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Transmembrane protein 66 attenuates neointimal hyperplasia
after carotid artery injury by SOCE inactivation
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Abstract. Neointimal hyperplasia could be one of the most
important complications after balloon angioplasty. Since
calcium signaling has several physiologic effects on the regu-
lation of the proliferation and migration of vascular smooth
muscle cells (VSMCs), it was hypothesized that transmem-
brane protein 66 (TMEMG66), a store operated calcium entry
(SOCE)-associated regulatory factor, possesses vascular
protection against balloon injury. The rat balloon-induced
carotid artery injury model was performed. Histological
analysis was used to check neointimal hyperplasia. TMEMG66
expression was measured by PCR and immunoblotting. The
results revealed that TMEMG66 was expressed in the medial
and neointimal layers of the injured artery, and the expres-
sion of TMEMG66 was markedly decreased. TMEM66
overexpression attenuated neointimal hyperplasia via VSMC
proliferation/migration inhibition, and restored expression of
VSMC phenotypic markers. Moreover, TMEMG66 overexpres-
sion reduced the increased expression of Stiml and Orail
and PDGF-BB treatment-enhanced [Ca**];,. In conclusion,
TMEMG66 protects against balloon injury-induced neointimal
hyperplasia, and may be a pharmacological target for the treat-
ment of restenosis.

Introduction

Due to the widespread use of percutaneous coronary interven-
tion (PCI) in clinical practice, balloon angioplasty is one of the
most common medical procedures in the world (1). Although
balloon angioplasty is effective in the treatment of coronary
stenosis, complications have restricted its use. Previous studies
have indicated a high rate of restenosis in patients undergoing
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successful coronary angioplasty, because of constrictive
remodeling and neointimal hyperplasia (2). Neointimal hyper-
plasia causing vessel renarrowing is one of the key limitations
for long-term outcomes. However, the mechanisms of balloon
injury-induced neointimal hyperplasia are complex and remain
to a large extent unexplored.

Through largely unknown mechanisms, calcium signaling
plays an important role in neointimal hyperplasia (3,4). Store
operated calcium entry (SOCE) represents a key mechanism,
by which cells convey Ca** signals and maintain Ca** homeo-
stasis (5), and is critical for the proliferation and migration of
vascular smooth muscle cells (VSMCs) in neointima. Previous
studies found that transmembrane protein 66 (TMEMG66), also
named hereafter as SARAF (for SOCE-associated regulatory
factor), plays a key role in shaping cytosolic Ca** signals and
determining the content of the major intracellular Ca* stores,
as a negative regulator of SOCE (6). In addition, TMEMG66 is
a protein with a putative transmembrane domain, a N-terminal
region that is required for the activation of the protein, and a
C-terminal domain that has been shown to be involved in the
interaction with the C-terminal inhibitory domain of Stiml,
downstream of the Stim1 and Orail activation region (7).
Thus, we speculated that TMEM66 may be critical for the
proliferation and migration of VSMCs in neointima.

Materials and methods

Rat balloon-induced carotid artery injury model. A total of
16 male Sprague-Dawley (SD) rats, 8 month old and weighing
310 to 380 g, were obtained from the Experimental Animal
Centre of The General Hospital of Western Theater Command at
Chengdu, China. Rats were housed in a room with a 12 light-dark
cycle at 23°C and given free access to standard rodent food and
tap water. Rats randomized to the sham-operated group, balloon
injury group and TMEMG66-overexpression group. Balloon
denudation was performed as previously described, with a
2-French catheter in the left common carotid artery (8.,9). After
balloon injury, a 100 yl solution of lenti-TMEM66-GFP (108 TU
per rat) or PBS were infused into the injured artery segment
and incubated for 15 min. The efficiency of transfection was
identified by fluorescence microscopy (Fig. S1). After 4 week
balloon injury and lentiviral infection, the rats were euthanized
using an overdose of sodium pentobarbital. The vessel tissues
were harvested for the subsequent experiments. This study
was approved by the Research Council and Animal Care and
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Use Committee of The General Hospital of Western Theater
Command. All experiments conformed to the guidelines of
the American Association for the Accreditation of Laboratory
Animal Care and conformed to the guidelines of the ethical
use of animals, and all efforts were made to minimize animal
suffering and to reduce the number of animals used.

Immunoblotting. Carotid artery tissues were lysed in lysis
buffer (Beyotime Institute of Biotechnology) and centri-
fuged at 15,000 x g. The homogenates were separated by
SDS-polyacrylamide gel (4% stacking gel with an 8% separating
gel) and transferred to nitrocellulose filter membranes. The
transblots were probed with the rabbit anti-TMEMG66 antibody
(1:500; cat. no. ab80890; Abcam), rabbit anti-a-SMA antibody
(1:500; cat. no. ab32575; Abcam) and rabbit anti-calponin anti-
body (1:500; cat. no. ab46794; Abcam) at 4°C overnight, after
washing with TBST and blocking with 1% BSA. The membranes
were then washed and incubated with goat anti-rabbit-IgG
(1:4,000; cat. no. BA1039; Boster Biological Technology) conju-
gated to horseradish peroxidase at room temperature for 1 h, and
the bands were visualized with enhanced chemiluminescence
(EMD Millipore). The amount of protein transferred onto the
membranes was verified by immunoblotting for GAPDH (rabbit
anti-GAPDH; 1:1,000; cat. no. ab181602; Abcam).

RNA extraction and PCR. RNA from the carotid artery was
extracted using Trizol (Thermo Fisher Scientific, Inc.), synthe-
sized to cDNA and served as a template for amplification of
TMEMG66 using an RNA reverse transcriptase kit (Takara
Biotechnology Co., Ltd.) under the following conditions: 37°C
for 15 min and 85°C for 5 sec. The cDNA was then stored
at 4°C. Primer information is described in a previous study (10).
Amplification was performed using quantitative PCR (qPCR)
using a SYBR Green Premix (SYBR Real-Time PCR Kit;
Takara Biotechnology Co., Ltd.), according to the manufactur-
er's instructions using the following conditions: 50°C for 2 min,
95°C for 2 min and 35 cycles of 58°C for 30 sec and 72°C for
40 sec. The relative expression of target genes was standardized
to GAPDH, evaluated using the 222°4 method and expressed as
a ratio to control the experiments (11).

Histological analysis. The injured artery tissues from SD
rats were cleared of blood with ice-cold PBS and kept in 4%
paraformaldehyde for 24 h at 4°C. After embedding in paraffin,
sectioning to a thickness of 4 ym and mounting on slides, tissues
were deparaffinized and rehydrated by successive incubations
in xylene, 100% ethanol, 95% ethanol, 75% ethanol, and PBS.
Sections were then stained with hematoxylin and eosin using a
standard protocol, or treated with rabbit anti-TMEMG66 antibody
(1:100, Abcam) for immunohistochemistry.

Co-immunoprecipitation. The artery tissue lysates (400 pg
protein/ml supernatant) were incubated with affinity-purified
anti-Orail receptor antibody (5 pl/ml; cat. no. ab59330; Abcam)
for 2 h at room temperature and protein-G agarose at 4°C for
12 h. The immunoprecipitates were subjected to immunoblot-
ting with the Stim1 antibody (1:300; cat. no. ab57834; Abcam).

Cell culture and treatment. Embryonic thoracic aortic
smooth muscle A10 cells (ATCC, American Type Culture
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Collection) were cultured at 37°C in a 95% air/5% CO,
atmosphere in DMEM/F-12. TMEMTG66 transduction was
performed using the lentivirus-based pLenti6.3-TMEM66
plasmid (Invitrogen Life Technologies; Thermo Fisher
Scientific, Inc.). Next, the A10 cells were cultured in 3 ml
DMEM containing 3% FBS, 10 ug/ml polybrene and virus
(MOI=100). The medium was replaced 48 h after transfec-
tion, and then 5 ug/ml blasticidin was incubated in the
medium for the next 48 h. The cells were incubated with
platelet-derived growth factor-BB (PDGF-BB (30 ng/ml)
(R&D Systems) for 24 h.

Cell proliferation and migration assays. Cell proliferation was
assessed using a 5-bromo-2'-deoxyuridine (BrdU) staining kit
(BioVision, Inc.) and the Cell Counting Kit-8 assay (CCK-8;
Beyotime Institute of Biotechnology), according to the manu-
facturer's instructions. Briefly, for BrdU staining, cells were
pulsed with BrdU for 2 h after 24 h PDGF-BB stimulation.
BrdU incorporation was visualized by immunocytochemical
staining with the anti-BrdU monoclonal antibody (BioVision,
Inc.). The cells were then fixed with 4% paraformaldehyde
and stained with 4',6-diamidino-2-phenylindole (DAPI). The
number of BrdU-positive cells were counted using fluorescent
microscopy from three randomly chosen high power fields
(magnification, x20). Cells were also seeded into 96-well plates
and incubated with CCK-8 for 2 h at 37°C. Absorbance was
determined using a spectrophotometer (Model 680; Bio-Rad
Laboratories, Inc.) at 450 nm. Moreover, a wound scratch assay
was used to determine cell migration. A10 cells were cultured
in a 6-well dish until >90% confluent was achieved. The
scratching was performed with a 200-ul sterile pipette tip by
creating a line. The cells were then incubated with PDGF-BB
for 24 h. Images were obtained by phase contrast microscopy
at x40, and the number of migrated cells were counted under
a light microscope.

Intracellular calcium measurement. Intracellular calcium
was measured using a Thermo Varioskan flash instrument
(Thermo Fisher Scientific, Inc.) as previously described (12)
with various modifications. Briefly, A10 cells were seeded in
96-well cell culture plates together with 5 M calcium-depen-
dent fluorescent indicator Fura-2 in DMEM at 37°C. The cells
were then washed twice with Ca**-free Krebs buffer (140 mM
NaCl, 5.4 mM KCl, 1.2 mM MgSO,, 0.3 mM NaH,PO,, 10 mM
HEPES, 5 mM glucose, pH 7.4 with Tris base) and measured
by the flash instrument with every 5 sec alternating between
340 and 380 nm excitation (2 nm slit size) at 510 nm emission
(5-nmislit size). The free Ca®* concentration [Ca®*];,., was calcu-
lated from the equation (13): [Ca®]e=K[(R-R i)/ (R ,0-R)]
(F380,,,,/F380,,,); The K, is the dissociation constant of
Fura-2 to calcium. R is the ratio of each 340/380 nm. For the
positive control, the cells were incubated with calcium channel
blocker, verapamil, for 2 h, to reduce the Ca*" concentration.
Minimum and maximum are the fluorescence values of cells
treated by Triton X-100 (saturating Ca* concentration) or by
EGTA (zero Ca** concentration).

Statistical analysis. Statistical analysis was performed using
SPSS 22.0 software (IBM Corp.). Comparisons between two
groups was carried out using dependent paired t-test, and
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Figure 1. TMEMG66 expression in carotid artery tissue after balloon injury. (A) TMEMG66 distribution was determined by immunohistochemical staining.
TMEMO66 was found in the medial and neointimal layers of the carotid artery after balloon injury. (B) Quantitative real-time PCR was used to determine the
TMEMG66 mRNA expression after carotid artery injury ("P<0.03, vs. the sham control, n=4). (C) TMEMG66 protein expression was assessed by immunoblotting

("P<0.05, vs. the sham control, n=4). TMEM66, transmembrane protein 66.

comparisons among more than two groups was carried out by
repeated measures one-way ANOVA. Data are expressed as
mean + SEM. A probability value P<0.05 was considered as
indicative of statistical significance.

Results

TMEMO66 mRNA and protein expression after carotid artery
injury. We first determined the expression of TMEMG66 after
carotid artery injury by immunostaining, immunoblotting
and qPCR. Immunostaining of the arterial sections revealed
expression of TMEMG66 in the medial and neointimal layers
of the carotid artery after balloon injury (Fig. 1A). TMEM66
mRNA from the carotid artery tissue was significantly
decreased after balloon injury (Fig. 1B). Moreover, TMEM66
protein was lower in the balloon-injured artery than that noted
in the sham control (Fig. 1C), indicating that the impairment
of TMEMG66 expression by balloon injury occurred at both the
post-translational and transcriptional levels.

TMEMO66 overexpression attenuates neointimal hyperplasia.
To investigate whether or not TMEMG66 is involved in protection
against neointimal hyperplasia, the carotid artery thickness in
TMEMG66-overexpression mice was determined after balloon
injury. The histological analysis showed that balloon injury
significantly increased the ratio of the intima to media thick-
ness in the carotid artery, whereas the ratio of intima to media
thickness was reversed in the TMEMG66-overexpression mice
(Fig. 2A).

Moreover, A10 cell proliferation was determined by BrdU
labeling (Fig. 2B) and Cell Counting Kit-8 (CCK-8, Fig. 2C).
A10 cells with TMEMG66 overexpression exhibited a signifi-
cant decrease in cell proliferation in response to PDGF-BB.
The effect of lentivirus overexpression of TMEMG66 on
PDGF-BB-induced A10 cell migration was also assessed by
scratch assay. It was demonstrated that TMEMG66 also reduced
the cell migration induced by the PDGF-BB (Fig. 2D). In
addition, expression levels of a-smooth muscle actin (a-SMA)
and calponin were decreased following PDGF-BB treatment,
while TMEMG66 overexpression significantly restored these
VSMC phenotypic markers at the mRNA (Fig. 3A) and protein
(Fig. 3B) expression levels.

TMEMO66 overexpression downregulates modulators of
SOCE. Stiml and Orail are critical molecules involved in the
modulation of SOCE activation in VSMCs (14). Therefore,
our further experiments assessed the expression of Stiml
and Orail in balloon injured carotid artery with or without
TMEMG66 transduction. The data revealed that TMEM66
overexpression reduced the increased expression of Stim1 and
Orail after balloon injury (Fig. 4A). In addition, TMEMG66
destabilized the SOCE signalplexes: Interaction of Stiml and
Orail was increased in the PDGF-BB-treated A10 cells, while
it was deceased by TMEMG66 overexpression (Fig. 4B). Due to
the role of TMEM66 in SOCE modulators, the intracellular
free [Ca®*] was assessed. It was demonstrated that TMEM66
overexpression reduced the PDGF-BB treatment-enhanced
[Ca?']; (Fig. 5).
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Figure 2. Effect of TMEMG66 overexpression on neointimal hyperplasia. (A) Hematoxylin and eosin staining of carotid artery showed the thickness of the
neointima ("P<0.03, vs. the sham control; “P<0.05, vs. the balloon injury group, n=4). +lenti-TMEM66 means TMEMG66 overexpression before balloon injury.
Scale bar, 100 gm. (B and C) BrdU labeling (B) and CCK-8 assay (C) were used to determine A10 cell proliferation ("P<0.05, vs. the control; “P<0.05,
vs. PDGF-BB treatment, n=6). +lenti-TMEMG66 means TMEMG66 overexpression before PDGF-BB treatment. Scale bar, 20 zm. (D) Migration ability was
assessed by cell wound scratch assay. The number of migrated cells was counted 24 h after scratching (‘P<0.05, vs. the control; “P<0.05 vs. PDGF-BB treat-
ment, n=6). +lenti-TMEM66 means TMEMG66 overexpression before PDGF-BB treatment. Scale bar, 20 ym. TMEMG66, transmembrane protein 66; PDGF-BB,
platelet-derived growth factor-BB.
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Figure 3. Effect of TMEMG66 overexpression on VSMC phenotypic transformation. The mRNA (A) and protein (B) expression of VSMC phenotypic markers
(a-SMA and calponin) was determined ("P<0.05, vs. the control; “P<0.05 vs. PDGF-BB treatment, n=6). +lenti-TMEM66 means the TMEM66 overexpres-
sion before PDGF-BB treatment. TMEMG66, transmembrane protein 66; VSMC, vascular smooth muscle cell; a-SMA, o smooth muscle actin; PDGF-BB,

platelet-derived growth factor-BB.
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Figure 4. Stim1 and Orail expression and interaction. (A) Protein expression of Stim1 and Orail was assessed by immunoblotting ("P<0.05, vs. the control,
"P<0.05 vs. PDGF-BB treatment, n=6). +lenti-TMEM66 means the TMEM66 overexpression before PDGF-BB treatment. (B) Co-immunoprecipitation of
Stim1 and Orail in PDGF-BB-treated and TMEMG66-overexpressing A10 cells. The cell lysate was immunoprecipitated with Stim1 antibodies and immu-
noblotted with Orail antibodies ("P<0.03, vs. the control; “P<0.05 vs. PDGF-BB treatment, n=6). +lenti-TMEM66 means the TMEM66 overexpression before
PDGF-BB treatment. TMEMG66, transmembrane protein 66; PDGF-BB, platelet-derived growth factor-BB.
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Figure 5. Intracellular calcium concentration in PDGF-BB-treated and
TMEM66-overexpressing A10 cells. Representative tracing of the effect of
PDGF-BB on intracellular free calcium [Ca*]; in A10 cells. PDGF-BB was
added 15 sec after the start of the experiment (n=5). For the positive control,
the cells were incubated with calcium channel blocker, verapamil, for 2 h,
to reduce the Ca** concentration. TMEM66, transmembrane protein 66;
PDGF-BB, platelet-derived growth factor-BB.

Discussion

The calcium ion, as an important secondary messenger, is
a master regulatory molecule and an established signal for
promoting diseases. Neointimal hyperplasia and relevant
vascular smooth muscle cell (VSMC) phenotypes are
dependent on Ca** (4), especially store operated Ca** entry
(SOCE) (15). Transmembrane protein 66 (TMEM®66), known
as the store-operated Ca** entry-associated regulatory factor
(SARAF), is a 339-amino acid protein that has been presented
as a novel regulator of SOCE and modulates intracellular
Ca?* homeostasis (6,16). The data presented in this study are
consistent with the hypothesis that TMEMG66 was expressed
in the medial and neointimal layers of injured artery and the
expression of TMEM66 was markedly decreased. The results
revealed that TMEM66 was impaired by balloon injury at
both the post-translational and transcriptional levels, and the
decreased expression of TMEMG66 could be a key factor in the
pathological process of neointimal hyperplasia.

Due to the impairment of TMEM66 expression after
balloon injury, lenti-TMEM66 plasmids were transduced
into the carotid artery to induce TMEMG66 protein overex-
pression. TMEMG66 attenuated neointimal hyperplasia by
suppressing the proliferation and migration of the VSMCs,
which is ascribed to the inhibitory effect of TMEMO66 on
VSMC phenotypic changes. VSMCs have been divided into
contractile and synthetic/proliferative. The proliferation and
migration of proliferative VSMCs were found to be signifi-
cantly increased, and contribute to the formation of neointimal
hyperplasia and the development of restenosis after vascular
injury (17,18). In VSMCs, increased [Ca®']; initiates VSMC
contraction as excitation-contraction coupling, while Ca*",
as a secondary messenger, affects gene expression as excita-
tion-transcription coupling (19). Excessive Ca** influx, which
has been thought as toxic [Ca**];, leads to phenotypic marker
expression and phenotypic modulation in VSMCs, whereby
the cells start to proliferate, migrate, and synthesize exces-
sive extracellular matrix (20), and finally causes neointimal
hyperplasia. Thus, decreasing [Ca**]; may be involved in the
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regulation of TMEMG66 leading to VMSC proliferation and
migration.

The data presented in this study are consistent with the
hypothesis that TMEMG66 reduces intracellular calcium
concentrations. The Ca** concentration is determined by ion
channels and pumps. Although the transient receptor poten-
tial cation channel (TRPC) family members are involved in
SOCE (21), the essential components of Ca?* release-activated
Ca** (CRAC) channels, Stim1 and Orail, are key Ca** influx
channels (22) and critical molecules for SOCE activation in
VSMCs (14). Stim1 is a Ca®* sensor and detects the depletion of
Ca?*concentration in the endoplasmic reticulum by a conserved
Ca? binding domain, which leads to Stim1 oligomerization and
redistribution to binding to Orail directly (23,24). The inter-
action of Stiml and Orail causes channel opening and Ca*
entry (25,26). In the present study, it was shown that TMEM66
overexpression reduced the increased expression of Stiml
and Orail after balloon injury. Moreover, the stabilization of
Stim1-Orail binding was decreased by TMEMG66 transduction
as previously reported (6). TMEMG66 responds to an elevated
intracellular Ca** concentration and promotes an inactivation
process of Stiml-mediated SOCE activity. Moreover, the
destabilization effect of TMEMG66 on the Stim1/Orail complex
is dependent on the similar topology and overall structure with
Stim1. TMEMG66 also contains a serine-proline rich domain at
the C-terminal tail, which may aid its interaction with plasma
membrane phospholipids (27,28).

In conclusion, our data indicated that TMEMT66 protects
against the balloon injury-induced neointimal hyperplasia by
suppressing the Stim1/Orail complex expression and interac-
tion. Thus, TMEMT66 may be a pharmacological target for
the treatment of neointimal hyperplasia and restenosis after
percutaneous coronary intervention.
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