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Background/purpose: Actin alpha 2, smooth muscle (ACTA2) is an actin isoform that forms the
cytoskeleton. Actin plays a crucial role in numerous cellular functions. ACTA2 is a marker of
functional periodontal ligament (PDL) fibroblasts and is upregulated by transforming growth
factor-b1 (TGF-b1); however, the underlying function of ACTA2 in PDL tissue is unknown. We
aimed to examine the localization and potential function of ACTA2 in PDL tissues and cells.
Materials and methods: RNA expression was determined using semi-quantitative reverse
transcriptionepolymerase chain reaction (RT-PCR) and quantitative RT-PCR. Protein expres-
sion was determined using immunofluorescence staining and Western blot analysis. Soluble
and insoluble collagen production was examined using the Sircol collagen assay and picrosirius
mooth muscle; TGF-b1, transforming growth factor-b1; PDL, periodontal ligament; COLIA1, collagen
FBNI, fibrillin-I.
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red staining, respectively. Small interfering RNA (siRNA) was used for knockdown assay to
examine the effect of ACTA2 in human PDL cells.
Results: ACTA2 expression was observed in human primary PDL cells and PDL cell line (2
e23 cells). TGF-b1 upregulated ACTA2, collagen type I alpha1 chain (COL1A1), periostin (POST-
N ), and fibrillin-I(FBN1) expression and soluble and insoluble collagen production in 2
e23 cells. However, ACTA2 depletion by siRNA strongly suppressed PDL-related gene expres-
sion and collagen production compared with those of TGF-b1estimulated control cells.
Furthermore, ACTA2 knockdown significantly suppressed the phosphorylation of Smad2 and
Smad3.
Conclusion: ACTA2 plays a crucial role in PDL-related marker expression and collagen produc-
tion via Smad2/3 phosphorylation. Our findings might contribute to the development of novel
and effective periodontal therapies.
ª 2022 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

The periodontal ligament (PDL) is a collagen-rich fibrous
connective tissue firmly anchored between the alveolar
bone and root cementum. Various approaches have been
employed to establish a PDL regeneration therapy which
ensures that PDL tissue is maintained without mineraliza-
tion, despite the fact that the PDL connects the alveolar
bone and cementum, two specialized mineralized tissues.
Therefore, investigating and understanding the functions of
genes strongly expressed in the PDL is required.

The cytoskeleton organizes the cell content and is
crucial for cell functioning. It connects the cell and its
external environment and generates forces that enable the
cell to move and change its size and shape.1 Actin alpha 2,
smooth muscle (ACTA2), also known as alpha smooth mus-
cle actin (a-SMA), is one of six actin isoforms that form the
cytoskeleton and is predominantly found in smooth muscle
cells.2 ACTA2 plays a crucial role in cell focal adhesion,
migration, transcriptional and shape regulations, and con-
tractile activity.3e6 ACTA2 is also expressed in human PDL
cells.7,8 Therefore, we assumed that cytoskeletal struc-
ture, ACTA2, might affect cellular activities in PDL cells;
however, its function has not yet been elucidated.

TGF-b1 is a multifunctional cytokine expressed in PDL
tissues and is related to numerous cellular processes,
including differentiation, extracellular matrix protein pro-
duction, wound healing, proliferation, migration,
apoptosis, and angiogenesis.9e13 TGF-b1 intracellular
signaling is mediated by Smads, the main signal transducers
of TGF-b1 receptors. In the canonical TGF-beSmad
signaling pathway, Smad2/3 phosphorylation is required to
activate or repress the transcription of several genes.14e16

TGF-b1 is expressed in mouse PDL tissue, according to
immunohistochemical findings, and it induces ACTA2
expression in human PDL cells.8 We have previously re-
ported that mechanical stress upregulates TGF-b1 expres-
sion and induces collagen production.17 Thus, ACTA2 might
be involved in TGF-b1erelated collagen production; how-
ever, its function remains unclear.
2

We hypothesized that ACTA2 played a crucial role in PDL
tissue homeostasis. Therefore, in this study, we examined
whether ACTA2 was involved in the effects of TGF-b1 on
collagen production in human PDL cells.

Materials and methods

Cell culture

Two human PDL cell (HPDLC) populations were isolated from
healthy premolars of a 23-year-old male (HPDLC-3S) and a
29-year-old female (HPDLC-5Y) with informed consent, as
described previously.18 The cells (passages 4e6) were grown
as monolayers in 10 cm dishes. A clonal cell line 2e23
(2e23 cells) was established previously.19 The cells used in
all experiments were maintained in alpha minimum essen-
tial medium (a-MEM; Gibco-BRL, Grand Island, NY, USA)
containing 10% fetal bovine serum (FBS; 10% FBS/a-MEM;
SigmaeAldrich, St Louis, MO, USA) at 37 �C in a humidified
atmosphere of 5% CO2 and 95% air. All procedures were
performed in compliance with the requirements of the
Institutional Review Board for Human Genome/Gene
Research (approval number: 30e167) and the Research
Ethics Committee (approval number: 27e76) of Kyushu
University.

Reagents

Recombinant human TGF-b1 (rhTGF-b1, 240-b-002) was
purchased from R&D Systems (Minneapolis, MN, USA).

Quantitative real-time reverse
transcriptionepolymerase chain reaction (RT-PCR)
and semi-quantitative RT-PCR

Quantitative RT-PCR and semi-quantitative RT-PCR were
performed as described previously.17 Primer sequences,
annealing temperatures, cycle number, and product sizes
are shown in Tables 1 and 2.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Table 1 Quantitative RT-PCR primer sequences, annealing temperatures, cycle numbers, and product sizes. ACTA2: Actin
alpha 2, smooth muscle, COL1A1: collagen type I alpha1 chain, POSTN: periostin, FBN1: fibrillin-I, and GAPDH: glyceraldehyde-
3-phosphate dehydrogenase.

Gene Primer sequence forward (50e30)/reverse (30e5) Cycles Annealing temperature (�C) Amplicon (bp)

ACTA2 CAATGAGCTTCGTGTTGCCC/GGCATAGAGAGACAGCACCG 40 60 160
b-Actin ATTGCCGACAGGATGCAGA/GAGTACTTGCGCTCAGGAGGA 40 60 89
COL1A1 AATGTGGTTCGTGACCGTGA/AGCCTTGGTTGGGGTCAATC 40 60 181
FBN1 TGCACCTATGGAACCATGTGATAGA/AAGTGATCCACTGTGTGCCAACTC 40 60 190
g-Actin CAATGAGCGGTTCCGGTGTC/CTCCTTCTGCATCCTGTCGG 40 60 196
POSTN CACAACCTGGAGACTGGACA/TGCTTCCTTGTGTGGTCTTT 40 60 198
GAPDH GTCAGTGGTGGACCTGACC/TGCTGTAGCCAAATTCGTTG 40 60 245

Table 2 Semi-quantitative RT-PCR primer sequences, annealing temperatures, cycle numbers, and product sizes.

Gene Primer sequence forward (50e30)/reverse (30e50) Cycles Annealing temperature (�C) Amplicon (bp)

ACTA2 GACGATGCTCCCAGGGCTG/GAGAGACAGCACCGCCTGG 27 61 367
GAPDH TCCACCACCCTGTTGCTGTA/ACCACAGTCCATGCCATCCAC 20 59 452
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Small interfering RNA (siRNA) transfection

We purchased siRNAs for ACTA2 (Mission siRNA;
SASI_Hs01_00097,021) and scramble control (Mission siRNA
Universal Negative Control no2; SIC-002-10) from Sigma-
eAldrich. The effects of ACTA2 knockdown by siRNA were
analyzed as previously described.20

Picrosirius red staining

2-23 cells (2 � 10⁴ cells/well) were cultured in 24-well
plates with 2% FBS/a-MEM with or without rhTGF-b1
(10 ng/mL) for 5 days. Fibrillar collagen formed by
2e23 cells was detected as previously described.17

Sircol collagen assay

Sircol collagen assay (Biocolor Ltd, Belfast, UK) was used to
assess the total soluble collagen produced in the cell su-
pernatant. 2e23 cells (4 � 10⁴ cells/well) were cultured in
culture medium with or without rhTGF-b1 (10 ng/mL) for 5
days. The cell supernatants were collected and analyzed as
previously described.17

Western blot analysis

The protein expression levels were determined according
to the issued procedures. The membrane was incubated
with the following primary antibodies: mouse monoclonal
anti-GAPDH (dilution, 1:5000; SC-47724; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), mouse monoclonal
anti-ACTA2 (dilution, 1:2000; ab7817; Abcam, Cambridge,
UK), rabbit monoclonal anti-Smad2 (dilution, 1:1000;
#5339; Cell Signaling Technology, Danvers, MA, USA), rabbit
monoclonal phospho-Smad2 (Ser465/467; dilution, 1:1000;
#3108; Cell Signaling Technology), rabbit monoclonal anti-
Smad3 (dilution, 1:1000; #9523; Cell Signaling Technology),
and rabbit monoclonal anti-Smad3 (phospho-S423 þ S425;
dilution, 1:1000; ab52903; Abcam). Thereafter, the
3

membrane was incubated with secondary anti-mouse IgG
(dilution, 1:1000; R&D Systems) or anti-rabbit IgG (dilution,
1:1000; R&D Systems). After the membrane was washed
thoroughly, the reactive bands were visualized using the
ECL Select western blotting Detection System (GE Health-
care, Buckinghamshire, UK).

Immunocytofluorescence staining

Briefly, 2e23 cells were fixed in 10% PFA neutral buffer
(NACALAI TESQUE, Inc. Kyoto, Japan) for 15 min at room
temperature and then permeabilized with methanol (Wako,
Osaka, Japan) at �20 �C for 10 min. After blocking with 2%
bovine serumalbumin (NACALAI TESQUE, Inc) in PBS for 1 h at
room temperature, the cells were incubated with mouse
monoclonal anti-ACTA2 (dilution, 1:100; Abcam; ab7817)
and then washed with PBS. Thereafter, the cells were incu-
bated with Alexa Fluor 488-conjugated donkey anti-mouse
antibody (dilution, 1:100; Thermo Fisher Scientific, Wal-
tham,MA,USA) for 1 h at room temperature. To stain F-actin,
cells were incubated with Alexa Fluor� 488 phalloidin
(Thermo Fisher Scientific) in PBS (dilution, 1:20) for 30min at
room temperature. The cells were then washed with PBS,
and the nuclei were counterstained with Fluoro-KEEPER
Antifade Reagent Non-Hardening Type with 40,6-diamidino-
2-phenylindole (DAPI) (NACALAI TESQUE, Inc). The cells were
imaged and analyzed using an all-in-one fluorescence mi-
croscope BZ-X100 (Keyence Corporation, Osaka, Japan).

Cell proliferation assay

2-23 cells (5 � 103 cells/well) were cultured in a 48-well
plates (Becton Dickinson Labware, Lincoln Park, NJ) in 250 ml
of 10% FBS/a-MEM. At 1, 2, and 3 days, the proliferation rate
was measured using a Premix WST-1 Cell Proliferation Assay
System (Takara Bio Inc, Shiga, Japan) according to the
manufacturer’s instructions. Briefly, at the indicated time
points, 25 ml of the kit reagent WST-1 was added to the cul-
ture medium of each well. After 1 h, 100 ml of supernatant
was collected from each well and the absorbance was
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measured at 450 nm using a microplate reader (Infinite F50;
Tecan Group Ltd., Männedorf, Switzerland).

Cell migration assay

2e23 cells (3 � 10⁵ cells/well) were seeded on 12-well
plates (Becton Dickinson Labware), and allowed to incu-
bate for 24 h. Then a scratch-wound was made across the
Figure 1 ACTA2 expression in 2e23 cells. (A) ACTA2 mRNA expres
semi-quantitative RT-PCR. (B) ACTA2 expression in HPDLC-3S, H
analysis. GAPDH was used as a loading control in (A) and (B). (CeN
evaluated using immunofluorescence staining. (C, G, K) HPDLC-3S,
antibody (green). (D, H, L) Nuclei were stained with DAPI (blue). Tw
3S, HPDLC-5Y, and 2e23 cells were fixed and incubated with contr
represent 100 mm clgG, control immunoglobulin.

4

diameter of the well using the end of a 200 ml pipette tip,
and scraped cells or cell fragments were removed by
washing three times with PBS. The cells were maintained in
culture medium. For each well, images were taken at 0 and
10 h after the scratch-wound, the cellular migration area
was visualized using a microscope (DMIRB; Leica, Wetzlar,
Germany) at a magnification of 10� and quantified by
Image J software (NIH, Bethesda, MD, USA).
sion in HPDLC-3S, HPDLC-5Y, and 2e23 cells was assessed using
PDLC-5Y, and 2e23 cells was determined using Western blot
) ACTA2 expression in HPDLC-3S, HPDLC-5Y, and 2e23 cells was
HPDLC-5Y, and 2e23 cells were fixed and incubated with ACTA2
o-color merged images are shown in (E, I, M). (F, J, N) HPDLC-
ol mouse IgG. Nuclei were stained with DAPI (blue). Scale bars
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Statistical analysis

All experiments were performed in quadruplicate, and all
values are expressed as the mean � standard deviation
(SD). Statistically significant differences between paired
observations were analyzed using non-parametric analysis
followed by ManneWhitney U test. Statistically significant
differences between groups were analyzed using one-way
analysis of variance (ANOVA) followed by Tukey’s multiple
comparison test. Those tests were done with GraphPad
Prism version 9 for Windows (GraphPad Software, San
Diego, CA, USA). *)P < 0.01, )P < 0.05, )))P < 0.001, and
))))P < 0.0001 were considered statistically significant.

Results

ACTA2 expression in human PDL cells

To analyze ACTA2 expression and function in human PDL
cells, we used previously established 2e23 cells with
typical PDL characteristics.19,20 Semi-quantitative PCR
analysis demonstrated that 2e23 cells expressed ACTA2
mRNA, similarly to HPDLC-3S and 5Y (Fig. 1A). In addition,
Western blot analysis revealed that HPDLC-3S, 5Y, and
2e23 cells expressed ACTA2 (Fig. 1B). Immunocyto-
fluorescence analysis revealed positive staining for ACTA2
Figure 2 Effects of TGF-b1 on ACTA2 and PDL-related gene expre
staining (green) of filamentous actin was performed to analyze the
were stained with DAPI (blue). (A) 2e23 cells cultured without TGF
100 mm. (CeF) Quantitative RT-PCR was performed to analyze t
COL1A1 (D), POSTN (E), and FBN1 (F) in 2e23 cells cultured in 2%
Sircol collagen assay for quantification of soluble collagen in the
without rhTGF-b1 (10 ng/mL) for 5 days. (H) Picrosirius red staining
b1 (10 ng/mL) for 5 days. Statistical analysis was performed using
values are expressed as means � SD (error bars) of four independe

5

in the cytoplasm of HPDLC-3S (Fig. 1CeE), 5Y (Fig. 1GeI),
and 2e23 cells (Fig. 1KeM). Control staining with normal
rabbit IgG was negative for all three cells (Fig. 1F, J, N).
Effects of TGF-b1 on ACTA2 and PDL-related gene
expression and collagen production in a human PDL
cell line

To assess the effects of TGF-b1 stimulation on the
morphology and expression of PDL-related genes in a
human PDL cell line, we cultured 2e23 cells with or without
rhTGF-b1 (10 ng/mL). Previous studies have shown that
TGF-b1 stimulate actin stress fiber formation and regulate
the cytoskeletal reorganization and morphology.21 There-
fore, the present study investigated the effect of TGF-b1 on
the morphology in 2e23 cells. 2e23 cells stimulated with
TGF-b1 showed potent actin cytoskeleton reorganization by
the formation of stress fibers in comparison to 2e23 cells
without TGF-b1 stimulation, which was detected with Alexa
Fluor� 488 phalloidin (Fig. 2A and B). Quantitative RT-PCR
demonstrated that the expression of ACTA2 (Fig. 2C) and
other PDL-related genes, including COL1A1 (Fig. 2D), POSTN
(Fig. 2E), and FBN1 (Fig. 2F) were significantly upregulated
in 2e23 cells cultured with rhTGF-b1 for 24 h compared
with that in untreated control cells. A Sircol collagen assay
demonstrated that the amount of soluble collagen was
ssion and collagen production in 2e23 cells. (A and B) Phalloidin
cell shape of 2e23 cells with or without TGF-b1 for 24 h. Nuclei
-b1. (B) 2e23 cells cultured with TGF-b1. Scale bars represent
he expression of ACTA2 (C) and PDL-related genes, including
FBS/a-MEM with or without rhTGF-b1 (10 ng/mL) for 24 h. (G)
supernatants of 2e23 cells cultured in 2% FBS/a-MEM with or
of 2e23 cells cultured in 2% FBS/a-MEM with or without rhTGF-
non-parametric analysis followed by ManneWhitney U test. All
nt experiments. *P < 0.05.
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significantly higher in the supernatants of 2e23 cells
cultured with rhTGF-b1 for 5 days (Fig. 2G). In addition,
2e23 cells treated with rhTGF-b1 for 5 days showed
increased picrosirius red-positive areas, which represent
fibrillary collagen formation (Fig. 2H).

Effects of ACTA2 knockdown on TGF-
b1estimulated human PDL cell function

We examined the effect of ACTA2 knockdown by siRNA
transfection. Quantitative RT-PCR confirmed that ACTA2
mRNA expression in 2e23 cells treated with ACTA2 siRNA for
48 hwas significantly reduced comparedwith scramble siRNA
(mean� stdev: 9.2%� 0.7516, PZ 0.0013) (Fig. 3A). We also
examined the expression of b- and g-actin to confirm the
ACTA2 siRNA effect on other actin isoforms. The mRNA
expression level of b-actin was 82.02% � 8.286 (mean � std.
dev., P Z 0.0049), and g-actin was 82.05% � 8.286
(mean � std. dev., P Z 0.0013) in 2e23 cells treated with
ACTA2 siRNA compared with scramble siRNA, respectively
(Fig. 3B and C), ACTA2 siRNA showed not so much effect on
the mRNA expression of other actin isoforms compared with
the effect on ACTA2 mRNA expression. We next stained the
cells for F-actin to observe the cell shape change of
2e23 cells. 2e23 cells treatedwith scramble siRNA exhibited
a fibroblast-likemorphologywith a spindle-shaped cell form,
while 2e23 cells treated with ACTA2 siRNA showed round
appearance (Fig. 3D). To assess the effect of ACTA2 on
migration of 2e23 cells, we examined scratch wound healing
assay. The area of migrated cells was significantly smaller in
ACTA2 siRNA transfected-2-23 cells for 10 h than in the
scramble siRNA transfected-2-23 cells (Fig. 3E). In addition,
we examined WST-1 assay to assess the effect of ACTA2 on
proliferation of 2e23 cells. Proliferation rate of ACTA2 siRNA
transfected-2-23 cells was significantly downregulated at 3
days compared with scramble siRNA transfected-2-23 cells
(Fig. 3F). We next examined the effect of ACTA2 knockdown
by ACTA2 siRNA on TGF-b1einduced PDL-related gene
Figure 3 Effects of ACTA2 knockdown on TGF-b1einduced PDL-r
(AeC) Quantitative RT-PCR was performed to analyze ACTA2 (A)
transfected with ACTA2 siRNA or universal negative control (scram
was performed to analyze the cell shape of 2e23 cells transfecte
stained with DAPI (blue). Scale bars represent 100 mm. (E) The eff
scratch wound healing assay. The dashed lines delimit the initial w
or ACTA2 siRNA transfected-2-23 cells migrated into the wound sp
analysis was performed using non-parametric analysis followed by
(error bars) of four independent experiments. *P < 0.05. (F) The ef
WST-1 assay. Graphs show the time course of the increase in cell num
siRNA; triangle dot, 2e23 cells transfected with ACTA2 siRNA. Sta
followed by ManneWhitney U test. All values are expressed as mean
(G, H) Quantitative RT-PCR (G) and Western blot analysis (H) were p
in 2e23 cells treated with or without rhTGF-b1 (10 ng/mL) for 24 h
used as a loading control. (IeK) Quantitative RT-PCR was perfor
expression in 2e23 cells treated with or without rhTGF-b1 (10 ng/m
(L) Sircol collagen assay for quantification of soluble collagen in th
(10 ng/mL) for 5 days in the presence of scramble siRNA or ACTA2 s
measured using a microscope. (N) Picrosirius red staining of 2e23 c
the presence of scramble siRNA or ACTA2 siRNA. Statistical analysis
All values are expressed as means � SD (error bars) of four indep
****P < 0.0001.
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expression and collagen production in 2e23 cells. Quanti-
tative RT-PCR and Western blot analysis confirmed that the
expression of ACTA2 mRNA and ACTA2 in 2e23 cells was
upregulated by TGF-b1 but downregulated byACTA2 siRNA in
the presence of TGF-b1 (Fig. 3G and H). Moreover, COL1A1
(Fig. 3I),POSTN (Fig. 3J), and FBN1 (Fig. 3K)mRNAexpression
was significantly downregulated in ACTA2 siRNA-treated
2e23 cells in the presence of TGF-b1 compared with that in
scramble siRNA-treated cells in the presence of TGF-b1.
In addition, the amount of soluble and fibrillar collagen
produced by 2e23 cells treated with TGF-b1 for 5 days
was significantly decreased by ACTA2 siRNA treatment
(Fig. 3LeN).

Effects of ACTA2 knockdown on TGF-b1-induced
phosphorylation and nuclear localization of Smad2
and Smad3 in a human PDL cell line

We examined the effects of ACTA2 knockdown on the
phosphorylation of Smad2 and Smad3 in 2e23 cells. From
the time course of Smad2/3 activation following TGF-b1
exposure, we observed Smad2/3 phosphorylation from the
15 min time point of TGF-b1 treatment (Fig. 4A). Intrigu-
ingly, in the presence of ACTA2 siRNA, the phosphorylation
of Smad2 and Smad3 was significantly downregulated after
15 min of TGF-b1 stimulation compared with that in the
presence of scramble siRNA (Fig. 4BeE). These results
indicated that ACTA2 affected TGF-b1esignaling activities
in PDL cells.

Discussion

ACTA2 is expressed in numerous tissues and supports cyto-
skeletal dynamics,22 cell motility and contractility. PDL
tissue is constantly exposed to forces during the mechanical
stress of occlusion and mastication, and ACTA2 is expressed
in post-emergent tooth eruption, predominantly in adult
elated gene expression and collagen production in 2e23 cells.
, b-actin (B), and g-actin (C) mRNA expression in 2e23 cells
ble siRNA). (D) Phalloidin staining (green) of filamentous actin
d with ACTA2 siRNA or scramble siRNA for 48 h. Nuclei were
ects of ACTA2 on migration of 2e23 cells were assessed with a
ounded regions. At 10 h after wounding, the area that scramble
ace were analyzed. Scale bars represent 200 mm. Statistically
ManneWhitney U test. All values are expressed as means � SD
fects of ACTA2 on proliferation of 2e23 cells were examined by
bers of cells. Square dot, 2e23 cells transfected with scramble

tistically analysis was performed using non-parametric analysis
s � SD (error bars) of four independent experiments. *P < 0.05.
erformed to analyze the expression of ACTA2 mRNA and ACTA2
in the presence of scramble siRNA or ACTA2 siRNA. GAPDH was
med to analyze COL1A1 (I), POSTN (J), and FBN1 (K) mRNA
L) for 24 h in the presence of scramble siRNA or ACTA2 siRNA.
e supernatants of 2e23 cells treated with or without rhTGF-b1
iRNA. (M) Picrosirius red-positive areas were photographed and
ells treated with or without rhTGF-b1 (10 ng/mL) for 5 days in
was performed using one-way ANOVA followed by Tukey’s test.
endent experiment. *P < 0.05, **P < 0.01, ***P < 0.001, and



Figure 4 The effects of ACTA2 knockdown on the phosphorylation of Smad2 and Smad3 in 2e23 cells. (A) 2e23 cells were
stimulated with rhTGF-b1 (10 ng/mL) for 0, 5, 15, 30, and 60 min. Western blot analysis was performed to detect phosphorylated
(p)-Smad2 and p-Smad3 expression. (BeE) The effects of ACTA2 knockdown on the phosphorylation of Smad2 and Smad3 after TGF-
b1 stimulation. 2e23 cells were cultured with or without rhTGF-b1 (10 ng/mL) in the presence of scramble siRNA or ACTA2 siRNA for
15 min. Western blot analysis was performed to detect p-Smad2 (B) and p-Smad3 (C) expression. Phosphorylated Smad levels were
compared with total Smad2 (B) or Smad3 (C) expression levels, and GAPDH was used as a loading control. (D and E) The integrated
optical density of p-Smad2 (D) or p-Smad3 (E) bands was quantified using Image J software. The signal intensity of bands was
normalized to that of GAPDH for statistical analysis. All values are expressed as means � SD (error bars) of four independent
experiment. Statistical analysis was performed using one-way ANOVA followed by Tukey’s test. *P < 0.05, **P < 0.01, and
***P < 0.001.
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mouse PDL tissues.23 In our study, ACTA2 was predomi-
nantly detected in human PDL cells. Thus, ACTA2 might be
an essential factor in PDL and, particularly, mature PDL
cells and might play an important role in these cells.

TGF-b1 is predominantly expressed in PDL tissue and is a
potent stimulator which may induce various fibroblastic
differentiations of PDL cells.8 Notably, in this study, PDL-
related genes, including COL1A1, POSTN, FBN1 and
ACTA2, and collagen production were upregulated by TGF-
b1. Since PDL-related genes contribute to maintaining PDL
integrity; formation, tissue architecture, and normal cell
alignment,24,25 TGF-b1 signaling might influence PDL tissue
remodeling.

In this study, loss of ACTA2, one of actin isoforms, in
2e23 cells led to cell shape change and suppressed pro-
liferation potential and migration activity, suggesting
ACTA2 in PDL cells could possess crucial roles in PDL cell
cytoskeleton and function. In addition, loss of ACTA2 led
to a significant downregulation of TGF-b1-stimulated
collagen production, and the mRNA expression of other
PDL-related markers, POSTN and FBN1. Collagen fiber
regeneration is a homeostatic and wound healing response
in PDL.26,27 A previous study has demonstrated that
8

TGF-b1 upregulates soluble and insoluble collagen pro-
duction in adult rat cardiac ventricular fibroblasts,28

which is consistent with our results. Taken together,
these results indicated that ACTA2 regulated TGF-b1-
induced remodeling of PDL tissue.

Actins are essential components of the cytoskeleton in
mammalian cells, and actin dynamics are linked to gene
transcription and interact with the nuclear genome.29 The
key finding of our study was that the phosphorylation of
Smad2 and Smad3, canonical transcriptional factors of TGF-
b1, was significantly downregulated after transduction with
ACTA2 siRNA compared with that after transduction with
scramble siRNA, suggesting that ACTA2 was involved in the
canonical TGF-b1 signaling pathway. However, the biolog-
ical mechanism of involvement in the phosphorylation of
Smad2 and Smad3 is still unclear. Previous studies have
found that actin polymerization controls some signaling
pathway,30,31 and cytoskeletal alterations reduce collagen
production via TGF-b1 in human dermal fibroblast
cells.32e34 ACTA2 knockdown may affect the actin poly-
merization and downregulate the phosphorylation of
Smad2/3 in human periodontal ligament cells, but further
studies are required.
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In summary, ACTA2 was expressed in PDL tissues and a
human PDL cell line. TGF-b1 enhanced the mRNA expres-
sion of ACTA2 and other PDL-related genes and collagen
production, and ACTA2 was involved in these processes by
affecting TGF-b1eenhanced Smad2/3 phosphorylation.
Further studies are required to clarify the detailed func-
tional mechanism of ACTA2. Nevertheless, ACTA2 might be
a critical factor in the homeostatic maintenance of PDL
tissue. TGF-b1 known as multi-functional cytokine might
induce both of expected and unexpected effects on cells
and tissues, thus it could be difficult to control their bal-
ance when considering clinical applications. In order to
focus on collagen production or maturation of PDL cell by
inducing PDL related gene expression, delivering ACTA2
would be expected to exert limited effects. We therefore
propose that ACTA2 may represent a potential therapeutic
approach to regenerate PDL tissue.
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