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TMEM16A regulates the cell cycle of pulmonary
artery smooth muscle cells in high-flow-induced
pulmonary arterial hypertension rat model
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Abstract. High-flow-induced pulmonary arterial hypertension
(PAH) has attained global notoriety, the mechanism of which
remains elusive. The present study investigated the regulation
of Anoctamin-1, also known as transmembrane member 16A
(TMEMI6A), in the cell cycle progression of pulmonary artery
smooth muscle cells (PASMCs) from a PAH rat model induced
by high pulmonary blood flow. A total of 30 Sprague-Dawley
rats were randomly assigned into control, sham and shunt groups.
A rat model of high pulmonary blood flow-induced PAH was
established by surgery using abdominal aorta-inferior vena cava
fistula. Right ventricular pressure, right ventricular hypertrophy
index and pulmonary arteriole structural remodeling were
assessed 11 weeks following operation. The cell cycle statuses of
PASMC:s was assessed via flow cytometry, whereas western blot
analysis was performed to measure the expression of cyclin DI,
CDK2, p27KIP and cyclin E in primary PASMCs isolated from
rats. The expression of cyclin E and cyclin D1 was revealed
to be increased in the shunt group compared with the control
group, which was accompanied with an increased expression of
TMEMI6A in the shunt group. Changes in the ratio of PASMCs
in the Gy/G,, S and G,/M phases of cycle induced by PAH were
reversed by TMEMI16A knockdown. The expression of cyclin E
and cyclin DI in the shunt group was significantly higher
compared with the control group in vitro, which was reversed
by TMEMI16A-siRNA transfection. In conclusion, TMEMI16A
may be involved in high pulmonary blood flow-induced PAH by
regulating PASMC cell cycle progression.
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Introduction

Congenital heart disease (CHD) is one of the most common
birth defects in children. The mean prevalence of CHD from
1970 to 2017 stood at 8.224 per 1,000 globally (1). Furthermore,
the estimated incidence of sustained PH in all categories was
reported at 5-8 cases per million children per year and 26-33
per million children in the USA (2). In particular, left-to-right
shunt CHD is the most common form of CHD. Due to long-term
high pulmonary blood flow, endothelial dysfunction and struc-
tural remodeling ensues in the pulmonary arterioles from high
vascular shearing force, which ultimately leads to elevated arte-
rial pressure and resistance in the pulmonary vasculature (3).
Pulmonary artery smooth muscle cells (PASMCs) serve a vital
role in vascular homeostasis, the regulation of vascular tone and
the regulation of pulmonary arterial pressure. As one of the main
transmembrane channels, calcium-activated chloride chan-
nels (CaCCs) serve an important function in transmembrane
chloride ion homeostasis and vascular tone regulation (4-6).
As PAH progresses, increased proliferation of smooth muscle
cells, endothelial cells and adventitial fibroblasts, coupled with
reduced PASMCs apoptosis contribute to the medial thickening
and neomuscularization of distal arterioles, ultimately resulting
in right ventricular hypertrophy and heart failure (7).

Transmembrane protein 16A (TMEMI16A, also known as
ANOI) was first reported to encode CaCCs in 2008 (8-10).
TMEMI6A is expressed in a variety of cells, including cardiac
fibroblasts (11), smooth muscle cells (12) and sympathetic
ganglion cells (13). TMEMI6A has been revealed to be over-
expressed in PASMCs in a number of different pulmonary
hypertension models (14,15). A previous study from our
laboratory at the Pediatric department, The First Affiliated
Hospital Of Guangxi Medical University (Nanning, China)
demonstrated that the CaCC inhibitor, niflumic acid, attenu-
ated pulmonary artery structural remodeling in PAH induced
by high pulmonary blood flow in vivo (16). However, the
role and mechanism of TMEMI16A in PAH induced by high
pulmonary blood flow remains unclear. Therefore, the present
study investigated the effects of TMEMI6A in the regulation
of PASMC:s in high pulmonary blood flow-induced PAH.
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Materials and methods

Animals and PAH models. All animal experimental proce-
dures were performed in accordance with the Guide to Care
and Use of Experimental Animals issued by the Ministry of
Health of the People's Republic of China. All experimental
procedures were approved by The Animal and Human Ethics
Committee in Guangxi Medical University (Guangxi, China).
A total of 30 male Sprague Dawley rats (weight, 180-200 g; age,
6-8 weeks) were provided by the Animal Research Centre of
Guangxi Medical University (license no. SCXK 2009-0002).
A total of 10 rats were randomly assigned into three groups
respectively: Control, sham and shunt groups. Rats were
anaesthetized by intraperitoneal injection of sodium pento-
barbital (0.25%; 40 mg/kg). According to methods reported
previously (16,17), an abdominal aorta and inferior vena cava
arteriovenous fistulization was performed to establish PAH
induced by high pulmonary blood flow from the systemic
circulation. Laparotomy was performed in the sham and shunt
groups, and the abdominal aorta was clamped for 3 min. All
rats had were housed in a specific pathogen free room with
free access to food and water, maintained at 22-24°C with 40%
humidity and 12 h light/dark cycle.

Right ventricular (RV) pressure (RVP), right ventricular
hypertrophy index (RVHI) and pulmonary structural remod-
eling measurements. RVP, including systolic right ventricular
pressure (SRVP), diastolic right ventricular pressure (DRVP)
and mean right ventricular pressure (MRVP) were measured
11 weeks after surgery using a cardiac function analyzer
(MP160; Bipoac Systems, Inc.) as previously described (16,17).
Weights of the RV and left ventricle (LV) with the septum
(S) of the hearts were measured after sacrifice. RVHI was
calculated using the following formula: RVHI=(RV)/(LV+S).
Pulmonary arteriole tissue was isolated and fixed in 10% para-
formaldehyde at room temperature (RT) for 2 h, dehydrated in
a graded alcohol series, cleared with xylene and embedded in
paraffin. Tissue was then cut into 5 gm sections. Hematoxylin
and eosin (H&E) staining was performed to observe pulmo-
nary structural remodeling. All slides were imaged using a
video-linked light microscope (magnification x100; Olympus
CX31; Olympus Corporation) and analyzed using the ImageJ
software (version 1.49p; National Institutes of Health).

PASMC isolation and culture. Primary PASMCs from
control, sham and shunt groups were isolated and cultured for
in vitro assessment as previously described (16,17). Pulmonary
arteriole tissue was removed and immersed in ice-cold
HEPES-buffered salt solution. The endothelium was removed
by rubbing the luminal surface using a cotton swab. Tissue was
then cut into 1x1 mm pieces and the arterioles were digested at
37°C for 20 min in HBSS containing 20 gmol Ca**,1,750 U/ml
type I collagenase, 9.6 U/ml papain, 20% fetal bovine serum
(FBS; Thermo Fisher Scientific, Inc.) and 1 mM dithiothreitol.
A total of 3-4x10* cells were seeded into a 25T culture flask
and placed in a 5% CO, incubator, maintained at 37°C. The
culture medium with DMEM containing 10% FBS was
refreshed 5 days following culture and ~80% confluence was
typically achieved on day 9, where cell passage was performed
until the passage nine.
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Immunocytochemical staining. PASMCs were trypsinized and
suspended using a pipette onto a circular coverslip in a 6-well
plate. After rinsing with PBS three times, PASMCs were
fixed with 4% paraformaldehyde for 15 min at RT. Following
permeabilization in a 0.2% Triton X-100 solution, 1% bovine
serum albumin (BSA; Sigma-Aldrich; Merck KGaA) was
used for blocking for 30 min at RT. The coverslips were
incubated with primary antibodies against a-actin (1:100, cat.
no. sc-32251; Santa Cruz Biotechnology, Inc.) for 8 h at RT.
Secondary antibodies were subsequently added in a dropwise
manner, and the mixture was incubated at room temperature
for 30 min. The coverslips were then incubated with diami-
nobenzidine, counterstained with hematoxylin for 5 sec at
RT and differentiated using hydrochloric acid/alcohol before
being sealed. A video-linked light microscope (magnification,
x100; Olympus CX31; Olympus Corporation) was used for
imaging the coverslips.

Lentiviral siRNA infection of PASMCs. Lentiviruses
(LV-TMEMI16A-siRNA and control siRNA) enconding green
fluorescence protein (GFP) were purchased from Shanghai
Jikai Gene Chemical Technology Co., Ltd., and PASMCs
were transfected as previously described (17). Puromycin was
used for cell screening. PASMCs from the shunt group were
digested with 0.25% trypsin and suspended at a density of
2x10*/ml prior to seeding into a 6-well plate on day 1 after
culture. Lentiviral particles prepared in a 2 ml suspension were
then added after 24 h to achieve a multiplicity of infection of
80 with the final concentration of Polybrene maintained at
5 pg/ml. The culture solution was changed after 36 h and cells
were cultured in a 37°C, 5% CO, incubator for a further 3 days
before subsequent experiments. For in vitro studies, PASMCs
were divided into control, shunt, shunt + sSiRNA-TMEMI16A
and shunt + siRNA-negative control groups.

Flow cytometry. When the cells grew to cover ~85% of the
flask, they were harvested, centrifuged (5 min, 175 x g) at RT
and washed twice with 3 ml PBS. 70% ethanol was used for cell
fixation for 1 h at 4°C. Cells were then centrifuged at 850 x g
for 5 min at RT and washed twice with 3 ml PBS. Propidium
iodide (PI; 500 ul) was added for staining according to the
manufacturer's protocol (cat. no. 550825; BD Biosciences). The
proportions of cells in G,/G, phase, S and G,/M phases were
measured using flow cytometry (Guava® easyCyte™ 6-2L;
Merck KGaA) and the guavaSoft™ software (version 3.1.1;
Merck KGaA).

Western blotting. Proteins were homogenized or lysed in
ice-cold RIPA lysis buffer (Santa Cruz Biotechnology, Inc.).
The concentration of the protein was examined using Bradford
protein assay kit (Bio-Rad Laboratories, Inc.). In total, 20 ug
proteins were separated by 10% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and transferred
to nitrocellulose membranes (Bio-Rad Laboratories, Inc.).
The membranes were blocked in Tris-buffered saline with
5% non-fat milk and 0.5% BSA for 1 h at RT as previously
described (17). Membranes with corresponding proteins
were incubated with primary antibodies against TMEM16A
(1:1,000; cat. no. ab53213; Abcam), cyclin D1 (1:1,000; cat.
no. 2978; Cell Signaling Technology, Inc.), cyclin-dependent
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Figure 1. High pulmonary blood flow-induced pulmonary hypertension leads to elevated right ventricular pressure and RVHI. (A) SRVP and MRVP, and
(B) RVHI was measured in rats from the control, sham and shunt groups. Data are presented as the mean + standard deviation (n=10). "P<0.05 vs. control and
"P<0.05 vs. sham. RVHI, right ventricular hypertrophy index; SRVP, systolic right ventricular pressure; MRVP, mean right ventricular pressure.

Figure 2. Pathological changes of pulmonary arterioles by H&E staining. Images of H&E staining of pulmonary arteriole tissues of rats from (A) control,

(B) sham, and (C) shunt groups (magnification, x100).

kinase 2 (CDK2; 1:1,000; cat. no. 2546; Cell Signaling
Technology, Inc.), cyclin-dependent kinase inhibitor P27
(p27KIP; 1:1,000; cat. no. 3686; Cell Signaling Technology,
Inc.), cyclin E1 (1:1,000; cat. no. 20808; Cell Signaling
Technology, Inc.) and B-actin (1:5,000, cat. no. 21338; SAB
Biotherapeutics, Inc.) overnight at 4°C. The membranes were
then incubated with a horseradish peroxidase-conjugated goat
anti-rabbit IgG secondary antibody (1:5,000; cat. no. L3012,
SAB Biotherapeutics, Inc.) for 1.5 h at RT, and washed four
times using 0.1% Tween-20 solution. Blots were visual-
ized with SuperSignal™ West Femto Maximum Sensitivity
Substrate (Thermo Fisher Scientific, Inc.) and quantified with
Quantity 5.2 software System (Bio-Rad Laboratories, Inc.).

Statistical analysis. SPSS 22.0 software (IBM Corp.)
was used to analyze the data. Data are expressed as the
mean + standard deviation. A two-sample t-test was used for
comparisons between two groups. One-way ANOVA was used
for comparisons between groups followed by Turkey's multiple
comparisons. All hypotheses were tested bilaterally. P<0.05
was considered to indicate a statistically significant difference.

Results

Establishment of high blood flow-induced PAH and
structural remodeling. After 11 weeks of shunting, SRVP
and MRVP were significantly higher in the shunt group
compared with the sham group, whereas no statistically
significant differences were observed between the control

and sham groups (Fig. 1A). Similarly, RVHI in the shunt
group was significantly higher compared with the control and
sham groups, but no significant differences were observed
in the RVHI between the control and sham groups (Fig. 1B).
Histological staining demonstrated marked thickening of the
pulmonary arteriole walls in the shunt group that was accom-
panied with narrowing of the lumen, which was not observed
in the control and sham groups (Fig. 2).

Characteristics and transfection of lentiviral
TMEMI6A-siRNA transfection in PASMCs. Cultured
PASMC:s in all three groups (Control, sham and shunt) grew
and aggregated at 3-5 days after seeding (Fig. 3A), and
colonies formed on ~day 10. Typically, spindle-shaped cells
start to divide and extend on the culture plate in a dispersed
pattern, with some colonies forming clusters (Fig. 3B).
Immunocytochemical staining confirmed the expression of
a-smooth muscle actin based on the specific myofilament
structure of PASMCs (Fig. 3C). A lentiviral vector specifically
expressing TMEMI16A-siRNA or the corresponding scramble
control vector was transfected into PASMCs from the shunt
group. Cells were screened using 3 mg/l puromycin and GFP
fluorescence was observed using an inverted fluorescence
phase contrast microscope (Fig. 3D). Flow cytometry was also
used to measure lentiviral transfection efficiency, which was
found to be >80% (data not shown).

TMEMI16A expression is upregulated in PASMCs following
PAH induction. The expression of TMEMI16A in PASMCs



3278

A

SHANG et al: TMEM16A REGULATES THE CELL CYCLE OF PULMONARY ARTERY SMOOTH MUSCLE CELLS

Figure 3. Characterization of primary PASMCs isolated from pulmonary arteries of rats. (A) PASMCs isolated from the pulmonary artery mass and aggre-
gated into clusters (5 days after start of culture). (B) PASMCs exhibiting long fusiform shapes and ‘peak-valley’ appearance (10 days after start of culture).
(C) Immunocytochemistry staining confirmed a-smooth muscle actin expression based on the specific myofilament structure of PASMCs (15 days after start
of culture). (D) Specific TMEM16A-siRNA lentiviral vectors, which also encode GFP, were transfected into PASMCs and observed under a light microscope.
PASMCs, pulmonary artery smooth muscle cells; TMEMI16A, transmembrane member 16A; siRNA, small interfering RNA.
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Figure 4. TMEMI16A protein expression in primary PASMCs isolated from rats of the control, sham and shunt groups, in addition to PASMCs from the
shunt group transfected with TMEM16A-siRNA. (A) Western blotting of TMEMI16A and f-actin in primary PASMC samples from rats of the various
experimental groups. (B) Quantified densitometry results of (A). Data are presented as mean + standard deviation (n=10). “P<0.05 vs. control; “P<0.05 vs. sham;
$P<0.05 vs. shunt; and “P<0.05 vs. shunt + siRNA-TMEMI6A. TMEMI6A, transmembrane member 16A; PASMCs, pulmonary artery smooth muscle cells;

siRNA, small interfering RNA.

was significantly higher in the shunt group compared with
the control and sham groups, whereas no significant differ-
ences were observed between the control and sham groups
(Fig. 4A and B). Transfection of PASMCs with lentiviral
TMEMI16A-siRNA significantly reduced TMEMI16A
expression in the shunt group compared with non-transfected
cells from the same group, but not in cells transfected with the
scramble control siRNA (Fig. 4A and B).

TMEMI6A may regulate cell cycle progression in
PASMC following PAH induction. To examine the
TMEMI16A-mediated regulation of PASMC cell cycle
progression, the ratios of cells in G,/G,, S and G,/M phases
were measured via flow cytometry. The ratio of cells in
the G,/G, phase was significantly decreased in PASMCs
in the shunt group compared with the control group, and
TMEMI16A-siRNA abolished this increase (Fig. SA and B).

The ratios of S and G,/M in PASMCs from the shunt group
was significantly increased compared with the control group,
which was also reversed by TMEM16A-siRNA transfection
but not by the negative control siRNA (Fig. 5A and B). These
data suggest that TMEMI16A may be involved in cell cycle
progression regulation in PAH induction.

TMEM6A contributes to the regulation of proteins associated
with the PASMC cell cycle. To clarify the potential mecha-
nism of TMEMI16A in PAH induced by high blood flow, the
expression of proteins associated with cell cycle regulation,
including cyclin DI, cyclin E, CDK?2 and p27KIP, in PASMCs
from the different experimental groups was detected. The
expression of cyclin D1 and cyclin E in the shunt group was
significantly higher compared with the control group, which
was reversed by TMEMI16A-siRNA transfection. There were
no significant differences in CDK2 or p27KIP expression
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Figure 5. PASMC cell cycle progression as regulated by TMEMI6A in high
blood flow induced by PAH. (A) Representative FACS dot plots presenting
cell cycle distribution of primary rat PASMCs from the four indicated
experimental groups. (B) Quantified results of (A) presenting the propor-
tion of primary rat PASMCs in Gy/G,, S and G,/M phases from the four
indicated experimental groups. Data are expressed as the mean + standard
deviation (n=10). "P<0.05 vs. control; “P<0.05 vs. shunt; *P<0.05 vs. shunt
+ siRNA-TMEMI16A. PASMCs, pulmonary artery smooth muscle cells;
TMEMI6A, transmembrane member 16A; siRNA, small interfering RNA.

between the control and shunt groups (Fig. 6). Taken together,
the results indicated that TMEMI16A might contribute to the
regulation of proteins associated with cell cycle progression
in PASMCs.

Discussion

High pulmonary blood flow-induced PAH is one of the most
common causes of PAH during childhood, the mechanism of
which has not been fully elucidated. Under aberrant levels of
mechanical shear stress caused by excessive blood flow, pulmo-
nary arteriole endothelial and smooth muscle cells undergo
progressive dysfunction. A previous study (16,18) in our labora-
tory in the Pediatric department, The First Affiliated Hospital
of Guangxi Medical University (Nanning, China) demonstrated
that CaCCs contribute to elevated pulmonary artery pressure
and structural remodeling in PAH induced by high pulmonary
flow. TMEMI16A was reported as a candidate for the molecular
basis of CaCCs in 2008 (8-10), and there is accumulating
evidence revealing that TMEMI6A is involved in a variety of
physical and pathophysiological processes (15,19-22). However,
the mechanism of TMEMI16A regulation of PASMCs in PAH
induced by high blood flow remains unclear. The present study
established an animal model of high blood flow-induced PAH,
which increased TMEMI16A expression accompanied with
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Figure 6. TMEMI16A contributed to the regulation of PASMC cycle proteins.
(A) Representative western blots presenting the expression of Cyclin D1,
Cyclin E, CDKI1 and p27KIP in the four indicated experimental groups.
(B) Quantified densitometry results of (A). Data are presented as the
mean # standard deviation (n=10). "P<0.05 vs. control; “P<0.05 vs. shunt;
and 3P<0.05 vs. shunt + siRNA-TMEMI16A. TMEMI16A, transmembrane
member 16A; PASMCs, pulmonary artery smooth muscle cells; siRNA, small
interfering RNA; CDKI1, cyclin-dependent kinase 1; p27KIP, cyclin-depen-
dent kinase inhibitor P27.

pulmonary structural remodeling. In particular, TMEMI16A
may contribute to PAH induced by high blood flow by regu-
lating the cell cycle progression of PASMCs.

Although TMEMI16A has been extensively studied in
cardiovascular diseases (15,19-21,23-25), conflicting results
have been reported. Whilst certain studies have determined
that the TMEMI16A protein activated CaCCs in PASMC
proliferation and spontaneous hypertension (15,19,20), others
have indicated that TMEMI16A served an inhibitory role in
the regulation of PASMC cell proliferation (21,25). During
the process of cerebral vascular remodeling of hyperten-
sion (21), the reduced expression of TMEMI16A promoted
G,-S phase cell cycle progression in cerebral arterial smooth
muscle cells, indicating that TMEMI16A is a negative regu-
lator of cell proliferation in vascular smooth muscle cells.
Expression of TMEMI16A in the pulmonary arterial smooth
muscle of rats has been demonstrated to be upregulated in
monocrotaline-induced pulmonary hypertension (26) and
chronic hypoxia-induced pulmonary hypertension (16).
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TMEMI6A serves a vital role in the regulation of cell
proliferation. The effect of TMEM16A on cell proliferation has
varied in previous studies, and the reason for these contradictory
results have not reached a unified conclusion. In an angiotensin I1
treatment-induced hypertension model, TMEMI16A expression
in basilar smooth muscle cells (BASMCs) was reduced (21),
which was accompanied by an increased BASMC proliferation.
Increased TMEMI16A expression also promoted portal vein
smooth muscle cell (PVSMC) proliferation in vitro (22), which
is consistent with the results of the present study. TMEMI16A
was reported to be downregulated in PVSMCs from a rat
model of portal hypertension, which resulted in increased
PVSMC proliferation, indicating that angiotensin II may be
a candidate regulatory factor for PASMC proliferation medi-
ated by TMEMI16A (22). In congenital hypertensive rats (20),
hypoxia-induced and monocrotaline-induced pulmonary
hypertension models (14,15), the overexpression of TMEMI16A
promoted the proliferation of PASMCs. The present study
determined that TMEMI16A expression was upregulated in
PASMC:s from PAH induced by high blood flow.

Previous experiments have demonstrated that TMEM16A is
closely associated with the expression of some cyclins (27,28).
In the present study it was determined that the expression of
cyclin E and cyclin DI increased in PASMCs from high blood
flow-induced PAH. Cyclin D1 promotes cell cycle progression
from the G, phase to the S phase, whereas cyclin E is essential
for the normal development of the cell cycle (27). The complex
of cyclin E and CDK2 (Cyclin E-CDK?2) serves a crucial role
in the process of entering the S phase from the G, phase, and
it is a key kinase complex regulator of the cell cycle. The over-
expression of cyclin DI may shorten the time required to enter
S phase and accelerate the G,/S transition process, leading
to cell proliferation (28). The siRNA-TMEMI16A lentivirus
was used to infect PASMCs isolated from rats that underwent
PAH injury, where the decrease in cyclin D1 expression lead
to cell cycle arrest at the G,-G, phase, which inhibited cell
proliferation and pulmonary vascular remodeling (29). The
present study demonstrated increased expressions of cyclin D1
and cyclin E in PASMCs from PAH models, which was consis-
tent with the results of a previous study (21). The p27 KIP
family protein is a regulator of the cyclinE-CDK2 complex
that inhibits cell proliferation by inhibiting cyclin E expres-
sion (30). As a negative regulatory factor of the cyclin E-CDK?2
complex, the expression of p27 KIP was not affected by PAH,
which is consistent with a previous study by Wang et al (21).
In present study, although the expression of cyclin E in the
PASMCs from shunt group increased compared with control
group, the expression of CDK?2 complexed to cyclin E in
the shunt group did not change significantly compared with
control PASMCs. The potential reason for this observation
may be that the upregulation of TMEMI16A during high
pulmonary blood flow-induced PASMC:s injury affected the
expression of cyclin E and cyclin D1 via another paracrine
mechanism without affecting the expression of p27 KIP and
CDK2. It is also possible that the expression of CDK?2 and p27
KIP remained relatively stable inside the cells but existed in an
inactive form or were in complex with other proteins.

The present study has certain limitations. The recorded
right heart pressure was mild and was limited to an early stage
of high blood flow-induced PAH. In addition, studies addressing
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the TMEM16A-mediated regulation of protein expression that
is associated with cell cycle progression, particularly the effect
of TMEMI16A knockout in vivo, are urgently required. Finally,
specific signaling pathways, including ERK/cyclin D1 (31)
and/or cyclin DI-MARK (32-34), serve as potential targets for
future studies.

In conclusion, TMEM16A may be involved in high
pulmonary blood flow-induced PAH by regulating cell cycle
progression in PASMCs. TMEM16A may therefore serves as a
novel therapeutic target for high pulmonary flow-induced PAH.
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