" with Meox2“™* mice,
followed by segregation of the Meox2™* allele. The animal
studies were approved by the Institutional Animal Care and
Use Committee of Tulane University.

Histological Analysis and Immunostaining

Embryonic heads harvested from timed pregnant female mice or
newborn pups were fixed in 4% paraformaldehyde (PFA) at 4°C
overnight and then decalcified in 10% ethylenediaminetetraace-
tic acid (EDTA) (pH 7.4) for 2 to 5 d depending on the age of
samples. For cryosections, decalcified samples were dehydrated
in 30% sucrose phosphate-buffered saline (PBS) solution over-
night at 4°C, embedded in optimal cutting temperature com-
pound (Tissue-Plus; Fisher Healthcare), and frozen by liquid
nitrogen for solidification. Embedded samples were cryosec-
tioned at 8 um and subjected to immunofluorescent staining as
described previously (Ye et al. 2015; Xu et al. 2018). Information
for antibodies used in this study is provided in the Appendix.

RNA Sequencing and Quantitative Reverse
Transcription Polymerase Chain Reaction Analyses

For RNA sequencing (RNA-seq), the first lower molar germs
were dissected out from E15.5 Smad7”’ and control mice
(Smad7*") and pooled (3 groups for each genotype), respec-
tively, and subjected to RNA extraction (RNeasy Mini Kit, cat.
74134; Qiagen). Complementary DNA (cDNA) library prepa-
ration and sequencing were performed at the Translational
Research Center of Tulane University. A total of 260 million
150-bp pair-end reads were obtained on Illumina NextSeq 550
equipment for 3 pairs of samples. Reads were aligned to mm10
using HISAT?2 (Pertea et al. 2016). For each library, raw counts
for each annotated gene were obtained using the featureCounts
software from the Subread package. Differentially expressed
genes were identified using DESeq2 (Love et al. 2014) and
presented by selecting transcripts that displayed significant
changes (P < 0.05) after Benjamini and Hochberg correction.
For visualization, aligned reads were uploaded to Integrated
Genome Viewer (Yu et al. 2012). A 2-way hierarchical cluster-
ing heat map using Euclidean distance and average linkage
showed 2 distinct groups of genes from Smad7”~ and Smad7*"
control mice. The raw data have been deposited with Gene
Expression Omnibus (GEO) database with accession number
GSE130841.

For quantitative reverse transcription polymerase chain
reaction (RT-qPCR), the first mandibular molar germs were
isolated from E15.5 Smad7”~ and Smad7"~ mice (n = 5 for
each genotype) and subjected to RNA extraction. The RNAs
were subsequently reversely transcribed into cDNAs. SYBR
green and gene-specific primers (Appendix Table) were used
and transcript levels were examined by a 7500 Fast Real-Time
PCR System (Applied Biosystems). Statistical difference of
the RT-qPCR data was analyzed by Student’s ¢ test, and results
were presented as mean + standard deviation. P < 0.05 was
considered significant.

Cell Culture, Western Blotting, and CCK8 Assay

For cell culture, the first mandibular molars were isolated and
pooled from E15.5 and PO Smad7 "~ and Smad7*"~ mice, respec-
tively. To obtain single-cell suspension, isolated tooth germs
were subjected to digestion by 4 mg/mL dispase at 37°C for 20
min and then exposed to PBS containing 2.5% pancreatin and
0.5% trypsin at 37°C for another 10 min. Cells were then cul-
tured in o—Modified Eagle’s Medium (a-MEM; HyClone)
supplemented with 10% fetal bovine serum (FBS) (HyClone)
and 1% penicillin/streptomycin (10,000 U/mL) (Thermo
Fisher Scientific), with medium change every 2 d until harvest.
Tooth germ cells from either E15.5 or PO Smad7”~ and control
mice were harvested 5 d after treatment with 10 ng/mL
SB431542 (Sigma-Aldrich) or mock treated with an equal vol-
ume of DMSO as control. For immunoblotting and CCKS8
assay, see the Appendix.
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Results

Smad7 Is Expressed Primarily in the Dental
Epithelium in Developing Embryonic Molars

To investigate the role of Smad7 in tooth development, we
started with examining the spatial and temporal expression of
Smad7 by immunofluorescent staining in the developing
embryonic molars (Fig. 1A). At E13.5 (the bud stage), strong
Smad7 staining was detected in the dental epithelium (DE),
while moderate to weak staining for Smad7 was seen in the
dental mesenchyme (DM). As tooth morphogenesis advanced
to the cap stage (E14.5), moderate to intense staining was
found in the inner enamel epithelium (IEE), while weak signals
were detected in the stellate reticulum (SR), outer enamel epi-
thelium (OEE), primary enamel knot (PEK), and cervical loop
(CL). At E15.5 (the late cap stage), intense staining was pres-
ent in DM, IEE, OEE, and SR. At the bell stage (E17.5), strong
staining was found in the preodontoblasts and preameloblasts.
In contrast, Smad7 expression was downregulated and became
barely detectable at postnatal day 0 (PO).

Smad7-Deficient Mice Exhibit Reduced
Size of the First Mandibular Molar

Since Smad7 is expressed in the both dental epithelium and
mesenchyme, we subsequently inactivated Smad7 in each tis-
sue component using Smad7 floxed mice compounded with
Wntl-Cre or K14-Cre allele. However, we did not find any
obvious tooth phenotype in WntI-Cre;Smad7"" mice but
observed a recognizable reduction only in tooth height in the
K14-Cre;Smad7""™ molar at weaned age (Appendix Fig. 1). We
then decided to assess teeth from Smad7 null mice (Smad7™"),
which survived to adulthood as reported previously (Xu et al.
2003; Tojo et al. 2012). Surprisingly, we found significantly
reduced size of the molar teeth in Smad7 mutants at various
ages, beginning as early as PO (Fig. 1B-D), despite that crown
and root formation and patterning, tooth eruption, as well as
differentiation status assessed by histology, appeared compa-
rable to controls (Fig. 1B and data not shown). Smad7 appar-
ently exerts its effects during the embryonic stage, consistent
with its strong expression in the developing molar before birth
(Fig. 1A). Indeed, histological examination identified discern-
ible reduced size of the molar at E15.5 in the mutants (Fig. 1E).
It is worth noting that skeletal preparations and visual inspec-
tion revealed identical size of the heads and incisors from
mutants and controls at PO, indicating a specific function of
Smad7 in molar development (Appendix Figs. 2 and 3).

Disruption of Smad7 Causes Decreased Cell
Proliferation Primarily in the Dental Epithelium
Cell proliferation and apoptosis are 2 critical factors contribut-

ing to the size of an organ or tissue. To explore if Smad7 could
act on cell proliferation, we performed a cell proliferation

assay using Ki-67 antibody from E13.5 to E15.5, stages before
and after the size phenotype became recognizable (Fig. 2A—C).
As shown in Figure 2A'-C’, the ratio of Ki-67" cells in the
Smad7”" dental epithelium was statistically significantly
reduced compared to control group throughout the stages
examined (P < 0.05). In contrast, the molar mesenchyme did
not show much difference in terms of the ratio of Ki-67" cells
(no statistical significance). Moreover, in vitro CCK8 assay
demonstrated that the cell proliferation rate in the Smad7”’
molar was much lower compared to that of control from day 4
to day 8 at all timepoints (Fig. 2A""—C""). However, cell apop-
tosis assay at E14.5 and E15.5 using cleaved caspase-3 anti-
body for immunostaining and Annexin V-FITC/PI double
staining for flow cytometry gave rise to comparable results
between mutants and controls (Appendix Fig. 4). These results
indicate that the loss of Smad7 primarily compromises the pro-
liferative capability of the dental epithelial cells, representing a
cellular defect responsible for the small tooth phenotype.

Inhibition of Smad7 Activates TGF-3
Signaling and Orchestrates a Transcriptional
Regulation of Cell Proliferation

Smad?7 is known to regulate both Smad-dependent and Smad-
independent TGF-f signaling pathways but is also extensively
involved in crosstalks with other signaling pathways. To inves-
tigate the underlying molecular mechanism, we conducted
RNA-seq analysis on E15.5 molars from Smad7 mutant and
control mice. Gene ontology (GO) analysis demonstrated that
in Smad7”"~ tooth, the upregulated genes were primarily
involved in cellular response to transforming growth factor
stimulus and cell cycle arrest, while the downregulated genes
were mainly referred to epithelium cell proliferation and cell
cycle G1/S transition (Fig. 3A). In particular, the augmented
signaling pathways were mostly related to canonical and non-
canonical TGF- signaling pathways, including INK, MAPK,
and ERK cascades, where Smad7 functions as an inhibitor.
Among the differentially expressed genes, we identified sev-
eral genes that play crucial roles in cell proliferation (i.e.,
Cendl, Cend2, Cdknla, Cdk4, and Ccnbl) and the regulation
of TGF-B signaling pathways (i.e., Acvrll, Tgfb3, Tgfbrl,
Smad7, and Adamtsl2), as exemplified in Figures 3B, C.
Because the RNA-seq analysis assayed a heterogeneous
population, we further validated the altered expression of
interesting candidate genes in the first mandibular molar by
immunostaining. At E13.5, the level of p-Smad2/3 was
increased in both the dental epithelium and mesenchyme in
Smad7”~ mice compared to controls, suggesting the enhanced
canonical TGF-f signaling activity (Fig. 4A—C). Interestingly,
in the same region of the dental epithelium, we observed an
ectopic activation of p21 that negates cell proliferation by
linking DNA damage to cell cycle arrest (Fig. 4A'-C').
Meanwhile, the expression of cyclin D1, a positive regulator
contributing to the cell cycle transition, was remarkably
reduced in the dental epithelium (Fig. 4A""—-C'"). At E14.5 and
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Figure |. Smad7 deficiency leads to reduced tooth size. (A) Immunofluorescent staining of Smad7 during tooth morphogenesis at the bud stage
(E13.5), cap stage (E14.5), early bell stage (E15.5), late bell stage (E17.5), and postnatal stage (P0). (B) Representative images of control and Smad7™"~
lower first molar at PO, P11, and P28 show unaltered dental patterning with reduced size in the mutants. (C) Schematic representation of the methods
used for measuring the molar size, including height and width. Point A: the tip of the highest cusp of the molar; point B: the bottom of the molar

root; point C: the most convex point on the mesial surface of the tooth crown; point D: the most convex point on the distal surface of the tooth
crown. (D) Measurements of tooth size of the control and Smad7~" first mandibular molars at different postnatal time points (n = 4 for each time
point). Statistical analysis was performed using Student’s t test. *P < 0.05. *P < 0.01. (E) Representative histology from the control and Smad7™ first
mandibular molars at E15.5 shows discernably reduced size in the mutant. CL, cervical loop; DE, dental epithelium (marked by asterisk); DM, dental
mesenchyme; IEE, inner enamel epithelium; OEE, outer enamel epithelium; PEK, primary enamel knot (indicated by arrow); SR, stellate reticulum. Scale
bars: 500 pm (B); 100 pm (A and E).
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Figure 2. Inactivation of Smad7 leads to compromised cell proliferation in the developing molar. (A-C) Immunofluorescent staining of Ki-67 on
sections of control and Smad7~~ molar germs at E13.5 (A), EI4.5 (B), and E15.5 (C). (A'=C’) Quantification of Ki-67—positive cells in the dental
epithelium and mesenchyme of control and Smad7~~ tooth germs at E13.5 (A'), E14.5 (B’), and EI5.5 (C'). (A"'=C"’) Growth curves of control and
Smad7™" tooth germ cells plotted from CCK8 assays at E13.5 (A”'), EI4.5 (B"), and E15.5 (C"). Statistical analysis was performed using Student’s t test.

*P < 0.05. **P < 0.01. Scale bars: 100 pm.
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Figure 3. RNA sequencing (RNA-seq) analysis identifies the gene expression profile regulated by Smad7. (A) Gene ontology (GO) analysis shows
that genes that were upregulated and downregulated, respectively, in the Smad7~" first mandibular molar at E15.5. (B) Heatmap shows z scores
(interpreted as a measure of SD away from the mean) for some selected genes from E15.5 RNA-seq data. The color scheme is based on the z scores,
with upregulation in red, downregulation in blue, and undetermined directionality in white. (C) Raw counts from RNA-seq illustrate the magnificently
decreased expression levels of Smad7 and 6 selected genes, including Cdknla, Cdknlb, Cdkn2b, Ccndl, Cend2, and Cdk4, that are critical for cell
proliferation. Statistical analysis was performed using Student’s t test. *P < 0.05. **P < 0.01. This figure is available in color online.

E15.5, the boosted expression of p-Smad2/3 and p21 in paral- demonstrate that Smad7 fine-tunes the canonical TGF-f sig-
lel with the dramatically decreased cyclin D1 gradually ledto  naling to regulate a cell proliferation-related network primar-
identifiable small tooth size. Taken together, these results ily in the developing dental epithelium.
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Figure 4. Hyperactivation of canonical transforming growth factor—p (TGF-p) signaling and altered expression of p21 and cyclin D1 in the Smad7 ™"
dental epithelium. (A-C) Immunostaining shows the enhanced activity of p-Smad2/3 in the dental epithelium of Smad7~~ molar at E13.5 (A), EI4.5
(B), and E15.5 (C). (A'-C’) Immunostaining of p2| demonstrates dramatically enhanced expression level in the dental epithelium of Smad7 ™~ tooth at
all stages examined, which colocalizes with the enhanced p-smad2/3 activity. (A"’=C"") Immunostaining shows significantly decreased expression level
of cyclin D1 in the dental epithelium at all stages examined in Smad7™" tooth, overlapping with hyperactivated sites of p-smad2/3 and the enhanced

expression level of p21. Scale bars: 100 pm.

TGF-B Signaling Attenuates Cell Proliferation via
Activation of p2 | Expression and Suppression of
Cyclin DI Expression in the Dental Epithelium

We next set to determine whether the enhanced canonical
TGE-B signaling activity in the Smad7 "~ molar epithelium was
responsible for the reduced cell proliferation rate. We cultured
cells suspended from molar germs isolated from E15.5 or PO
Smad7”" and control mice in the presence and absence of
SB431542, a potent antagonist of TGF-BRI (Koo et al. 2015).

After 5 d in culture, Western blot and RT-qPCR analyses
showed an augmented level of both p-Smad2/3 and p21 in
Smad7" cells in the absence of SB431542, as compared to
controls (Fig. 5A, 5B, 5A’, 5B’). On the other hand, cyclin D1
expression was pronouncedly decreased simultaneously.
Notably, in the presence of SB431542, Smad7"' cells exhibited
a reverse behavior, showing reduced expression levels of
p-Smad2/3 and p21, along with significantly elevated expres-
sion of cyclin D1. The results of CCKS8 assay were in line with
the Western blot and RT-qPCR analyses, showing increased
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Figure 5. Smad7 ablation compromises cell proliferation via the enhanced canonical transforming growth factor—f3 (TGF-B) signaling. (A, B) Western
blot analyses show the levels of p21, cyclin DI, and p-Smad2/3 in control and Smad7™"~ tooth germ cells harvested at E15.5 (A) and at PO (B) after 5 d
in cell culture in the presence or absence of SB431542. (A’, B') Quantitative reverse transcription polymerase chain reaction analyses of Cdkn/a and
Cend| expression in control and Smad7™" tooth germ cells harvested at E15.5 (A') and at PO (B') after 5 d in cell culture in the presence or absence of
SB431542. (A", B"') Growth curves, plotted from CCK8 assays, of control and Smad7™~ tooth germ cells harvested at E15.5 (A”) and at PO (B") in the
presence or absence of SB431542. Statistical analysis was performed using Student’s t test. *P < 0.05. **P < 0.01. ***P < 0.001.

growth of Smad7”~ dental cells in the presence of SB431542
(Fig. 5A”, 5B""). These results provide strong evidence for a
specific function of Smad7 in regulating cell proliferation in
the developing dental epithelium by modulating the activity of
TGF-p signaling that in turn controls the expression of cell
proliferation regulators, including p21 and cyclin D1. However,
the possible contribution of Smad7 in the dental mesenchyme
to the regulation of cell proliferation cannot be ruled out.

Discussion

As a key event during tooth morphogenesis, cell proliferation
is regulated by various genes and signaling molecules. Although
many lines of evidence have supported that Smad7 is neces-
sary for maintaining homeostasis and proper functionality in
many organs and is also implicated in tooth development, the
precise in vivo function of Smad7 in tooth development
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remained unknown. In this study, we have presented direct evi-
dence that Smad7 plays a critical role in molar development by
modulating the canonical TGF- signaling activity to regulate
cell proliferation. We found that size reduction occurs initially
in the embryonic stage, consistent with restricted Smad?7
expression in the developing tooth before birth. Despite Smad?7
expression in the both dental epithelium and mesenchyme, the
impaired cell proliferation was found primarily in the dental
epithelium, which leads to reduced tooth size. Since tissue-
specific inactivation of Smad7 in the dental epithelium did not
produce the similar small tooth phenotype as seen in Smad7
null mice, Smad7 expression in the dental mesenchyme appar-
ently also contributes to the regulation of tooth growth. Taking
advantage of genome-wide gene expression profiling technol-
ogy, we further identified several molecules critical to cell pro-
liferation regulation, including p21 and cyclin D1, whose
expression was dramatically altered along with enhanced
canonical TGF-B signaling activity in tooth germs lacking
Smad7. These altered levels of p21 and cyclin D1 expression
as well as impaired cell proliferation could be rescued in
cultured Smad7”’~ dental cells by inhibition of canonical
TGF-P signaling activity, pinpointing to the precise function of
Smad7 in modulating TGF-f signaling during embryonic tooth
development.

TGF-f signaling controls multiple fundamental aspects of
cellular behavior and biological process, including odontogen-
esis. Loss of TGF-BRI (ALKS) resulted in delayed tooth initia-
tion and development with increased apoptosis in the dental
epithelium (Zhao et al. 2008). Furthermore, abrogation of
TGF-BRII and Smad?2 function using antisense ODN increased
the tooth size and advanced the stage of tooth formation during
mandibular morphogenesis, owing to increased cell prolifera-
tion of enamel organ (Chai et al. 1999; Ito et al. 2001). In addi-
tion, Smad?2 overexpression reduced the level of the oral
epithelium proliferation (Alotaibi et al. 2014). Known as an
inhibitor of TGF-f superfamily, Smad7 can antagonize the
canonical TGF- signaling by interfering with the recruitment
of Smad2/3 and induce degradation of ALK5 (Lebrun et al.
1999). More important, as demonstrated in our study, the spa-
tial and temporal distribution (strong in the dental epithelium
and relatively weak in the mesenchyme) of Smad7 matches
precisely with the distribution of TGF-f ligand and its cognate
receptors during early tooth development (Li and Pan 2017,
Kahata et al. 2018). This overlapped expression strengthens a
negative feedback regulatory role of Smad7 in TGF-f signal-
ing during tooth development.

Cytostatic effect is one of the well-defined functions of
TGF-B signaling. It has been proven that TGF-f—induced
growth arrest occurs in the mid-late G1 phase and mainly
through 2 interconnected processes (Matsuura et al. 2004). The
first one comes from the repression of expression of certain
growth-promoting transcription factors like c-Myc, 1d1, 1d2,
and Id3, which leads to growth inhibition (Kang et al. 2003;
Siegel et al. 2003; Morikawa et al. 2016). As presented in our
study, enhanced TGF-f signaling activity in the absence of
Smad?7 resulted in compromised proliferation capability of the
developing tooth germ. Especially, cyclin D1, an essential

regulator of the G1-S transition in response to growth factor,
was remarkably downregulated in the Smad7 "~ molar epithe-
lium. There was an overlap in the region of decreased cyclin
D1 and increased p-Smad2/3 in the IEE. In line with the in vivo
observations, in vitro assay also showed that the attenuated
expression of cyclin D1 in Smad7”~ dental cells could be res-
cued after suppression of TGF-f3 signaling. Enhanced canoni-
cal TGF-P signaling is thus responsible for the inhibition of
cyclin D1 expression, which in turn leads to a reduced level of
cell proliferation. Cyclin D1 is known to regulate cell cycle via
binding to cyclin-dependent kinase (CDK) to form the regula-
tory complex. TGF-B1 has been shown to inhibit CDK expres-
sion and therefore restrain cyclin D1 in intestinal epithelial
cells (Ko et al. 1995). However, in chondrocytes, TGF-f sig-
naling stimulates cyclin D1 expression through activation of
B-catenin signaling (Li et al. 2006). Under certain circum-
stances, cyclin D1 can be manipulated as a downstream target
of p21, a cell cycle negative regulator (Sandor et al. 2000;
Ungefroren et al. 2011; Dai et al. 2017). Nevertheless, the
underlying molecular mechanism of how cyclin D1 expression
is regulated by TGF-f signaling remains obscure and warrants
future investigation.

Induction of expression of CDK inhibitors is another signifi-
cant mechanism of the TGF-B signaling-induced cytostatic
effect. As a potent CDK inhibitor, p21 can be induced by activa-
tion of TGF-P signaling and leads to cell cycle arrest and antip-
roliferation (Murray 2004; Zhang et al. 2017). In the developing
tooth, p21 has been shown to be a critical regulator involved in
enamel knot formation (Jernvall et al. 1998; Kwon et al. 2015).
In our study, the increased level of p21 expression apparently
did not affect tooth patterning, as evidenced by the unaffected
number of tooth cusp, cusp shape, and normal tooth morpho-
genesis. Nevertheless, while the upregulated p21 does not affect
tooth patterning, its inhibitory role in cell proliferation repre-
sents a major factor contributing to the reduced rate of cell pro-
liferation and ultimately to the small tooth phenotype.

In sum, our results presented here demonstrate a novel role
for Smad7 in the regulation of cell proliferation in the dental
epithelium by mediating the expression of p21 and cyclin D1
via the modulation of canonical TGF-f signaling. Given the
fact that the TGF-f superfamily, including TGF-3 and BMP
subfamilies, plays multiple roles in tooth development, our
study highlights the critical function of a negative modulator in
organogenesis.
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