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TWIST1 induces phenotypic switching of vascular smooth
muscle cells by downregulating p68 and microRNA-143/
145
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TWIST]1 is an important basic helix-loop-helix protein linked to multiple
physiological and pathological processes. Although TWIST1 is believed to
be involved in vascular pathogenesis, its effects on homeostasis of smooth
muscle cells (SMCs) remain poorly understood. Here, we show that
TWIST1 protein levels were significantly elevated during SMC phenotypic
switching in vivo and in vitro. TWIST1 overexpression promoted pheno-
typic switching of SMCs, while siRNA targeting of TWIST1 prevented cell
transition. Mechanistically, TWIST1 decreased the level of microRNA-143/
145, which governs smooth muscle marker gene transcription. In addition,
TWIST]1 repressed p68 mRNA and protein expression, a crucial modulator
of SMC behavior and microRNA biogenesis. Our co-immunoprecipitation
assay demonstrated a previously unrecognized molecular interaction
between TWIST1 and p68 protein. Finally, we found that TWISTI trig-
gered SMC phenotypic switching and suppressed microRNA-143/145
expression by promoting the proteasomal degradation of p68. These data
suggest a novel role of TWIST1 in the regulation of SMC homeostasis by
modulating p68/microRNA-143/145 axis.
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Smooth muscle cells (SMCs) are the major component
of vascular wall, which play a crucial role in a great
variety of arterial diseases. Different from terminally
differentiated cells, SMCs possess apparent plasticity
that allows their transition in response to environmen-
tal stimuli, which is characterized by alternations in
protein expression, morphology, and biological behav-
ior [1]. In normal condition, mature SMCs have a

Abbreviations

differentiated/contractile phenotype, characterized by
the expression of a unique repertoire of contractile
proteins, such as smooth muscle myosin heavy chain
(SMMHC), alpha-smooth muscle actin (SMA), calpo-
nin, and tagln. These cells are elongated and display
spindle-shape morphology. However, SMCs could
undergo phenotypic switching to a dedifferentiated/
synthetic state when subjected to multiple stimulation.

BSA, bovine serum albumin; DAPI, 4',6-diamidino-2-phenylindole; FBS, fetal bovine serum; GFP, green fluorescence protein; PCR, real-time
polymerase chain reaction; PDGF, platelet-derived growth factor; PVDF, polyvinylidene difluoride membrane; siRNA, specific small
interfering RNA; SMA, alpha-smooth muscle actin; SMC, smooth muscle cell;, SMMHC, smooth muscle myosin heavy chain.
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The process is characterized by decreased expression
of smooth muscle markers, enhanced SMC prolifera-
tion, altered cellular function, and changed shape from
spindle-like to polygonal. Pathological SMC transition
is a fundamental process for the development of vari-
ous cardiovascular disorders, such as atherosclerosis,
aneurysm, and hypertension [2—4]. Despite its essential-
ity in vascular regulation, the molecular mechanisms
underlying SMC phenotypic switching remain incom-
pletely understood.

TWIST]1 is a basic helix-loop-helix transcription fac-
tor implicated in cell lineage determination and differ-
entiation. Mutation or abnormal expression of
TWIST1 gene is closely associated with several dis-
eases, such as breast cancer, Sézary syndrome, and
Chotzen syndrome [5,6]. Notably, recent reports have
suggested a potential role of TWIST1 in the pathogen-
esis of vascular disorders [7-9]. Genome-wide associa-
tion study has identified TWIST1 as a causal gene for
common vascular diseases [7]. Mahmoud and col-
leagues reported that blood flow-induced shear stress
increases TWIST expression and subsequently pro-
motes vascular abnormality by inducing endothelial
cell proliferation and inflammation [8]. In our recent
study, SMC-specific depletion of TWISTI1 protected
against pulmonary vascular remodeling, thus implicat-
ing a detrimental role of TWISTI] in both systemic
and pulmonary circuits [9].

Despite human studies and functional animal experi-
ments have suggested the potential participation of
TWIST1 in vascular disorders, little information is
presently available regarding its role in SMC home-
ostasis. As one of the pernicious transcriptional regula-
tors involved in cellular differentiation, we
hypothesized that TWIST1 might contribute to SMC
transition therefore exerts promotory effects on cell
misbehavior and vascular disease development. In this
study, we identified TWISTI1, whose expression is
greatly increased in dedifferentiated/synthetic SMCs,
as a novel modulator of SMC phenotypic switching
via downregulation of p68 and microRNA-143/145.

Materials and methods

Details of materials and experimental procedures are avail-
able in the Supporting Information.

Animal experiment

All animal experiments were approved by Animal Care and
Use Committee of Third Military Medical University. Male
Sprague-Dawley rats weighing 220 to 250 g were used in
these experiments, as previously described [10]. They were
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anesthetized by the intraperitoneal injection of 1% pento-
barbital sodium (Sigma-Aldrich, St. Louis, MO, USA,
5 mg/100 g body weight). After the rats were anesthetized,
the left common carotid arteries were carefully exposed
through a midline cervical incision. Blood flow transiently
stooped by occluding the arteries with vascular clamps, and
then, a small arteriotomy was made around the external
carotid artery. Afterward, the vessels were completely
injured near the carotid bifurcation using a balloon
embolectomy catheter (1.5F, Cordis, Miami Lakes, FL)
through the incision hole. Once injured, the wounded skin
was closed with a single suture. The rats were carefully
looked after in the Animal Center of Third Military Medi-
cal University. The rats were sacrificed at indicated time
points with intraperitoneal injection of 1% pentobarbital
sodium (30mg/100 g body weight). Anesthesia was moni-
tored by assessment of pain and corneal reflexes. Isolation
of the carotid arteries was started after both reflexes com-
pletely disappeared. The carotid arteries were obtained and
cleaned for the predesigned assays. Carotid arteries from
sham-operated rats served as control.

Cell culture

Human aortic SMCs were purchased from the American
Type Culture Collection (Manassas, VA, USA). Cells were
cultured in F12 Kaighn’s medium (HyClone, Logan, UT,
USA) supplemented with 10% fetal bovine serum (FBS,
Gibco, Grand Island, NY, USA). SMCs were used at pas-
sages 3 through 7.

Real-time polymerase chain reaction (PCR)

Total RNA was extracted from tissues and confluent SMCs
with TRIzol reagent (TaKaRa, Tokyo, Japan) following
the manufacturer’s protocol. The RNA (1000 nmol) was
then subjected to reverse transcription using the Prime-
Script RT reagent Kit with gDNA Eraser (TaKaRa). After-
ward, SYBR Green (TaKaRa)-based real-time PCR was
carried out by Applied Biosystems 7500 real-time PCR sys-
tem (Applied Biosystems, Foster City, CA). Real-time PCR
was performed in 20ul reactions with 10 pmol primers
produced by Shangon Biotech (Shanghai, China), and the
relative quantitative analysis of the change in expression
levels was obtained using the comparative Ct method and
normalized to the corresponding control. The specific
sequences of the primers used were listed in Table 1.

Western blot analysis

SMCs were washed twice with precold PBS and harvested
on ice in RIPA (Beyotime, Wuhan, China) supplemented
with 1% phenylmethlsulfonyl fluoride (Beyotime). All tissue
samples were frozen with liquid nitrogen and homogenized,
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Table 1. Specific sequences of the primers
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Primer Annealing temperature/ Corresponding
name Primer sequences fragment size reference RNA
miR-143 For: ssD809230846 60°C/78bp ue
Rev: ssD089261711 (RiboBio Co., Ltd)
miR-145 For: ssD809231411 60°C/81bp ue
Rev: ssD089261711 (RiboBio Co., Ltd)
U6 For: ssD0904071006 60°C/76bp -
Rev: ssD0904071007 (RiboBio Co., Ltd)
p68 For: 5'-GCACAGCACAAGAGGTGGAA-3' 60°C/170bp B-actin
Rev: 5-TCCCTGAGCTTGAATAGCAGT-3’
B-actin For: 5'-GACTTAGTTGCGTTACACCCTTTCT- 60°C/157bp -

3
Rev: 5'-TGTCACCTTCACCGTTCCAGT-3'

Table 2. Antibodies for immunoblot analyses

Source of MW
Antibody  Manufacturer Catalog species (kDa)
TWIST1  CST 46702 rabbit 26
B-actin Boster BMO0627  mouse 42
SMMHC PROTEINTECH 21404-1-  rabbit 200
AP
SMA ABCAM Ab7817 mouse 42
calponin  PROTEINTECH 13939-1-  rabbit 33
AP
tagin PROTEINTECH 10493-1-  rabbit 22
AP
GAPDH CST 5174S rabbit 37
p68 CST 9877 rabbit 68

and then lysed as previously described. The whole protein
samples were diluted with 5 x SDS/PAGE loading buffer
and boiled 5 min. Equal amounts of protein were loaded
on SDS/PAGE gels. Constant voltage was used in this step
(120V running, 80V stacking). Then, proteins were trans-
ferred onto a polyvinylidene difluoride membrane (PVDF,
Millipore, Etten-Leur, Netherlands) by electroblotting at
constant electronic of 150 mA, followed by blocking with
5% bovine serum albumin (BSA) (Boster, Wuhan, China)
for 1 h at room temperature. The membranes were incu-
bated in their primary antibodies overnight at 4°C
(Table 2, Dilutions: antibodies against TWIST1 [1 : 300],
SMMHC [1 : 500], SMA [l :1000], calponin [I : 500],
tagln [1 : 1000], GAPDH [1 : 500], p68 [1 : 1000], and B-
actin [1 : 1000]). The following day, the blots were washed
five times (3 min per time) with Tris-Buffered Saline with
Tween-20 (Beyotime); signals were detected by appropriate
secondary horseradish peroxidase-conjugated antibodies
(1 : 5000) (Abcam, Cambridge, MA, USA) for 1 h at room
temperature, and visualized via enhanced chemilumines-
cence (Amersham International, Buckinghamshire, UK).
Optical density of bands was quantified by Quantity One
software and normalized with loading control.

Lentivirus production and transfection

Lentivirus-TWIST1 siRNA and control lentivirus carrying
green fluorescence protein (GFP) were produced by Invitro-
gen (Carlsbad, CA, USA). TWIST1 overexpressed len-
tivirus and the corresponding GFP control were obtained
from GeneChem (Shanghai, China). p68 siRNA and the
corresponding GFP control were obtained from Hanbio
Biotechnology. SMCs were seeded in 24-well plate at a den-
sity of 3 x 10* and cultured in F12K containing 10% FBS
24 h prior to infection. After rinsing with PBS, the len-
tivirus and the corresponding controls, mixed in F12K,
were added into SMCs, supplemented with 0.5% poly-
brene. Twenty-four hours later, the medium was replaced
with fresh complete growth media, and the transfection effi-
ciency was measured by detecting GFP expression under
fluorescence microscope. The transfection efficiency of more
than 95% was regarded as successful. Real-time RT-PCR
and western blot were further used to confirm the results of
the transfection.

Immunofluorescence

SMCs were seeded onto coverslips in 6-well plates for
24hrs prior to serum starvation (approximately 5 x 10°
cells/well). SMCs on the coverslips were fixed with 4% ice-
cold paraformaldehyde for 15 min at room temperature,
permeabilized with 0.5% Triton X-100, and rinsed with
PBS. After washing with PBS for three times, the cells were
blocked with 5% BSA for 20 min. The sections were first
incubated with anti-TWIST1 antibody overnight at 4 °C.
Then, secondary FITC-conjugated antibody was added.
For detection of cytoskeleton remodeling, rhodamine phal-
loidin was used to stain F-actin. In all immunofluores-
cence-based assays, the nuclei were counterstained with
4’,6-diamidino-2-phenylindole (DAPI). The stained cells
were visualized with an Olympus confocal microscope. For
immunofluorescence analysis of vessels, after deparaffiniza-
tion, tissue samples were permeabilized with 1% Triton
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X-100 and then blocked with 5% BSA for 20 min, at last,
with primary antibodies against TWIST1 and SMA in PBS
overnight at 4 °C. Secondary antibodies were incubated for
1 h at room temperature.

Co-immunoprecipitation

The whole protein extracts of SMCs were prepared using
the special lysis buffer (Cell Signaling Technology no.
#9803, Danvers, MA, USA) for immunoprecipitation. The
lysates were centrifuged, and protein concentrations were
measured (BCA kit) and immunoprecipated at 4°C by
gently rocking overnight with the protein A/G magnetic
beads (Cell Signaling Technology) prebound to anti-
TWISTI] or anti-p68 antibodies prior to bind with the
immunoprecipitates. Precipitated proteins were washed 5
times with PBS, boiled in 2 x sample loading buffer, and
separated by 12% SDS/PAGE. The separated protein was
then transferred to PVDF membrane and immunoblotted
with anti-TWIST1 or anti-p68 antibody, respectively. Rab-
bit normal IgG (Cell Signaling Technology) served as nega-
tive control.

Statistical analysis

All data are expressed as mean = SEM from three or more
independent experiments and analyzed with PASW Statistic
21 (SPSS Inc., Chicago, IL, USA). Data between two

A
Phase/TWIST1/SMA/DAPI
. . .
Injury
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groups were compared using two-tailed Student’s #-test.
Multiple comparisons utilized one-way ANOVA followed
by Student-Newman—Keuls test. P < 0.05 was considered
as significant difference.

Results

Association of TWIST1 and SMC phenotypic
switching

To determine whether TWIST! is involved in smooth
muscle phenotypic modulation, we evaluated its
expression in the vessels from the rat carotid injury
model. As shown in Figure 1A, TWIST]1 staining was
increased in the media region of the pathological ves-
sels, which was associated with suppressed SMC differ-
entiation marker—SMA, as compared with control
vessels. Accordingly, western blot confirmed a signifi-
cant upregulation of TWISTI protein in the injured
arteries, suggesting a negative correlation between
TWISTI1- and SMC-specific markers in vivo (Fig-
ure 1B).

To further verify the above observations in vitro,
cultured human aortic SMCs were stimulated with pla-
telet-derived growth factor (PDGF)-BB, which is a
widely used approach for SMC differentiation study
(Figure S1). The reduced expression of smooth muscle
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Fig. 1. TWIST1 expression is increased in the blood vessels in neointimal injury model. (A) Phase and immunofluorescence confocal images
revealed TWIST1 (red) expression in control and injured rat carotid arteries. Anti-SMA staining for SMA (green). Cell nuclei were stained
with DAPI (blue). Scale bar = 20 um. (B) western blots of TWIST1 from sham-operated vessels and balloon-injured carotid arteries at 7 and
14 days after operation, *P < 0.05 vs control, *P < 0.05 vs injured 1 week. Statistical analysis was performed using one-way ANOVA
followed by Student-Newman-Keuls test. Data were reported as the mean + SEM
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Fig. 2. TWIST1 level is elevated in dedifferentiated/synthetic SMCs. (A) Representative western blot of TWIST1 protein in SMCs challenged
with different concentrations of PDGF-BB. *P < 0.05 vs control, ¥P < 0.05 vs 25ng-mL~". (B) Cultured SMCs were treated with 25ng-mL~"
PDGF-BB. Cell lysates were obtained at indicated time points and probed with antibodies against TWIST1. *P < 0.05 vs 0 h, ¥*P < 0.05 vs
12 h. (C) Phase and immunofluorescence confocal images revealed the effects of 25ng-mL~' PDGF-BB incubation on TWIST1 (red)

expression in SMCs. Rhodamine phalloidin for F-actin (green). Cell nuclei were stained with DAPI (blue). Scale bar =

20 um. Statistical

analyses were performed using one-way ANOVA followed by Student-Newman-Keuls test. Data were reported as the mean + SEM.

markers (SMMHC, SMA, calponin, and tagln) con-
firmed SMC phenotypic switching due to PDGF-BB
treatment. As shown in Fig. 2A,B, PDGF-BB both
dose- and time-dependently enhanced TWISTI

expression in human vascular SMCs. Similarly, we
observed an increase in TWISTT1 level in PDGF-BB-in-
duced dedifferentiated/synthetic SMCs, as evidenced
by the morphological and cytoskeletal alternation
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(Fig. 2C). Therefore, the data suggest that TWISTI is
closely associated with the expression of smooth mus-
cle markers during SMC phenotypic switching.

TWIST1 induces phenotypic switching of SMC

In an attempt to identify the potential role of TWIST1
in SMC phenotypic switching, specific small interfering
RNA (siRNA) was used to knockdown TWISTI in
human aortic SMCs. Control cells were transfected
with lentivirus containing scrambled control. We
found that suppression of TWIST! increased SMC-
specific markers, as evaluated by western blot
(Fig. 3A). Similarly, the application of harmine, a
small molecular inhibitor targeting TWISTI, signifi-
cantly enhanced SMC marker protein expressions
(Fig. 3B).

Next, we examined the effects of TWIST1 overex-
pression on SMC homeostasis. For these experiments,
lentivirus containing GFP or TWISTI1-GFP constructs
was applied. We showed that enforced TWISTI
expression strongly suppressed the expressions of SMC
contractile proteins (Fig. 3C). Accordingly, TWIST1
siRNA promoted a spindle-like cell shape, while over-
expression induced significant morphological change in
human vascular SMCs (Fig. 3D,E). Thus, these results
further support TWISTI as being an important regula-
tor of SMC phenotypic transition.

MicroRNA-143/145 expression in SMCs is
repressed by TWIST1

After observing the suppressive effects of TWIST1 on
smooth muscle proteins, we attempted to explore the
potential mechanisms involved. Although prior study
suggested the potential binding sites for bHLH pro-
teins within SMA promoter regions, our bioinformatic
search indicated no direct interaction between TWISTI
and the promoters of other SMC differentiation mar-
ker genes (http://cistrome.org/db/#/)'". MicroRNAs,
modulating various biological processes by inducing
target mRNA degradation or blocking translation,
have been recently proved as potent regulators of
SMC differentiation and biological behavior [11-13].
MicroRNA-143/145 is one of the first identified
micoRNA clusters participating in the phenotypic
modulation of SMC; thus, we wondered whether it is
involved in the process of TWISTI-induced SMC phe-
notypic switching [14,15]. Prior studies have shown sig-
nificantly reduced microRNA-143/145 expression in
SMCs from injured arteries, while overexpression of
microRNA-143/145 is sufficient to promote differentia-
tion and inhibit proliferation of SMCs [15,16]. Of

TWIST1 and smooth muscle cell phenotype

note, we found that TWIST1 downregulation led to
prominent increase in microRNA-143/145 in SMCs, as
compared with control (Fig. 4A). In contrast, enforced
TWIST1 expression significantly repressed microRNA-
143/145 level (Fig. 4B).

Our previous study showed that p68 is pivotal for
maintaining the contractile phenotype of SMCs, which
is also one of the major proteins responsible for the
canonical microRNA biogenesis [10]. Similar to the
prior microRNA-143/145 report, the expression of p68
was decreased in smooth muscle of the pathological
vessels (Fig. S2). To determine whether p68 is involved
in the negative regulation of SMC phenotype and
microRNA-143/145 by TWIST1, we first examined the
potential impacts of TWISTI on p68 expression
(Fig. 4C,D). The data showed that knockdown of
TWIST1 efficiently improved p68 mRNA level in
SMCs, whereas lentivirus-mediated enforced expres-
sion of TWIST1 markedly repressed p68. Although
TWIST1 is known as a transcription factor, the chip-
sequencing datasets revealed no close interaction
between TWIST1 and the promoter of p68, indicating
a potentially indirect inhibition of p68 mRNA Ilevel
(http://cistrome.org/db/#/). In agreement with the find-
ings from the mRNA study, western blots confirmed a
negative correlation between TWIST1 and p68
(Fig. 4E,F). Furthermore, we found that p68 knock-
down markedly reduced microRNA-143/145 expres-
sion (Fig. 4G). Based on the results, we speculated
upon the possibility of p68 protein as a downstream
mediator of TWISTI-induced suppression of micro-
RNA-143/145 and SMC transition.

TWIST1 suppresses microRNA-143/145 in a p68-
dependent manner

To further verify the potential link between TWIST]
and p68, we performed co-immunoprecipitation assay
using the detergent extracts prepared from human aor-
tic SMCs. As shown in Fig. SA, western blot analysis
of immunoprecipitates demonstrated a specific p68
band brought down by TWIST1 antibody, but not by
control IgG. In accordance with this observation, co-
immunoprecipitation with anti-p68 antibody revealed
that p68 also precipitated TWIST1. Thus, TWISTI1
was capable of binding to p68. Prior study showed
that TWIST1 could regulate the activity of proteasome
system [17]. Thus, the proteasome inhibitor MG132
was applied to determine whether the inhibitory effect
of TWIST1 on p68 was proteasome-mediated. We
demonstrated that suppression of p68 protein by
TWIST1 overexpression in SMCs was partiality
blocked at the presence of MG132, indicating that
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Fig. 3. TWIST1 induces SMC phenotypic switching. (A) Protein levels of SMMHC, SMA, calponin, and tagin in SMCs transfected with
scrambled or TWIST1-specific siRNA, *P < 0.05. (B) SMCs were treated with either vehicle or harmine for 24hrs. Expression of SMMHC,
SMA, calponin, and tagln protein was measured by western blot. *P < 0.05. (C) Representative immunoblots of SMMHC, SMA, calponin,
and tagln protein expression in control or TWIST1 overexpressing SMCs. *P < 0.05. (D) and (E) Immunofluorescence confocal images
revealed F-actin (red) in SMC transfected with TWIST1-specific siRNA (D) and TWIST1 virus (E). Cell nuclei were stained with DAPI (blue).
Scale bar = 20 um. Statistical analyses were performed using two-tailed Student’s t-test. Data were reported as the mean + SEM

938 FEBS Open Bio 11 (2021) 932-943 © 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of
Federation of European Biochemical Societies.



J. Zhang et al. TWIST1 and smooth muscle cell phenotype

A B
2 2 g 15 g 15
5= * bl = o x S ¢ 6
x o x oFf == 10 = 5 1.0
EQ” EY, EQ ER
o9 o ® Q= Qs
>as >a E &05 é %05
g 3 kS 52 T o * o o *
e, T 8 o I | —— 1
\gl X \g \gl 4 4 & &
S N S
waa '\fa b@ N"a Q ~ Q ~
¢ N & N % & & s
é‘) L 5’ é"’ ) ™ () NG
§ o< g4 S R
% %
C D E &
% 4 % N \A\ & 1o
15 o
o N x ) A 8
E S ES L &$\ Sos
© B © B 10 * [©) 9 o6
Q @, Q@ <Q
[ a0 70 KD 04
13 £5 oo | M
= ] 55 KD ®
@ o ) 0.0: © 00
5 o~ & <
& & ¢ &
&
& 5
%
[
[CRE G
3] % 2 s Q s
o b -
p68‘ L p— twKD S, = 25 25,
55 KD L | x= * E g 1S 8
© 05 . 2 50s S 50s
Bactin | W —— ., 2 hl <3 . :3 .
o 0.0 & 00 & 00;
PDGF-BE — + + & 5 X S =
i - - + +
Scrambled siRNA + + — PDG,F BB :§' '§ § ‘3'
TWISTISRNA  —  —  +  SerambledsRNA -+ — g € s §
TWIST1 siRNA  — - + & S
S &
%] &
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(D) Quantitative real-time PCR analysis of p68 mRNA in control or TWIST1 overexpressing SMCs. n = 4, statistical analysis was performed
using two-tailed Student’s t-test. *P < 0.05. (E) p68 protein levels in SMCs transfected with control or TWIST1 virus, statistical analysis was
performed using two-tailed Student’s ttest. *P < 0.05. (F) Representative blots of p68 protein expression in SMCs transfected with
scrambled or TWIST1-specific siRNA receiving additional PDGF-BB, statistical analysis was performed using one-way ANOVA followed by
Student-Newman—Keuls test. *P < 0.05 vs scrambled siRNA, #*P < 0.05 vs scrambled siRNA + PDGF-BB. (G) Quantitative real-time PCR
analysis of microRNA-143/145 in SMCs transfected with scrambled or p68-specific siRNA, n = 4, statistical analyses were performed using
two-tailed Student’s t-test. *P < 0.05. All data were reported as the mean + SEM.

TWIST1 might directly target p68 and promote its
proteasomal degradation (Fig. S3).

To further assess the contribution of p68 to the neg-
ative role of TWIST1 in SMC differentiation, we
transfected SMCs with TWIST1 siRNA lentivirus plus
either scrambled or p68 siRNA lentivirus. Importantly,
we found that knockdown of p68 abolished the protec-
tive effects of TWIST1 depletion on SMC homeostasis,
as evidenced by western blot and immunofluorescence
staining (Fig. 5B,C). In accordance with the SMC phe-
notype study, transfection of p68 siRNA lentivirus but
not scrambled control largely inhibited TWIST]1 silenc-
ing-induced elevation of microRNA-143/145 level,

suggesting that TWISTI1-guided regulation of SMC
transition and microRNA-43/145 expression might be
mediated by p68 (Fig. 5SD). Taken together, our data
present evidence that TWIST1-induced SMC pheno-
typic switching is attributable to inhibition of p68-de-
pendent microRNA-143/145 expression.

Discussion

Although prior studies have indicated a role of
TWISTI in vascular disease and endothelial function,
its contribution to SMC transition remains unclear. To
our knowledge, this is the first study demonstrating
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that TWISTI, a key regulator of endothelial/epithelial
to mesenchymal transition, promoted SMC phenotypic
switching that is necessarily required for the develop-
ment of multiple vascular abnormalities, and inti-
mately linked with SMC behavior and function. The
underlying mechanism of this process is that TWIST1
directly binds to p68 protein and decreases its expres-
sion. TWIST1 downregulates microRNA-143/145
expression through repressing p68, which is the molec-
ular key to switch the phenotype of SMCs. Overall,
the data showed a previously unknown role of
TWIST1 in SMC homeostasis regulation.

TWISTI, a critical embryonic transcription factor,
was initially discovered in Drosophila and extremely
important for the early development of mesoderm for-
mation [18,19]. It belongs to the basic helix-loop-helix
transcriptor family, which plays significant roles in
various physiological and pathophysiological pro-
cesses. In humans, TWIST]1 mutation leads to
Saethre-Chotzen syndrome, a genetic disorder charac-
terized by the premature fusion of certain skull bones.
TWISTI1 is well-known for its essential role in tumor
development, metastasis, and chemoresistance in a
variety of cancers [20,21]. Intriguingly, recent evidence
suggests TWIST1 acting as a crucial mediator of arte-
rial disease development and vascular cell misbehavior
[7-9].

In spite of the efforts evaluating the contributions of
TWIST1 to vascular angiogenesis and pathogenesis,
most of them payed their attentions to its proprolifera-
tive property, and little information is currently avail-
able regarding its effects on SMC homeostasis that is
the basis for the development and progression of vari-
ous arterial disorders. Besides, despite the close rela-
tionships between TWIST1 and a wide range of
arterial abnormalities, a universal interpretation of its
extensive and detrimental effects in the world of vascu-
lar disease is absence. Therefore, we first determined
the change in TWIST1 expression during SMC pheno-
typic transition, which showed a markedly elevated
TWIST1 level in both injured rat carotid artery and
PDGF-BB-treated dedifferentiated/synthetic SMCs.
Importantly, inhibition of TWIST1 through either
specific siRNA or pharmacological inhibitor prevented

TWIST1 and smooth muscle cell phenotype

SMC phenotypic switching. Likewise, overexpression
of TWISTI resulted in the transition of SMCs to a
synthetic state, thus reinforced the role of TWISTI in
SMC phenotypic switching, and made us to further
explore the mechanism involved.

Loss of smooth muscle markers is the hallmark of
SMC phenotypic switching. As an important regulator
of targeted gene transcription, TWIST1 has been
shown to inhibit SMA expression by binding to and
inactivating SMA promoter [22]. However, our ChIP-
sequencing database search revealed no direct interplay
between TWIST1 and the promoters of other SMC
differentiation markers; thus, its transcription regula-
tory property might not fully explain the universal
suppressive effects of TWIST1 on smooth muscle
genes. MicroRNAs have recently received much atten-
tion for their ability in tempering gene expression [23—
25]. In particular, they can act as crucial modulators
of SMC phenotypic transition and proliferation
[26,27]. Several microRNAs, including microRNA-
143/145, microRNA-663, and microRNA-133, have a
demonstrated role in SMC phenotypic change [28-30].
Notably, we showed that TWIST1 inhibition increased
microRNA-143/145 expression, while overexpression
of TWIST1 downregulated its level, indicating that the
function of TWISTI on SMC plasticity might be medi-
ated by microRNA-143/145.

In delineating how TWIST1 triggered SMC transi-
tion and repressed microRNA-143/145, we focused our
attention on p68, a prototypic member of the DEAD
box family that is a vital regulator of both SMC dif-
ferentiation and microRNA processing [31]. The pre-
sent study showed that TWISTI overexpression
inhibited p68 protein and mRNA levels, while
TWIST1 inhibition recruited PDGF-BB-induced
downregulation of p68 expression. In addition, knock-
down of p68 significantly decreased microRNA-143/
145, which is in accordance with previous reports
demonstrating its potent capacity in regulating micro-
RNA [32]. Although TWISTI is known for its tran-
scription regulatory capacity, no evidences support the
interaction between TWISTI and p68 promoter, thus
implicating a potentially indirect regulation of p68
mRNA level. The co-immunoprecipitation experiment

Fig. 5. TWIST1 decreases microRNA-143/145 expression by downregulation of p68. (A) Co-immunoprecipitation assay of TWIST1 and p68
in SMCs. n = 3. (B) Representative immunoblots of SMMHC, SMA, calponin, and tagln protein in SMCs transfected with TWIST1-specific
siRNA receiving either scrambled or p68-specific siRNA, *P<0.05 vs scrambled siRNA, #P<0.05 vs TWIST1 siRNA. (C)
Immunofluorescence confocal images revealed F-actin (red) in SMCs transfected with TWIST1-specific siRNA receiving either scrambled or
p68-specific siRNA. Cell nuclei were stained with DAPI (blue). Scale bar = 20 um. (D) Quantitative real-time PCR analysis of microRNA-143/
145 in SMCs transfected with TWIST1-specific siRNA receiving either scrambled or p68-specific siRNA. n =4, *P < 0.05 vs scrambled
siRNA, #P < 0.05 vs TWIST1 siRNA. Statistical analysis was performed using one-way ANOVA followed by Student-Newman—Keuls test.
Data were reported as the mean + SEM.
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revealed a de novo interplay between TWISTI1 and
p68. In addition, the data suggested that TWISTI
induces the proteasomal degradation of p68. Thus,
TWIST1 might be a molecular partner of p68 and
directly impact its expression and biological function,
which leads to SMC transition. Importantly, transfec-
tion of p68 siRNA inhibited the protective effects of
TWISTI inhibition on SMC phenotypic switching and
microRNA-143/145 expression,  implying  that
TWIST1-induced SMC phenotypic modulation is, at
least partially, through downregulation of microRNA-
143/145 via repressing p68.

Limitation

Our study has several limitations. First, the in vitro
study could be biased by the switch of SMCs from the
contractile to synthetic phenotype when they were pas-
saged. However, we have tried our best to use SMC
from the same passage in each experiment, which
might reduce this bias. Second, there were no relevant
animal experiments assessing the impacts of TWISTI
on SMC phenotypic switching. The in vivo regulatory
effects of TWIST1 on SMC homeostasis still need fur-
ther research.

Conclusions

In conclusion, our work defines a previously unre-
ported role of TWIST1 in modulating SMC differenti-
ation, through a novel mechanism that it inhibits
microRNA-143/145 in a p68-dependent manner.
TWIST1 might be a potential therapeutic target in
phenotype-related vascular disorders.
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Fig S1. Representative Western blot of SMMHC,
SMA, calponin, tagln expression in SMCs treated with
25ng/ml PDGF (platelet-derived growth factor)-BB.
Statistical analyses were performed using two-tailed
Student’s t test.

Fig S2. Phase and immunofluorescence confocal
images revealed p68 (red) expression in control and
injured rat carotid arteries.
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