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by ubiquitination-mediated degradation of RhoA
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1 | INTRODUCTION

Yu Chen?

Abstract

Cell polarity is essential for ameloblast differentiation and enamel formation. Smurfl
can mediate cell polarization through ubiquitination degradation of specific sub-
strates. But it remains unclear whether Smurfl could regulate ameloblast polarity
and the underlying mechanism. Here, immuno-fluorescence staining and RT-qPCR
were applied to detect the expression of Smurfl and F-actin. A mouse lower incisor
defect model was constructed. Scanning electron microscope, rat lower incisor cul-
ture, western blot, wound healing assay and trans-well migration assay were per-
formed to detect the influence of Smurfl knockdown on ameloblast. IF double
staining, western blot and co-immunoprecipitation were conducted to detect the
interaction between Smurfl and RhoA. The in vivo experiment was also performed.
We found that Smurfl was mainly expressed in the membrane and cell cortex of
ameloblast, similar to F-actin. Smurfl expression increased along ameloblast polariza-
tion and differentiation. After knocking down Smurf1, the cytoskeleton and cell mor-
phology changed and the cell polarity was damaged. Smurfl regulated ameloblast
polarity through ubiquitination degradation of activated RhoA in vitro. Local knock-
down of Smurfl in rat lower incisor ameloblast resulted in ameloblast polarity loss,
enamel matrix secretion disorder and chalky enamel, but RhoA inhibitor Y-27632
could reverse this effect. Collectively, Smurfl could regulate the polarization of ame-
loblast through ubiquitination degradation of activated RhoA, which contributed to
the knowledge of tooth development and provided new research ideas for cell

polarity.

protein and the transport of calcium salts.> Abnormal interference in

the differentiation and maturation of AB can lead to diseases related

Ameloblasts (AB) are the key cells in tooth enamel formation. These
cells are of epithelial origin and are involved in the whole process of
enamel formation, including the synthesis and secretion of enamel
matrix protein, the reabsorption and degradation of enamel matrix

Haoman Niu and Fei Bi contributed equally to this work.

to enamel development such as enamel hypoplasia and enamel
hypomineralization,? thus affecting patients' mastication, pronuncia-
tion and aesthetics. Cell polarity is crucial to the differentiation and
maturation of AB and the formation of enamel.

Cell polarity refers to the asymmetric distribution of cytoskele-

ton, organelles and biomacromolecules due to the cooperation or
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FIGURE 1 Graphical abstract

rejection of polarity protein complexes,® so that different regions of
the cell can perform different functions, which plays an important
role in embryonic development,* cell differentiation,® cell migration,®
asymmetric cell division (ACD)” and tumour development.® Accord-
ing to the distribution characteristics of polarity protein complexes
and cell morphology, cell polarity can be divided into four catego-
ries: Apical-basal polarity (ABP),”*° Planar cell polarity (PCP), 1112
Front-rear polarity (FRP)**"*> and ACD.}*"'® ABP is the one cate-
gory of cell polarity which closely relates to the differentiation and
maturation of AB and the formation of enamel. The AB in terminal
differentiation and mature condition show a typical ABP structure,
which is mainly manifested in the following aspects: the cells being
high columnar and the nuclei being far away from the basement
membrane and arranged in a palisade pattern. In addition, there are
many clusters of rough endoplasmic reticulum near the basement
membrane and parallel to the long axis of the cell. The Golgi com-
plexes are developed well. Tomes' processes are formed at the dis-
tal end of the cell, which contributes to the preparation of enamel
matrix secretion. Whereas, the precursor cell of ameloblast,
pre-ameloblast (PAB) appears non-polarized with the structural char-
acteristics of short columnar, large and centre-sited nucleus, mito-
chondria and Golgi complex scattered in the cytoplasm and
immature rough endoplasmic reticulum. Above elaboration indicates
that in the process of cell polarity formation, differentiation and
maturation, the morphological characteristics, organelle distribution
and function of AB have significantly changed.
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Smad ubiquitination regulatory factor 1 (Smurfl), a ubiquitin-
protein ligases belonging to the ubiquitin-proteasome system (UPS),
has been found to regulate cell polarity for ubiquitination degrada-
tion of specific substrates through mediating the binding between
Ubiquitin (Ub) and protein substrates via its C-terminal HECT
domain.?”2° In addition to cell polarity regulation,?* Smurf1 has also
been found to play an important role in a series of biological pro-

22-24 nerve axon

26,27

cesses such as cell adhesion and migration,
growth,2> bone regeneration and bone homeostasis, and autop-
hagy.?® Among the Smurf1 substrates found so far, RhoA, belonging
to the Rho GTPases family, is involved in regulating cell polarity,?’
cell migration,6 cell differentiation,>® and tumour development.31
RhoA is also essential during the odontogenesis process.’? The
expression of Rho GTPases is regulated by post-translational modifi-
cations, such as lipid modification, phosphorylation and ubiquitina-
tion.3® Particularly, in the ubiquitination process, Smurfl can
catalyse the ubiquitination degradation of RhoA in activated
state.3+3°

Smurfl can mediate cell polarization through ubiquitination deg-
radation of specific substrates, but whether Smurf1 is involved in AB
polarity has not been reported. RhoA is one of the substrates of
Smurfl and also plays an important role in the polarity of
AB. However, it remains unclear whether Smurfl can regulate amelo-
blast polarity by degrading RhoA during tooth development. There-
fore, we conducted in vitro and in vivo experiments to study the role

of Smurfl in regulating AB polarity during cell differentiation and the
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underlying mechanism specifically in a RhoA ubiquitination-mediated

degradation way (Figure 1).

2 | MATERIALS AND METHODS

21 | Animals and tissue sections

The C57BL/6 mice and Sprague-Dawley (SD) rats were purchased
from the experimental Animal Laboratory of Sichuan University. All
animal experiments were approved by the Ethics Committee of the
State Key Laboratory of Oral Diseases, West China Hospital of Sto-
matology (Chengdu, Sichuan). The mandibles were dissected from
mice on embryonic day 13.5 (E13.5), E15.5, E18.5, and postnatal
(PN) week 8 (8 w), fixed in 4% paraformaldehyde overnight, deminera-
lized with 10% EDTA (pH 8.0), dehydrated, embedded in paraffin wax
and serially sectioned at 5 um for future experiments.

2.2 | Ameloblasts' isolation

Carefully remove the surrounding bone tissues and acquire mandibu-
lar incisor of the adult mice under the stereo-microscope. Immerse
the incisors into 2% collagenase type | solution at 37°C for 45 min
and gently shake the container every 5 min to separate attached mes-
enchymal tissues from dental epithelium as much as possible. Care-
fully peel off the surrounding mesenchymal tissues and divide the
mandibular incisor into three parts according to the anatomical points
(Figure S1A) under the stereo-microscope. The enlarged tail of the
epithelium ends belonged to the cervical loop (CL) group. The epithe-
lial tissues from the enamel deposition point to the crown side
belonged to the AB group. Remaining tissues sited in the middle of CL
and AB group belonged to the PAB group.®®

23 | Immunofluorescence staining

Tissue sections and HAT-7 (Osaka Dental University) cells were fixed,
washed, blocked and incubated with antibodies as follows: Smurf1 (1:50,
Santa Cruz, USA), F-actin (Phalloidin-iFluor 488, 1:1000, Abcam, USA), F-
actin (Phalloidin-iFluor 594, 1:1000, Abcam, USA), RhoA (1:50, Protein-
tech, China), AMBN (1:50, Santa Cruz, USA), AMGN (1:50, Santa Cruz,
USA), Alexa Fluor 594 goat anti rabbit (1:1000, Invitrogen, USA), Alexa
Fluor 594 goat anti mouse (1:1000, Invitrogen, USA) and Alexa Fluor
488 goat anti mouse (1:1000, Invitrogen, USA). The images were

observed and taken under fluorescence microscope (Olympus, Japan).

2.4 | Quantitative real-time PCR analysis
(RT-gPCR)

The total RNA was extracted from tissues and cells using Trizol
(Invitrogen, USA). The cDNA was synthesized by the Prime Script™

TABLE 1 The primer sequences of gRT-PCR

Gene Sequence

GAPDH (mouse)

Forward AAGAAGGTGGTGAAGCAGGCATC

Reverse CGGCATCGAAGGTGGAAGAGTG
Ameloblastin (mouse)

Forward ACAACGCATGGCGTTTCCAA

Reverse ACCTTCACTGCGGAAGGATA
Amelogenin (mouse)

Forward TTCAGCCTCATCACCACCTT

Reverse AGGGATGTTTGGCTGATGGT

Ki-67 (mouse)

Forward TTTCAGGTCTCTGGAAGCAGTCA
Reverse ATCTCCATAATTGCTTTGATTGCA
Smurfl (mouse)
Forward AGCATCAAGATCCGTCTGACA
Reverse CCAGAGCCGTCCACAACAAT
GAPDH (rat)
Forward GTGCTGAGTATGTCGTGGAGTCT
Reverse ACAGTCTTCTGAGTGGCAGTGA
Smurf1 (rat)
Forward CCGTGGAGTGAAGAGCA
Reverse GAGGGAGACGAGCCTTTT
RhoA (rat)
Forward GACCAGTTCCCAGAGGTTT
Reverse CTGTGTCCCATAAAGCCAA

RT-PCR with gDNA Eraser Kit (TaKaRa, Japan). The SYBR® Premix Ex
Taq Il (TaKaRa, Japan) was applied in the RT-qPCR tests. The reaction
was performed with QuantStudio 3 Flex (Applied Biosystems, USA).

The primer sequences were listed in Table 1.

2.5 | Mouse lower incisor defect model
The left lower incisors of 8-week-old mice were grinded off with the
dental emery drill. The right lower incisors were used for self-control.
Three days after the operation, the mice were executed and the teeth
were observed under natural light. The dental epitheliums were iso-
lated by CL, AB and PAB group as previously described.

2.6 | HAT-7 cells' transfection

The rat AB cell line namely HAT-7 cells were cultured with DMEM/
F-12 (Gibco, USA) supplemented with 10% fetal bovine serum (FBS,
Gibco, USA) and 1% penicillin-streptomycin at 37°C with 5% CO,. The
medium was changed every 2 days. The cells were seeded into 6-well
plate. Once achieving 70% confluence, the cells were transfected with
the following agents: the control siRNA, Smurfl siRNA1, Smurfl
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TABLE 2 The sequences of siRNAs

Group Sequence

5'-UUCUC GAACGUGUCACGUTT-3
3'-ACGUGACACGUUCGGAGAATT-5
5'-CACAUCAUGAAUCACCAGUTT-3'
3'-ACUGGUGAUUCAUGAUGUGTT-5
5'-GAAACCCAAUGGCAGAAAUTT-3'
3'-AUUUCUGCCAUUGGGUUUCTT-5
5-GGAGGUUUAUGAGAGGAAUTT-3'

3’-AUUCCUCUCAUAAACCUCCTT-5

Control siRNA
Smurfl siRNA1
Smurfl siRNA2

Smurfl siRNA3

siRNA2, Smurfl siRNAS, vector, Smurfl overexpression plasmid, wild-
type RhoA overexpression plasmid (RhoA WT), the TI9N sustained
inhibitory plasmid (RhoA T19N) and the RhoA G14V sustained activa-
tion plasmid (RhoA G14V) (Yeda, China). The sequences of the siRNAs
were shown in Table 2. The proteasome inhibitor, MG132, was added
at a concentration of 25 uM 6 h before collecting cells.

2.7 | Western blot

Cells were lysed with RIPA buffer (Millipore, USA). Extracted proteins
were quantified using the BCA Protein Assay (Bio-Rad, USA). 20 ug of
protein lysates from each group were separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) then transferred onto
polyvinylidene fluoride (PVDF) membranes. After being blocked with
5% skim milk, the PVDF membranes were incubated with antibodies.
The primary ones were as follows: Smurfl (1:200, Santa Cruz, USA),
AMBN (1:500, Santa Cruz, USA), AMGN (1:500, Santa Cruz, USA),
MMP20 (1:1000, Proteintech, China), KLK4 (1:500, Absin, China),
RhoA (1:1000, Proteintech, China) and GAPDH (1:1000, Servicebio,
China).

2.8 | Scanning electron microscope

HAT-7 cells were seeded into 12-well plates, and the experiment
was carried out when the cells grew to about 25% confluence.
Rinse the AB with phosphate buffered solution (PBS) and fix the
cells with 3% glutaraldehyde solution at 4°C for 2 h. Rinse the AB
with PBS for 10 min, twice. Fix the cells with 1% osmic acid at 4°C
for 1 h. Rinse the AB with PBS for 10 min, twice. Dehydrate cells
with graded ethanol. Dry the cells and sputter them with gold to
render electroconductiveness. Observe the treated AB with a SEM

and collect images.

2.9 | Invitro rat lower incisor culture

The postnatal 5-7 days rat lower incisors were isolated and cultured

in trans-well chambers of 6-well plate in DMEM/F-12, supplemented

with 10% FBS, 1% penicillin-streptomycin and 200 mg/| ascorbic acid
for 7 days. The medium was changed every 2 days. Collected tissues
were fixed in 4% paraformaldehyde, and sliced for further H&E

staining.

210 | Wound healing assay and trans-well
migration assay

In the wound healing experiment, the migration area of cells was
observed at 0 and 24 h under light scope and measured (Image J,
USA). The trans-well chambers with 4 um pores (Corning, USA) were
placed in a 24-well plate for the migration assay. The HAT-7 cells
resuspended with medium containing 1% BSA were seeded into the
upper chambers. The lower chambers were filled with complete
medium. After 24 h incubation, the cells that migrated through the
pores were stained with Giemsa and observed using a light
microscope.

211 | Cell proliferation

A cell count kit-8 (CCK-8, Dojindo, Japan) was used to quantitatively
evaluate the proliferation ability of HAT-7 cells. The cells were seeded
in 96-well plate with an initial density of 3000 cells per well. Detec-
tions were launched at 0, 24, 48, 72 and 96 h with six parallel repli-
cates. After incubation with freshly prepared medium containing 10%
CCK-8 solution at 37°C for 1 h, the absorbance of the supernatant

was detected at 450 nm using a spectrophotometer.

212 | Apoptosis analysis

After being washed with PBS, HAT-7 cells were digested with
0.25% trypsin without EDTA, centrifuged at 1000 r/min for 5 min
and washed with PBS. Half of the cells were added with Annexin
V-FITC and PI using Annexin V-PE/7AAD apoptosis detection kit
(KeyGEN, China) following the manufacturer's protocol. The
remaining cells were divided equally into three tubes for blank
control, single staining control of Annexin V-FITC, and single stain-
ing control of PI. After incubation with the antibodies, the cells
were detected with flow cytometer. The data was analysed in

FlowJo software.

213 | Co-immunoprecipitation

HAT-7 cells were washed twice with pre-cooled PBS, treated with
500 pl lysis buffer, split three times with ultrasonic at 5% power
for 5 s, and centrifuged for 5 min at 4°C with 15,000 r/min. The
supernatant was collected, and 40 pl lysate was taken as input and
boiled with 10 pl 5x loading buffer for 10 min. The remaining
lysate was added with the antibody of Smurfl and mixed overnight
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FIGURE 2 Expression of Smurfl during ameloblast differentiation. (A) Smurf1 and F-actin expression on E13.5 (A1-A4), E15.5 (A5-A8) and
E18.5 (A9-A12); Smurfl and F-actin expression on 8 weeks of different sites-CL (A13-A16), PAB (A17-A20), and AB (A21-A24) [magnification:
400x]. (B) Expression of ameloblastin (AMBN), amelogenin (AMGN), ki-67 and Smurf1 of different regions of dental epitheliums (CL, PAB and

AB) by RT-gPCR. (C) Conduction of the defect left lower incisor of mice and expression of Smurf1 in different regions of dental epitheliums (CL,
PAB and AB) in injury-repair process by RT-qPCR
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at 4°C. On the second day, 20 ul A/G-agarose was added into the
samples and mixed overnight at 4°C to drag the antibody. On the
third day, the A/G-agarose was washed with lysis buffer for five
times. At the last washing, the A/G-agarose was washed with the
solution of 40 ul lysis buffer and 10 ul 5x loading buffer. Subse-
quently, the solution was boiled at 100°C for 10 min. The samples
went through Western blot analysis with the same antibodies used

above.

214 | Invivo experiment

The PN 3d rats were divided into four groups (n = 5) randomly
and injected with normal saline, lentivirus packed with control
shRNA, sh-Smurfl and mixture of sh-Smurfl and Y-27632 at the
mandible adjacent to the dental epithelium on PN 3d and PN 17d.
The mandibles were collected on PN 25d. After fixed with 4%
paraformaldehyde overnight, the mandibles were demineralized
with 10% EDTA (pH 8.0) and made into slices for H&E staining

and IF staining.

2.15 | Statistical analysis

All experiments were performed independently at least three times.
The statistical analysis was carried out in SPSS 21.0 software using
Student's t-test or one-way ANOVA. p < 0.05 was considered statisti-

cally significant.

3 | RESULTS
3.1 | Expression of Smurfl during ameloblast
differentiation

The enamel organ displayed three major stages during odontogenesis
with distinguished morphologies and functions, namely bud stage
(E13.5), cap stage (E15.5) and bell stage (E18.5) (Figure S1B). Smurfl
was positively expressed in all stages of the enamel organ, mainly
located in cell membrane and cell cortex (Figure 2A, A1-A12). The
expression position of Smurfl was basically consistent with that of
F-actin.

The dental epitheliums of lower incisors of mice at 8 w could
be divided into three groups of CL, PAB and AB according to their
position and cell morphology (Figure S1C). In the CL region,
Smurfl strongly expressed on the cell membrane and the cell cor-
tex of the inner enamel epithelium, the outer enamel epithelium
and the stellate reticulum (Figure 2A, A13-A16). In the short
columnar PAB district, Smurfl mainly expressed on the cell mem-
brane and the cell cortex, especially at the apical and basal regions
(Figure 2A, A17-A20). In the columnar AB area, apart from highly
expressed in the apical and basal regions, Smurfl was also posi-

tively expressed in most of the cytoplasm on the basement

membrane side. In addition, the expression pattern of Smurfl was
similar to F-actin (Figure 2A, A21-A24). These findings suggested
a strong association between Smurfl and F-actin, and indicated
that Smurfl might participate in the differentiation and polariza-
tion of AB.

RT-gPCR showed that as AB maturing from CL to AB, the
expression of differentiation marker ameloblastin (AMBN) and
amelogenin (AMGN) increased, and the expression of prolifera-
tion marker Ki-67 decreased (Figure 2B, p < 0.05). These results
suggested that three groups of dental epitheliums were success-
fully dissected and acquired. In the meantime, the expression
level of Smurfl significantly increased along AB maturing from
CL to AB (Figure 2B, p < 0.05). This suggested that Smurf1 could
be participating in the differentiation and polarization pro-
cess of AB.

Three days after the operation of grinding off the left lower inci-
sors of mice, we discovered new enamel formation. Compared to the
control side, the expression level of Smurfl at the defected side was
higher in PAB group (Figure 2C, p < 0.05). These outcomes indicated
PAB cells go through certain process during repair involving

Smurfl in.

3.2 | The influence of Smurfl knockdown on
ameloblast polarization

In HAT-7 cells, Smurfl mainly expressed in the membrane and
nucleus, with a little in the cytoplasm around the nucleus. Smurfl
siRNA1 could inhibit 82% expression at RNA level and 71% expres-
sion at protein level (Figure 3A, p < 0.05). Smurfl siRNA1 showed the
highest interference efficiency and was selected for subsequent
experiments.

The fluorescence intensity of Smurfl expression decreased in
Smurfl siRNA1 group. Simultaneously, the expression site of
Smurfl changed from cell membrane to perinuclear cytoplasm
(Figure 3B, B4, B10, B16). The results of SEM showed that in the
Smurfl siRNA1 group, cells were collapsed and the microvilli dis-
appeared. Only a couple of residual and broken microvilli could be
seen around the cells (Figure 3B, B17-B18). In Smurf1 knockdown
cells, the expression of F-actin in the membrane and the cell cor-
tex significantly decreased, yet increased in the cytoplasm. Fur-
thermore, in Smurfl siRNA1 group, RhoA's expression in the
perinuclear cytoplasmic region increased, and spotty positive
expression was observed on the membrane (Figure 3C). These out-
comes suggested that Smurfl knockdown resulted in the alteration
of expression sites of itself, the decreased expression level of
Smurfl and F-actin and increased expression level of RhoA. Fur-
thermore, the cell morphology was significantly affected due to
Smurfl deficiency.

After seven-day culture of lower incisors of PN 5-7d SD rat in a
trans-well membrane system (Figure S1D, D1-D5), samples were col-
lected and performed with H&E staining. In the blank group and the
negative control group, the AB arranged by high columnar shape, and
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the nuclei were far away from the basement membrane (Figure 3D, disordered and the polarity structure was damaged with elliptic nuclei
D2, D4), which was consistent with the morphology of the normal (Figure 3D, Dé). These results demonstrated that Smurf1 knockdown
incisor. However, in the Smurfl siRNA1 group, the AB were could affect the ameloblast polarity in 3D environment.
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3.3 | The influence of Smurfl knockdown on
ameloblast differentiation, migration, proliferation and
apoptosis

The expression of AMBN and AMGN were significantly decreased
after Smurfl knockdown testified by IF staining (Figure 4A). Western
blot results showed that the expression of AMBN, AMGN, MMP20
and KLK4 were significantly reduced in Smurfl siRNA1 group
(Figure 4B). These results suggested that Smurfl knockdown could
inhibit the differentiation of AB.

The scratch test showed that the healing area in Smurfl knock-
down group was the smallest (Figure 4C, C13, p < 0.05). The trans-
well experiment showed that the number of cells passing through the
chamber to the lower layer significantly reduced in the Smurfl
siRNA1 group (Figure 4C, C14, p < 0.05). These results indicated that
Smurfl knockdown could inhibit ameloblast migration.

CCKS8 test showed that there was no significant difference in the
absorbance values of each group within 96 h after transfection
(Figure 4C, C15, p > 0.05). Flow cytometry results showed that com-
pared with the blank control group, the proportion of apoptosis cells
in negative control group and Smurfl siRNA1 group increased. But
the difference between the negative control and Smurfl siRNA1
group had no statistical significance (Figure 4C, C16, p > 0.05). These
results suggested that Smurfl knockdown had no effect on amelo-
blast proliferation and apoptosis.

3.4 | The mechanism of Smurf1 affecting
ameloblast polarization by ubiquitination-mediated
degradation of RhoA

In Figure 5A, IF double staining assay exhibited that Smurfl was
mainly expressed in the membrane and nucleus, and was also posi-
tively expressed in the perinuclear cytoplasm. RhoA was strongly
expressed in the nuclear membrane and nucleus region, and showed
highly positive punctate expression on the cell membrane. The acti-
vated RhoA which Smurf1 was mainly responsible for degrading®*3”
were primarily located in the membrane while the inactive RhoA was
located in the cytoplasm and nucleus. These results indicated that
Smurfl and activated RhoA co-located on the membrane, suggesting
that there might be an interaction between them.

Compared with the blank group, the expression level of Smurf1 in
the overexpression group was testified to be increased by 20.3 times
via RT-gPCR and 1.98 times via western blot (Figure 5B, p < 0.05).

RT-gPCR showed that RhoA expression significantly increased in RhoA
T19N, RhoA WT and RhoA G14V groups compared with the blank and
the vector group (Figure 5C, p < 0.05). Western Blot results displayed
the same trend of total RhoA expression (Figure 5D). However, the
expression level of activated RhoA was lowered in RhoA T19N group,
slightly raised in RhoA WT group, and significantly elevated in RhoA
G14V group (Figure 5D). The above results suggested that the overex-
pression efficiency of Smurfl1 and RhoA was high and the HAT-7 cells
transfected with the plasmids could be used for further study.

Smurfl and different activated status-RhoA overexpression plas-
mids were transfected in HAT-7 cells simultaneously. RhoA T19N
could have the inactivated RhoA expression increased while RhoA
G14V could have the activated RhoA expression increased. RhoA
expression in Smurfl+/RhoA— group decreased compared with
Smurfl—/RhoA— group due to Smurfl overexpression. RhoA expres-
sion in Smurf1+/RhoA WT group was close to that of Smurfl—/
RhoA— group, but increased compared with that of Smurf1+/RhoA—
group. RhoA expression in Smurfl+/RhoA T19N group was higher
than the other groups. RhoA expression in Smurfl+/RhoA G14V was
close to that of Smurfl+/RhoA— group (Figure 5E). These results
indicated that overexpression of Smurfl could inhibit the expression
of RhoA. RhoA WT or RhoA T19N could reverse the inhibitory effect
while RhoA G14V could not. These results also suggested that Smurfl
could inhibit the expression of RhoA in activated state.

Smurfl and RhoA could be detected in the whole cell lysates of
all groups, suggesting that the whole cell lysates could be used for
subsequent Co-IP experiments. When Smurfl antibody was used to
pull down the protein complex, RhoA expression was detected in the
control group (Smurfl—/RhoA-), while Ub expression was low. In
Smurfl+/RhoA— group, RhoA expression decreased, yet Ub expres-
sion increased compared with the control group. In Smurf1+/RhoA
WT group, RhoA and Ub expression increased compared to those in
the control group and Smurf1+/RhoA— group. However, in Smurf1+/
RhoA T19N group, RhoA expression significantly decreased. In
Smurfl+/RhoA G14V group, Ub expression level significantly ele-
vated compared to the other groups (Figure 5F). The above results
indicated that Smurf1 had a direct effect on activated RhoA and Ub.

To further verify whether Smurfl regulated the expression of
RhoA through ubiquitination, we adopted the proteasome inhibitor
MG132 to inhibit the function of the UPS. The expression of RhoA
was significantly down-regulated in Smurfl overexpression group,
and MG132 could reverse the changes (Figure 5G). Combined with
the above results, Smurfl degraded RhoA through ubiquitina-
tion in AB.

FIGURE 3 Knockdown Smurf1 affects the ameloblast polarity. (A) Immuno-fluorescence of Smurfl in HAT-7 cells [magnification: 100x];
Smurfl knockdown efficiency detected by RT-qPCR; Smurfl knockdown efficiency detected by western blot and quantitative analysis.

(B) Immuno-fluorescence of Smurfl in HAT-7 cells treated with blank, control siRNA and Smurf1 siRNA1 (B1-B4, B7-B10, B13-B16)
[magnification: B1-B3, B7-B9, B13-B15, 100x; B4, B10, B16, 400x]; 3D morphology detection of HAT-7 cells treated with blank, control
siRNA and Smurf1 siRNA1 by scanning electron microscope (B5, B6, B11, B12, B17, B18) [magnification: B5, B11, B17, 5000x; B6, B12, B18,
10,000x]. (C) Immuno-fluorescence of F-actin and RhoA in HAT-7 cells treated with blank, control siRNA and Smurf1 siRNA1 [magnification:
C1-C4, C6-C9,C11-C14, 100x; C5, C10, C15, 400x]. (D) H&E staining of lower incisors of postnatal 5-7 days SD rat cultured in a 3D in vitro
environment of trans-well membrane system with blank, control siRNA and Smurf1 siRNA1 [magnification: D1, D3, D5, 40x; D2, D4, D6, 400x]
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FIGURE 4 Legend on next page.
To testify that Smurfl regulate cell polarity via degradation of control group and the rescue group, AB presented high columnar
RhoA, in vitro 3D culture of SD rat's mandibular incisor with trans- shape, palisade arrangement and the nuclei being far away from the

well system had been employed. In the blank group, the negative basement membrane (Figure 5H, H1, H2, H4). However, in the
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Smurfl siRNA1 group, the AB were disordered and the polarity struc-
ture was damaged (Figure 5H, H3). These results demonstrated that
Smurfl regulated ameloblast polarity through ubiquitination degrada-
tion of RhoA in vitro.

3.5 | The in vivo study of Smurfl regulating
ameloblast polarization

Rats were divided into four groups then injected respectively with
normal saline, lentivirus packed with control shRNA, lentivirus packed
with sh-Smurfl and lentivirus packed with the mixture of sh-Smurfl
and Y-27632. In the blank group, the vector group and the mixture
group, the enamel was transparent and displayed faint yellow with a
shiny surface (Figure 6, A1, B1, D1). But in the sh-Smurf1 group, the
enamel exhibited chalky, and the original brown-yellow lustre disap-
peared (Figure 6, C1).

For H&E staining, the AB in the blank, vector and mixture group
were arrayed in high columnar shape, with palisade arranged nuclei
far away from the basement membrane. Besides, the secreted enamel
matrix exhibited a regular structure and uniform thickness, siting
neatly between AB and dentin (Figure 6, A2, A3, B2, B3, D2, D3).
However, the AB in the sh-Smurfl group appeared to lost polarity
showing irregular cell arrangement and tanglesome distribution of
nuclei. Part of the secreted matrix was in a chaotic direction, and dis-
tributed between the AB in irregular shapes (Figure 6, C2, C3). The IF
staining images showed that compared with blank, negative control
and rescue groups, AB in Sh-Smurfl group presented irregular nuclei
positions, significantly changed cytoskeletal, loss of cell polarity and
blank spaces observed among disordered AB (Figure 6, A6, B6, Cé6,
Dé). These results suggested that Smurfl knockdown could affect the
polarity of AB and enamel formation in vivo, but RhoA inhibitor
Y-27632 could reverse this effect.

4 | DISCUSSION

Smurfl expresses in a lot of organs from embryo stage to mature indi-
vidual, and plays a key role in many physiological functions of the body,
such as the regulation of bone development and bone homeostasis, cell
proliferation and apoptosis, cell polarity, cell migration, autophagy,
immune response, and so forth.33? Wang et al. found that Smurf1 reg-
ulated cell polarity and protrusive activity, and was required to maintain

|4O

the transformed morphology and motility of a tumour cell.”” However,

so far, the role of Smurf1 has not been studied in enamel development.
To detect whether Smurfl expresses in ameloblast, the slices of tooth
germ and lower incisor of mouse were stained with IF. We found that
Smurfl, similar to F-actin, mainly located in ABs' membrane and cell
cortex during the whole process of enamel organ development. In order
to quantitatively detect the expression changes of Smurfl during AB
differentiation in the lower incisor of mouse, the dental epitheliums in
different regions were isolated into CL group, PAB group and AB group
and the expression of Smurfl was measured by RT-gPCR. Our data
showed that with the polarity formation and differentiation maturation
of ameloblast, the expression of Smurfl was up-regulated, which sug-
gested a correlation between Smurfl and ameloblast polarization and
development. In our study, the IF results showed that Smurfl co-
localized with F-actin, which is known to provide mechanical support
for cells and control the cell morphology and cell migration through the
rapid assembly and disassembly of the actin-network,*! suggesting that
Smurfl might be able to interact with F-actin and play a role in cyto-
skeleton and cell morphology regulation.

There is a stem cell niche in labial CL of mouse's lower incisor,
which renders the tooth continuing eruption for lifetime and repair
after injury.*?> In our study, the formation of new enamel and the
growth of the damaged mouse lower incisor were observed 3 days
after injury, further confirming the existence and function of cervical
stem cell niche. We found that 3 days after injury, the expression of
Smurfl in CL group and AB group was not significantly different from
that in the control group, while the expression of Smurfl in PAB group
was significantly increased. The possible reason was that in the injured
lower incisor, the cells in CL region were in the stage of rapid division
and proliferation. The cells in AB region were in the stage of terminal
differentiation, during which they were able to continuously secrete
enamel matrix proteins. The cells in both CL and AB regions had no evi-
dent alteration of cytoskeletal and cell morphology. However, the cells
in PAB region were in the active stage of polarity formation and differ-
entiation during which the cytoskeleton was rapidly adjusted. Previous
studies have shown that Smurfl plays an important role in cytoskeletal
adjustment and polarity formation.”*® So, we concluded that Smurf1
might be mainly involved in the differentiation and maturation of cubic
or short columnar pre-AB to high columnar AB during the repair of
injured lower incisors, and therefore its expression in the PAB group
was significantly increased. In addition, during injury repair, the expres-
sion of Smurfl in PAB group was higher than that in AB group, suggest-
ing that the expression of Smurfl in the process of injury repair was
different from that in normal tooth development. The specific reasons

need to be explored by further studies.

FIGURE 4 Knockdown Smurf1 affects other biological behaviours of ameloblast. (A) Immuno-fluorescence of AMBN and AMGN in HAT-7
cells treated with blank, control siRNA and Smurf1 siRNA1 [magnification: 100x]. (B) Protein expression detection of AMBN, AMGN, MMP20
and KLK4 in HAT-7 cells treated with blank, control siRNA and Smurf1 siRNA1 by western blot. (C) Migration ability test of HAT-7 cells treated
with blank, control siRNA and Smurf1 siRNA1 by wound healing assay (C1, C2, C5, C6, C9, C10) [magnification: 100x] and its quantitative
analysis (C13); Migration ability test of HAT-7 cells treated with blank, control siRNA and Smurf1 siRNA1 by trans-well assay (C3, C7, C11)
[magnification: 100x] and its quantitative analysis (C14); Cell proliferation test of HAT-7 cells treated with blank, control siRNA and Smurf1
siRNA1 by CCK8 assay (C15); Cell apoptosis test of HAT-7 cells treated with blank, control siRNA and Smurf1 siRNA1 by flow cytometry (C4, C8,

C12) and its quantitative analysis (C16)
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FIGURE 5 Legend on next page.

After knocking down Smurfl in ameloblast in vitro, not only the obviously. In previous studies, Smurfl has been shown to modulate a
expression level of Smurfl was decreased, but also the expression series of molecules including RhoA, Rap1, talin head and Hpem-2,
location of Smurfl and the ameloblast morphology changed which regulate lamellipodium protrusions, cell adhesion, cell migration
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FIGURE 6 The in vivo study of Smurfl regulating ameloblast polarization. General observation of the rat's mandibular incisors treated with
blank, control shRNA, sh-Smurf1 and sh-Smurf1 4 Y-27632 injection (A1, B1, C1, D1); Microscopic detection of the rat's mandibular incisors
treated with blank, control shRNA, sh-Smurf1 and sh-Smurfl + Y-27632 injection by H&E staining (A2, A3, B2, B3, C2, C3, D2, D3)
[magnification: A2, B2, C2, D2, 40x; A3, B3, C3, D3, 400x]; Immuno-fluorescence detection of the rat's mandibular incisors treated with blank,
control shRNA, sh-Smurf1 and sh-Smurfl + Y-27632 injection (A4, A5, A6, B4, B5, B6, C4, C5, C6, D4, D5, D6) [magnification: 400x]

and cell polarity by controlling actin reorganization.***> The abnormal
function of Smurfl is the pathogenic basis of many diseases, such as
bone and cartilage lesions, the occurrence and development of cancer,
cardiovascular diseases, inflammatory diseases, neurodegeneration
and so on.2785404647 oy study found that in HAT-7 cells, Smurf1l
mostly expressed in the membrane and nuclei, with a little in the cyto-
plasm. But, in Smurfl knockdown AB, Smurfl mainly located in the
cytoplasm around the nuclei. It might be caused by the change of cell
morphology and the reduction of cell protrusion after Smurfl knock-
down. To further identify this, the cell morphology of AB was
detected by SEM. We found that after knocking down Smurfl, AB

shrinked and the majority of microvilli disappeared, which further

testified that Smurfl could regulate AB's cytoskeletal and cell
morphology.

The polarity of ameloblast is essential for the secretion of enamel
matrix and tooth development. Zhang et, al. discovered that in Satb1
(—/—) mice, the apical architecture of ameloblast was deformed, and
the transport of AMGN to the apical secretory front and enamel space
was impeded, resulting in a massive cytoplasmic accumulation of
AMGN and a thin layer of hypo-mineralized enamel.*® In Otsu's study,
the polarity of ameloblast was perturbed, resulting in the disruption of
vectorial expression of AMGN in RhoA (—/-) mice.? In our study,
after inhibiting the expression of Smurfl by culturing SD rats' tooth

germs in vitro and in vivo local injection of SD rats' lower incisors, the

FIGURE 5

The mechanism of Smurf1 affecting ameloblast polarization by ubiquitination-mediated degradation of RhoA. (A) Immuno-

fluorescence of Smurf1 and RhoA in HAT-7 cells [magnification: A1, A3, A5, A7, 100x; A2, A4, A6, A8, 400x]. (B) Gene expression detection of
Smurfl of HAT-7 cells after treated with blank, vector and Smurf1 overexpression plasmid by RT-qPCR; Protein expression detection of Smurfl
of HAT-7 cells after treated with blank, vector and Smurfl overexpression plasmid by western blot and quantitative analysis. (C) Gene expression
detection of RhoA of HAT-7 cells after treated with blank, vector, RhoA T19N(inhibitory), RhoA G14V(activation) and RhoA WT(wild type)
plasmid by RT-gPCR. (D) Protein expression detection of activated and total RhoA of HAT-7 cells after treated with blank, vector, RhoA T19N
(inhibitory), RhoA G14V(activation) and RhoA WT(wild type) plasmid by western blot. (E) Protein expression detection of RhoA of HAT-7 cells
after treated with Smurf1 and different RhoA overexpression plasmids by western blot. (F) Protein Co-IP experiment of confirming the interaction
among Smurf1, RhoA and Ubiquitin. (G) Protein expression detection of Smurfl and RhoA to verify whether Smurf1 regulated RhoA expression
through ubiquitination of HAT-7 cells after treated with proteasome inhibitor MG132. (H) H&E staining of lower incisors of postnatal 5-7 days
SD rat cultured in a 3D in vitro environment of trans-well membrane system with blank, control siRNA, Smurfl siRNA1 and Smurfl siRNA1 + Y-
27632 [magnification: 400x]
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AB lost polarity, the secreted enamel matrix was in disorder and the
gross observation displayed chalky and opaque enamel, which identi-
fied that Smurfl was essential for ameloblast polarity and enamel
development.

Smurfl also produces an influence on cell differentiation, cell
adhesion and cell migration. For example, Smurf1 was required for the
myogenic differentiation of C2C12 cells and played an important reg-
ulatory role in the BMP-2-mediated osteoblast conversion.** In our
study, the differentiation of Smurfl knockdown ameloblast was inhib-
ited, showing decreased AMGN, AGBN, MMP20 and KLK4 expres-
sion. Besides, the migration of Smurfl knocking down ameloblast was
suppressed. Similar to our results, in the developing cerebellar cortex,
the acute knockdown of Smurfl impaired the elongation and migra-
tion of axon.”® In breast cancer, overexpressed Smurfl resulted in dis-
rupted F-actin cytoskeletal organization, reduced cell adhesion,
increased cell migration and invasion, and promoted tumour metasta-
sis.°® All these indicated that Smurfl played a role in ameloblast dif-
ferentiation and migration.

In the IF experiment, Smurfl and RhoA were co-localized in the
membrane. In Wang's study, Smurfl was localized to lamellipodia,
namely the protuberance of the cell, where it targeted RhoA for ubi-
quitination and degradation, thus inhibiting stress fibre formation to
facilitate protrusive activity, cell migration and cell polarity.*® Smurf1
was also discovered to function as a substrate switch by selectively
degradation of RhoA to control their localization and thereby regu-
lated neuronal polarity.?* RhoA T19N plasmid could have the inacti-
vated RhoA expression increased while RhoA G14V plasmid could
have the activated RhoA expression increased. We found that the
expression of RhoA was decreased in Smurfl overexpressed amelo-
blast, which could be reversed by the overexpression of RhoA T19N
and RhoA WT, but could not be reversed by RhoA G14V. The Co-IP
experiment showed that the Ub pulled down by Smurfl increased sig-
nificantly in the group simultaneously overexpressing Smurfl and
RhoA G14V, increased slightly in the group only overexpressing
Smurfl and simultaneously overexpressing Smurfl and RhoA WT, but
decreased in the group simultaneously overexpressing Smurfl and
RhoA T19N. The decreased expression of RhoA due to Smurfl over-
expression could be rescued by proteasome inhibitor MG132. In Boy-
er's study, Ub-mediated proteasomal degradation of activated RhoA
was impaired in Smurfl-deficient cells,>? which were consistent with
our study. In addition, Tian further found that Smurf1 bound with and
ubiquitination degraded RhoA through the C2 domain.? The results
of our in vitro tooth germ culture and in vivo animal model showed
that Smurfl knocking down could influence ameloblast's cell polarity,
enamel matrix secretion and tooth development. RhoA inhibitor Y-
27632 could reverse the above described effects. Based on all these,
we identified that Smurfl ubiquitination degraded activated RhoA to
control ameloblast polarity.

In our study, after Smurfl knockdown, RhoA expression was
upregulated and the polarity of AB was inhibited. Yet, Otsu et al.>2
had claimed a contrary opinion that down-regulated expression of
RhoA led to the damage of AB' polarity. We speculated that RhoA
expression level should be maintained in an appropriate range in order

" WILEY 2o

to keep normal development of enamel. The expression level of RhoA
either too high or too low would not benefit cells' differentiation or
polarity formation. Zhu et al.>® found that low levels of constitutively
active RhoA expression associated with segmental foot-process
effacement without changes observable by light microscopy, whereas
higher levels of constitutively active RhoA expression associated with
both extensive foot-process effacement and histologic features of
focal segmental glomerulosclerosis. So, proper range of RhoA is essen-
tial to maintain AB polarity and form enamel, which is worth to be
studied in future work.

Smurfl has also been found to play an important role in regulat-
ing dental pulp stem cells (DPSCs) differentiation and odontoblasts'
differentiation and homeostasis. Yang et al.>* found that the inhibition
of Smurf1 in DPSCs significantly increased RUNX2 at the protein level
which was associated with Smurf1 level during odontoblastic differen-
tiation. The knockdown of Smurfl significantly up-regulated RUNX2
expression and down-regulated dentin sialophosphoprotein and den-
tal matrix protein-1 expression in odontoblastic differentiation. Lee
et al.>® found that Smurf1 and Smurf2 induced NFI-C degradation and
polyubiquitination in a TGF-f1-dependent manner and NFI-C was sig-
nificantly degraded after TGF-B1 addition in odontoblasts. However,
there is still a blank of in vivo verification of Smurf1's role on odonto-
blasts and dentin formation which is worth further exploring.

In our future study, we are dedicating ourselves to conduct fur-
ther research on the upstream signalling pathway of Smurfl to form a
complete and thorough mechanism for better understanding of the
ameloblast polarity regulation axis. We also intend to explore the role
of epithelial mesenchymal interaction (EMI) in the polarity formation
of AB and odontoblasts using rodent lower incisors as an animal
model, and try to extend our findings to other human organs and tis-
sues which resemble the development pattern.

5 | CONCLUSION

Collectively, we demonstrated that Smurfl knocking down affected
the polarization and differentiation of ameloblast and enamel develop-
ment by ubiquitination degradation of activated RhoA. These findings
contributed to the knowledge of understanding the regulation mecha-
nism of ameloblast polarity, and provided new research ideas for the

study of tooth development.
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