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Increased TMEM16A channel activities a
ctivate EGFR/STAT3/ROCK1 signaling, and ROCK1 activation by RhoA increased TMEM16A channel activities via
moesin phosphorylation at T558. TMEM16A and ROCK1/moesin signaling cooperatively promotes breast cancer metastasis.
a r t i c l e i n f o

Article history:
Received 3 September 2020
Revised 28 January 2021
Accepted 13 March 2021
Available online 17 March 2021
a b s t r a c t

Introduction: Transmembrane protein 16A (TMEM16A) is a Ca2+-activated chloride channel that plays a
role in cancer cell proliferation, migration, invasion, and metastasis. However, whether TMEM16A con-
tributes to breast cancer metastasis remains unknown.
Objective: In this study, we investigated whether TMEM16A channel activation by ROCK1/moesin pro-
motes breast cancer metastasis.
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Methods: Wound healing assays and transwell migration and invasion assays were performed to study
the migration and invasion of MCF-7 and T47D breast cancer cells. Western blotting was performed to
evaluate the protein expression, and whole-cell patch clamp recordings were used to record TMEM16A
Cl� currents. A mouse model of breast cancer lung metastasis was generated by injecting MCF-7 cells
via the tail vein. Metastatic nodules in the lung were assessed by hematoxylin and eosin staining.
Lymph node metastasis, overall survival, and metastasis-free survival of breast cancer patients were
assessed using immunohistochemistry and The Cancer Genome Atlas dataset.
Results: TMEM16A activation promoted breast cancer cell migration and invasion in vitro as well as
breast cancer metastasis in mice. Patients with breast cancer who had higher TMEM16A levels showed
greater lymph node metastasis and shorter survival. Mechanistically, TMEM16A promoted migration
and invasion by activating EGFR/STAT3/ROCK1 signaling, and the role of the TMEM16A channel activity
was important in this respect. ROCK1 activation by RhoA enhanced the TMEM16A channel activity via the
phosphorylation of moesin at T558. The cooperative action of TMEM16A and ROCK1 was supported
through clinical findings indicating that breast cancer patients with high levels of TMEM16A/ROCK1
expression showed greater lymph node metastasis and poor survival.
Conclusion: Our findings revealed a novel mechanism underlying TMEM16A-mediated breast cancer
metastasis, in which ROCK1 increased TMEM16A channel activity via moesin phosphorylation and the
increase in TMEM16A channel activities promoted cell migration and invasion. TMEM16A inhibition
may be a novel strategy for treating breast cancer metastasis.
� 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The transmembrane protein 16A (TMEM16A) Ca2+-activated Cl�

channel plays various physiological roles, including fluid secretion
from epithelial cells, smooth muscle contraction, and transmission
of nociception [1–4]. Recent studies have revealed that TMEM16A
expression is upregulated in various cancers, including breast can-
cer [5–7], pancreatic cancer [8], and colorectal cancer [9,10]. In
breast cancer, TMEM16A overexpression owing to gene amplifica-
tion was shown to correlate with poor clinical outcomes [5].
Tamoxifen, a hormone therapy drug used for estrogen receptor
(ER)-positive breast cancer, inhibits TMEM16A channels [3]. In
our previous study, high TMEM16A expression was observed to
correlate with decreased survival in patients with breast cancer
not treated with tamoxifen and with increased survival in
tamoxifen-treated patients [6]. Therefore, TMEM16A may serve
as a biomarker for clinical outcomes and therapeutic responses
to tamoxifen [11].

TMEM16A is associated with several biological processes in
cancer, such as proliferation, apoptosis, migration, invasion, and
metastasis, and activates multiple signaling pathways in distinct
cancer types [11,12]. TMEM16A activates MAPK signaling in head
and neck squamous cell carcinoma (HNSCC) [13], NF-jB signaling
in glioma [14], and EGFR signaling in pancreatic cancer [8].
TMEM16A appears to preferentially activate the EGFR signaling
pathway, although the downstream signaling pathways of EGFR
may be different. For example, TMEM16A was shown to control
Ca2+ signaling via EGFR in pancreatic cancer [8], and activate
EGFR/AKT signaling in breast cancer [5]. TMEM16A activates the
EGFR/signal transducer and activator of transcription 3 (STAT3)
signaling pathway in ER-positive (ER+) breast cancer cells [6].
Therefore, TMEM16A can activate different signaling pathways
depending on the cancer cell-specific environment [11,12].

Most studies have reported that TMEM16A promotes cell
migration and invasion in vitro in several types of cancer, including
pancreatic cancer, HNSCC, gastric cancer, and colorectal cancer
[8,9,11,12,15,16]. However, whether TMEM16A promotes or inhi-
bits cancer metastasis remains unclear. For example, TMEM16A
overexpression was observed to exert an inhibitory effect on
migration, invasion, and metastasis in HNSCC cells [17]. However,
the metastasis-promoting effect of TMEM16A was reported in a
previous study, in which increased TMEM16A expression was asso-
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ciated with distant metastasis in patients with HNSCC [16]. Cao
et al. reported that TMEM16A downregulation by microRNA-381
inhibited metastasis in gastric cancer [18], which suggested that
TMEM16A overexpression promotes metastasis in gastric cancer.
Furthermore, it was shown in an animal study that TMEM16A
knockdown reduced lung metastasis of gastric cancer in mice [19].

To date, it remains unclear whether TMEM16A participates in
breast cancer metastasis. The present study demonstrated that
TMEM16A promoted the migration, invasion, and metastasis of
breast cancer cells. In addition, patients with breast cancer with
higher TMEM16A levels showed greater levels of lymph node
metastasis and shorter survival. Mechanistically, increased
TMEM16A channel activity promoted the expression of Rho-
associated, coiled-coil-containing protein kinase 1 (ROCK1) by acti-
vating the EGFR/STAT3 signaling pathway, and ROCK1 increased
TMEM16A channel activity by phosphorylating moesin at T558.
Our findings suggest that TMEM16A activation by ROCK1/moesin
is critical for breast cancer metastasis.
Materials and methods

Cell culture

ER+ and progesterone receptor (PR)-positive (PR+) MCF-7 and
T47D breast cancer cells, normal breast MCF-10A cells, and human
embryonic kidney (HEK293) cells that are used for transfection
experiments were cultured in DMEM (HyClone, USA), and
triple-negative MDA-MB-231 cells were cultured in Leibovitz’s L-
15 Medium (HyClone, USA). All cell lines were obtained from ATCC,
USA. The cells were cultured in medium supplemented with fetal
bovine serum (FBS, 10%) and penicillin/streptomycin (1%) at
37 �C in 5% CO2. Cells obtained from up to ten passages were used
for the subsequent experiments.

Transfection

TMEM16A-containing pEGFP-N1 plasmids were provided by
Professor Uhtaek Oh [3]. TMEM16A lacking an EGFP tag was pro-
duced by introducing a stop codon at the end of the TMEM16A
gene sequence. Moesin-containing pGV146-EGFP plasmids, RhoA-
V14- and RhoA-19N-containing pGV147-DsRed2 plasmids, and
small hairpin RNAs (shRNAs) against human TMEM16A were
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constructed by Shanghai GenePharma (Shanghai, China). T558D-
moesin and T558A-moesin were generated using site-directed
mutagenesis. All constructs were confirmed by sequencing. Three
shRNAs were constructed against TMEM16A by Shanghai Gene-
Pharma (Shanghai, China) with the following targeting sequences:
shRNA1: 50-TCACTAACTTGGTCTCCAT-30; shRNA2, 50-ACCTGGTCAG
GAAGTATTT-30; shRNA3: 50-TCGAGTTCAACGACAGAAA-30. Lipofec-
tamine 2000 (Invitrogen, USA) was used for cell transfection
according to the manufacturer’s instructions.

Western blotting

Western blotting was performed as previously described [6].
Briefly, after protein separation by SDS-PAGE and transfer to PVDF
membranes, the membranes were treated with anti-TMEM16A
antibody (1:5000; ab84915, Abcam Biotechnology, UK), anti-GFP
antibody (1:3000; AE012; ABclonal Technology, China), anti-
ROCK1 antibody (1:2000; ab45171; Abcam Biotechnology), anti-
p-ROCK1 antibody (1:2000; ab203273; Abcam Biotechnology),
anti-p-moesin antibody (1:2000; ab177943; Abcam Biotechnol-
ogy), anti-moesin antibody (1:2000; ab52490; Abcam Biotechnol-
ogy), anti-b-actin antibody (1:5000; ZSGB-BIO, China), and anti-
GAPDH antibody (1:5000; E021010; EarthOx, USA) overnight at
4 �C, followed by treatment with secondary antibodies (dilution
1:5000; BL001A or BL003A, Biosharp, China).

Wound healing assay

MCF-7 or T47D cells (1 � 106 cells) were seeded in six-well
plates. Confluent cells were gently scratched using a 200-lL pip-
ette tip, followed by gentle washing with PBS. After different drug
treatments, images were recorded at 0–48 h using a light micro-
scope, and the wound area was analyzed.

Transwell migration and invasion assay

An 8-mm pore-size membrane (Corning Co., USA) was used for
the migration assay. A membrane pre-coated with Matrigel (BD
Biosciences, USA) was used for the invasion assay. MCF-7 or
T47D cells (5 � 104) were seeded on the upper Transwell chamber
(Costar 3422; Corning Co.), which was placed into the lower cham-
ber containing the culture medium supplemented with 10% FBS.
After 48 h of incubation, the cells that did not migrate or invade
were removed, and the migrating or invading cells were fixed,
stained in 0.2% crystal violet solution, and imaged under an
inverted microscope.

Patch clamp recordings

Ca2+-activated Cl� currents in TMEM16A-overexpressing
HEK293 and T47D cells were measured using an Axopatch 200B
amplifier with a Digidata 1322A digitizer (Molecular Device)
[6,20]. Clampex 10 software was used for data acquisition and
analysis. The standard external solution and pipette solutions with
free Ca2+ concentrations between and 0–25 lM were prepared as
previously described [6,20,21].

Ethics statement

All experiments involving animals were conducted according to
the ethical policies and procedures approved by the Ethics Com-
mittee of China Medical University, China (approval No.
CMU2019300). The use of human breast cancer tissues was
approved by the Ethics Committee of China Medical University
(approval No. CMU2020063). Informed consent was obtained from
all patients.
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Mouse model of breast cancer metastasis

Female BALB/c athymic nude mice (weight: 16–20 g) were used
to generate a mouse model of breast cancer lung metastasis. Ten
mice were randomly assigned to two groups (n = 5 per group).
Mice in the control group were injected with empty vector-
transfected MCF-7 cells, and those in the TMEM16A-
overexpression group were injected with TMEM16A-transfected
MCF-7 cells. MCF-7 cells (2 � 106) suspended in PBS (100 lL) were
injected via the tail vein. Body weight was measured once a week.
The mice were euthanized 7 weeks after injection. After sacrifice,
the lungs were harvested, fixed, and embedded in paraffin. Serial
lung tissue sections were stained with hematoxylin and eosin
(H&E). Metastatic nodules in the lung specimens were counted
under a light microscope.

Immunohistochemistry

ER+/PR+/HER2� breast cancer tissue samples (n = 72) obtained
from the First Affiliated Hospital of China Medical University were
used for immunohistochemical detection of TMEM16A and ROCK1.
Clinical information, including lymph node metastasis and ER, PR,
and HER2 status, was obtained retrospectively from the medical
records. All breast cancers were diagnosed by histopathology.

Immunohistochemical analysis was performed as previously
described [6]. Briefly, tissue sections (4-mm thick) were treated
with anti-TMEM16A antibody (1:400), anti-ROCK1 antibody
(1:150), IgG (1:150; bs-0295P; Beijing Biosynthesis Biotechnology
Inc, China), or no antibodies in controls at 4 �C, followed by treat-
ment with biotinylated secondary antibodies (1:3000; Fuzhou
Maixin, China) and 3, 3-diaminobenzidine (DAB) at room temper-
ature. The primary antibodies were purchased from Abcam
Biotechnology.

Statistical analysis

The Cancer Genome Atlas (TCGA) data for the RNA expression of
ROCK1 and TMEM16A were used for survival analysis of patients
with breast cancer. Survival was evaluated using Kaplan–Meier
curves and compared statistically using log-rank tests. Overall sur-
vival (OS) was defined as the duration between cancer diagnosis
and death. Metastasis-free survival (MFS) was defined as the dura-
tion between cancer diagnosis and the occurrence of metastasis or
death.

Clampfit10 was used to analyze the Cl� current traces. Statisti-
cal analysis was performed using SPSS software. Differences with
p < 0.05 were considered statistically significant. The differences
between two groups were compared using Student’s t-test. One-
way ANOVA was performed to determine the differences among
more than two groups, followed by the post-hoc Bonferroni test
for multiple comparisons. Chi-square tests were performed to
compare the difference in the distribution of lymph node metasta-
sis between the groups.
Results

TMEM16A overexpression promotes breast cancer cell migration,
invasion, and metastasis

TMEM16A expression was relatively high in ER+/PR+/HER2�

MCF-7 and T47D cells, whereas it was relatively low in triple-
negative MDA-MB-231 cells and MCF-10A cells (normal breast
cells) (Fig. S1). Western blotting results confirmed that TMEM16A
knockdown by TMEM16A-shRNA2 treatment decreased TMEM16A
expression (Fig. S2A, B), whereas TMEM16A overexpression by
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transfection of TMEM16A-containing plasmids increased
TMEM16A expression in MCF-7 cells and in T47D cells (Fig. S2C,
D). TMEM16A knockdown by TMEM16A-shRNA2 treatment inhib-
ited migration and invasion, whereas TMEM16A overexpression
promoted migration and invasion in MCF-7 cells (Fig. 1). Similarly,
TMEM16A knockdown inhibited, and TMEM16A overexpression
promoted migration and invasion in T47D cells (Fig. S3). These
findings suggested that TMEM16A promoted breast cancer cell
migration and invasion.

The role of TMEM16A in breast cancer cell metastasis was
examined in vivo in nude mice by injecting TMEM16A-
overexpressing MCF-7 cells via the tail vein. The body weight of
mice increased gradually within 6 weeks of injection of control
or TMEM16A-overexpressing MCF-7 cells. At each time point, the
body weight gain did not differ significantly between mice injected
with control and TMEM16A-overexpressing cells, although mice
injected with TMEM16A-overexpressing MCF-7 cells had a margin-
ally lower body weight than control mice (Fig. 2A). The number of
metastatic nodules in the lung was greater in mice injected with
TMEM16A-overexpressing MCF-7 cells than in control mice
(Fig. 2B, C). These findings suggested that TMEM16A overexpres-
sion promoted breast cancer metastasis in vivo.

We then analyzed the association of lymph node metastasis
with TMEM16A expression in patients with ER+/PR+/HER2� breast
cancer (n = 72) using immunohistochemistry (Fig. 2D and Fig. S4).
Table S1 summarizes the clinicopathological characteristics of 72
patients with ER+/PR+/HER2� breast cancer. Lymph node metasta-
sis was observed more frequently in patients with high TMEM16A
expression (70.8%, 17/24 patients) than in those with low
TMEM16A expression (43.8%, 21/48) (p = 0.030, Fig. 2E). Of the
patients with ER+/PR+/HER2� breast cancer (n = 706) in the TCGA
dataset, lymph node metastasis was observed frequently in
patients with high TMEM16A mRNA expression (62.6%, 137/219
patients) than in those with low TMEM16A mRNA expression
(54.0%, 263/487 patients) (p = 0.034, Fig. 2F). We selected patients
who did not undergo any treatment (n = 181) from the TCGA data-
set for survival analysis for excluding the possible effect of
chemotherapy or hormone therapy on the survival of patients.
High TMEM16A expression levels correlated significantly with
shorter MFS (p = 0.008, Fig. 2G) and OS (p = 0.004, Fig. 2H) in
patients who did not undergo any treatment.

TMEM16A promotes migration and invasion by activating EGFR/
STAT3/ROCK1 signaling

ROCK1 has been shown to regulate cell motility and promote
cancer cell migration, invasion, and metastasis [22]. Our previous
study showed that TMEM16A activates EGFR/STAT3 signaling in
breast cancer [6]. EGFR signaling activation by EGF significantly
increased ROCK1 expression in MCF-7 cells (Fig. S5A). In addition,
a positive correlation of ROCK1 expression with EGFR expression
(n = 181, r = 0.4012, p < 0.0001) and STAT3 expression (n = 181,
r = 0.5346, p < 0.0001) was observed in patients with breast cancer
from the TCGA dataset (Fig. S5B, C). These findings suggest that
EGFR/STAT3 signaling activation promoted ROCK1 expression in
breast cancer. Moreover, TMEM16A knockdown significantly
inhibited ROCK1 expression, whereas TMEM16A overexpression
enhanced ROCK1 expression (Fig. 3A, B). The TMEM16A
overexpression-induced upregulation of ROCK1 expression was
inhibited by gefitinib or JSI-124, which inhibit EGFR and STAT3,
respectively (Fig. 3C-F). These findings suggested that TMEM16A
upregulated ROCK1 expression by activating EGFR/STAT3
signaling.

We explored whether TMEM16A promotes migration and inva-
sion by activating EGFR/STAT3/ROCK1 signaling. TMEM16A
overexpression-induced migration and invasion was significantly
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inhibited by gefitinib, JSI-124, and the ROCK inhibitor Y-27632 in
both T47D and MCF-7 cells (Fig. 4 and Fig. S6). Therefore,
TMEM16A promoted the migration and invasion of breast cancer
cells by activating the EGFR/STAT3/ROCK1 signaling pathway.
Increased TMEM16A channel activity promotes cell migration and
invasion

We previously observed that TMEM16A knockdown inhibited
Ca2+-activated Cl� currents in T47D cells [6]. Consistent with our
previous results, the TMEM16A inhibitor T16Ainh-A01 signifi-
cantly inhibited TMEM16A Ca2+-activated Cl� current in T47D cells
(Fig. S7). In addition, T16Ainh-A01 significantly blocked TMEM16A
overexpression-induced migration and invasion in T47D cells
(Fig. 5A, B). Moreover, compared to wild-type (WT)-TMEM16A
overexpression, the overexpression of D444EEEEEAVKD452-
TMEM16A mutants, which exhibit decreased channel activity
[20], inhibited ROCK1 expression (Fig. 5C) as well as migration
and invasion of T47D cells (Fig. 5D, E).
ROCK1 promotes TMEM16A channel activity by phosphorylating
moesin

ROCK1 is known to phosphorylate moesin at T558, which is a
critical step for maintaining moesin in an active form for mem-
brane localization [23]. We investigated whether ROCK1 promoted
TMEM16A channel activity in T47D cells by phosphorylating moe-
sin at T558. The Ca2+-activated Cl� currents were significantly
inhibited by the ROCK inhibitor Y-27632 (Fig. 6A-C), suggesting
that ROCK1 promoted TMEM16A currents in T47D cells. Compared
to the overexpression of constitutively inactive RhoA mutants
(RhoA-19 N), the overexpression of constitutively active RhoA
mutants (RhoA-V14) resulted in ROCK1 activation and moesin
phosphorylation at T558 (Fig. 6D). The overexpression of RhoA-
V14 mutants significantly promoted Ca2+-activated Cl� currents
(Fig. 6E, F), suggesting that ROCK1 activation by RhoA promoted
TMEM16A activation in T47D cells. Compared to non-
phosphorylatable T558A-moesin mutant overexpression, phospho-
mimetic T558D-moesin mutant overexpression significantly
increased TMEM16A currents in T47D (Fig. 6G, H) and HEK293
cells transfected with TMEM16A-containing plasmids (Fig. 6I, J),
suggesting that moesin phosphorylation at T558 enhanced
TMEM16A channel activity. Collectively, these findings indicate
that ROCK1 promotes TMEM16A channel activity via moesin
phosphorylation.
High TMEM16A/ROCK1 expression correlates with breast cancer
metastasis

The association of combined TMEM16A/ROCK1 expression with
lymph node metastasis was studied to investigate the effect of
TMEM16A/ROCK1 expression on breast cancer metastasis. Lymph
node metastasis occurred more frequently in patients with high
TMEM16A/ROCK1 expression (76.5%, 13/17 patients) than in those
with low TMEM16A/ROCK1 expression (29.4%, 5/17) (p = 0.015;
Fig. S8A, B). Similarly, using the TCGA dataset, we observed that
the frequency of occurrence of lymph node metastasis was signif-
icantly greater in patients with breast cancer with high TMEM16A/
ROCK1 expression (63.6%, 103/162) than in those with low
TMEM16A/ROCK1 expression (49.5%, 99/200) (p = 0.007,
Fig. S8C). In addition, high TMEM16A/ROCK1 expression correlated
with a shorter MFS (p = 0.075, Fig. S8D) and OS (p = 0.037, Fig. S8E)
in patients with breast cancer who did not undergo any treatment.



Fig. 1. TMEM16A promoted the migration and invasion of MCF-7 cells. A. TMEM16A protein expression in MCF-7 cells treated with scrambled shRNA and TMEM16A-shRNA
(T16A-shRNA) or empty vector and TMEM16A-containing plasmids (T16A-OE). B. The wound healing assay showed the migration of MCF-7 cells treated with scrambled
shRNA and T16A-shRNA or empty vectors and T16A-OE plasmids. C. Quantification of the results of the wound healing assay shown in B. n = 3. *p < 0.05 vs scrambled;
#p < 0.05 vs vector. D. Transwell assays indicating migration (top) and invasion (bottom) of MCF-7 cells treated with scrambled shRNA and T16A-shRNA, or empty vector and
T16A-OE plasmids. E, F. Quantification results for cell migration (E) and invasion (F) shown in D. n = 3. *p < 0.05 vs scrambled; #p < 0.05 vs vector.
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Fig. 2. TMEM16A overexpression promoted breast cancer lung metastasis in mice. A. Body weight of mice after intravenous injection of MCF-7 cells transfected with empty
vector or T16A-OE plasmids. n = 5. *p < 0.05 vs vector. B. Representative H&E staining images depicting metastatic nodules in the lung at low magnification (�10) (top) and
high magnification (�40) (bottom). The arrows indicate the magnified regions. Scale bar: 100 (top) and 50 lm (bottom). C. The number of metastatic nodules in the lung of
mice carrying vector- or T16A-OE-transfected MCF-7 cells. n = 5. *p < 0.05. D. Immunohistochemical images for low (left) and high (right) TMEM16A expression in breast
cancer tissues. Magnification: �40. Scale bar: 100 lm. Immunohistochemical results were scored (a total of 0–300) based on the intensity of immunoreactivity (0–3) and the
percentage of TMEM16A-positive cells (0–100). Tumors with IHC score > 150 or � 150 was defined as tumors with high or low expression of TMEM16A, respectively. E, F.
Frequency distribution of lymph node metastasis in patients with breast cancer with low and high expression of TMEM16A protein (E) and mRNA (F) based on
immunohistochemical analysis (E) and TCGA dataset (F). p = 0.030 (E) and p = 0.034 (F). G, H. Survival curves depicting the association of TMEM16A expression with
metastasis-free survival (G) and overall survival (H) in patients with breast cancer who did not undergo treatment (n = 181). p = 0.008 (G) and p = 0.004 (H).
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Fig. 3. TMEM16A promoted ROCK1 expression by activating EGFR/STAT3 signaling. A, B. ROCK1 protein expression in MCF-7 (A) and T47D cells (B) treated with scrambled
shRNA and T16A-shRNA or empty vector and T16A-OE plasmids. n = 3. *p < 0.05 vs scrambled shRNA, #p < 0.05 vs vector. C-F. ROCK1 protein expression in MCF-7 (C, E) and
T47D cells (D, F) transfected with empty vector or T16A-OE plasmids in the absence or presence of gefitinib (1 lM) (C, D) or JSI-124 (0.1 lM) (E, F). n = 3. *p < 0.05 vs vector,
#p < 0.05 vs T16A-OE.
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Discussion

TMEM16A is known to contribute to cell proliferation, migra-
tion, invasion, and metastasis in multiple cancer types [11,12]. Sev-
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eral studies have demonstrated that TMEM16A promotes the
proliferation of breast cancer cells and tumor growth in mice
[5,6]. However, the precise role of TMEM16A in breast cancer
migration, invasion, and metastasis remains unclear. Here, our



Fig. 4. TMEM16A overexpression promoted migration and invasion of T47D cells via the activation of EGFR/STAT3/ROCK1 signaling. A, B. Wound healing assay (A) and
transwell assay (B) showed the migration (A) or invasion (B) of T47D cells treated with empty vector or T16A-OE plasmids in the absence or presence of gefitinib (1 lM) or
JSI-124 (0.1 lM). n = 3. *p < 0.05 vs vector; #p < 0.05 vs T16A-OE. C.Wound healing assay showed the migration of T47D cells treated with empty vector or T16A-OE plasmids
in the absence or presence of Y-27632 (10 lM). n = 3. *p < 0.05 vs vector; #p < 0.05 vs T16A-OE. D, E. Transwell assay showed the migration (D) and invasion (E) of T47D cells
treated with empty vector or T16A-OE plasmids in the absence or presence of Y-27632 (10 lM). n = 3. *p < 0.05 vs vector; #p < 0.05 vs T16A-OE.

S. Luo, H. Wang, L. Bai et al. Journal of Advanced Research 33 (2021) 253–264
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Fig. 5. Inhibition of TMEM16A channel activity reduced the migration and invasion of T47D cells. A, B.Wound healing assay (A) and transwell assay (B) showed the migration
(A) and invasion (B) of T47D cells treated with empty vector, T16A-OE plasmids, and T16A-OE + T16Ainh-A01 (20 lM). n = 3. *p < 0.05 vs vector; #p < 0.05 vs T16A-OE. C.
ROCK1 protein expression in T47D cells transfected with empty vector or plasmids containing WT-TMEM16A/D444EEEEEAVKD452-TMEM16A (D444-452) mutants. n = 3.
*p < 0.05 vs vector, #p < 0.05 vs WT-TMEM16A. D, E. Wound healing assay (D) and transwell assay (E) showed the migration (D) and invasion (E) of T47D cells treated with
empty vector or plasmids containing WT TMEM16A or D444-452 mutants. n = 3. *p < 0.05 vs vector; #p < 0.05 vs WT-TMEM16A.
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results demonstrated that TMEM16A overexpression promoted
migration, invasion, and metastasis in breast cancer cells.
Increased TMEM16A channel activity promoted ROCK1 expression
261
by activating EGFR/STAT3 signaling. ROCK1 increased TMEM16A
channel activity by phosphorylating moesin at T558 (Fig. S9).
Therefore, TMEM16A and ROCK1 mutually activate each other



Fig. 6. ROCK1 promoted TMEM16A channel activity by phosphorylating moesin at T558. A. Time course of Ca2+ (1 lM)-activated Cl� currents in T47D cells treated with the
ROCK inhibitor Y-27632 (10 lM). Voltage ramps 750 ms in duration were induced at 10-s intervals. The arrow indicates treatment with Y-27632. The currents were
normalized to the initial values of current prior to Y-27632 treatment. B. Representative TMEM16A currents before (top) and after (bottom) Y-27632 treatment. The cells
were voltage-clamped with a 750-ms voltage step from –100 mV to +100 mV in 20 mV increments. C. Mean current densities at +100 mV in T47D cells before and after Y-
27632 treatment. n = 5 cells. *p < 0.05 vs before treatment. D. Expression of p-ROCK1, ROCK1, p-moesin (T558), and moesin in T47D cells overexpressing RhoA-V14 and RhoA-
19 N mutants. E. Representative TMEM16A currents in T47D cells transfected with plasmids containing RhoA-V14 and RhoA-19 N mutants. F. Mean current densities at
+100 mV in T47D cells treated with RhoA-V14 and RhoA-19 N mutants. n = 5–6; *p < 0.05. G. I. Representative TMEM16A currents in response to activation by 1 lM Ca2+ in
T47D cells (G) transfected with plasmids containing T558D-moesin or T558A-moesin mutants or in HEK293 cells (I) cotransfected with plasmids containing TMEM16A and
T558D-moesin or T558A-moesin mutants. H, J. Mean current densities at +100 mV in T47D (H) and HEK293 cells (J). n = 4–5; *p < 0.05.
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and cooperatively promote breast cancer cell migration, invasion,
and metastasis. The cooperative role of TMEM16A and ROCK1 in
metastasis was further supported by evidence from the survival
analysis, which showed that high TMEM16A/ROCK1 expression
correlated with decreased survival among patients with breast
cancer. Our findings demonstrated that TMEM16A activation by
ROCK1/moesin promotes breast cancer migration, invasion, and
metastasis.

The mechanisms underlying TMEM16A overexpression include
gene amplification, EGFR signaling regulation, and epigenetic reg-
ulation by histone deacetylase [5,6,11,24]. TMEM16A is expressed
in approximately 80% of breast cancers [5,7]. Since approximately
70% of breast cancers are ER- and PR-positive, it is expected that
TMEM16A is primarily expressed in these breast cancer types. In
the present study, high TMEM16A expression correlated with
lymph node metastasis and decreased survival in ER+/PR+ breast
cancer, suggesting that TMEM16A overexpression may promote
breast cancer metastasis. Consistently, TMEM16A promoted
migration and invasion of breast cancer cells, and enhanced breast
cancer metastasis in a mouse model of lung metastasis. Further-
more, the TMEM16A shRNAs or inhibitors suppressed cell migra-
tion and invasion. Therefore, TMEM16A inhibition might be an
effective strategy for treating breast cancer metastasis.

ROCK1 promotes migration, invasion, and metastasis in several
cancer types [22,25]. TMEM16A activates the EGFR signaling path-
way [5,6], which then contributes to breast cancer metastasis
[26,27]. In a previous study, we showed that TMEM16A activated
EGFR/STAT3 signaling [6]. Here, we further observed that
TMEM16A upregulated ROCK1 expression by activating EGFR/
STAT3 signaling. ROCK1 expression upregulation in response to
EGFR/STAT3 signaling activation was confirmed by the finding that
EGF promoted ROCK1 expression in breast cancer cells, and there
was a positive correlation between ROCK1 expression and EGFR/
STAT3 expression in human breast cancer tissues. Furthermore,
EGFR/STAT3/ROCK1 signaling inhibition significantly blocked
TMEM16A-mediated migration and invasion, suggesting that
ROCK1 is important for TMEM16A-mediated breast cancer metas-
tasis. However, the process by which EGFR/STAT3 signaling pro-
motes ROCK1 expression in breast cancer cells remains unclear.
Further studies are necessary to investigate the mechanisms by
which TMEM16A/EGFR/STAT3 signaling promotes ROCK1 expres-
sion in breast cancer cells.

As a serine-threonine kinase, ROCK1 regulates several down-
stream targets that are involved in the regulation of dynamic
changes in the actin cytoskeleton during cancer cell migration,
invasion, and metastasis [22]. Moesin can be activated by ROCK1
via T558 phosphorylation [23,28]. Reportedly, moesin facilitates
breast cancer metastasis [29], and its expression was shown to cor-
relate with lymph node metastasis and decreased survival in ER+

breast cancer [30]. Notably, moesin has been observed to interact
directly with TMEM16A and promote TMEM16A channel activity
when overexpressed in HEK293 cells [31]. Our results showed that
T558-phosphorylated moesin promoted TMEM16A channel activ-
ity in breast cancer cells. The activation of ROCK1 by RhoA
increased TMEM16A channel activity owing to the phosphoryla-
tion of moesin at T558 in breast cancer cells. Furthermore,
increased TMEM16A channel activity was observed to be critical
for the TMEM16A-induced migration and invasion of breast cancer
cells, as indicated by the finding that the inhibition of TMEM16A
channel activity by TMEM16A inhibitors or in D444EEEEEAVKD452-
TMEM16A mutants reduced cell migration and invasion. Therefore,
increased TMEM16A channel activity owing to ROCK1-mediated
moesin phosphorylation promotes breast cancer metastasis.

Increased TMEM16A channel activity has been shown to be
important for TMEM16A-mediated EGFR activation in breast can-
cer [6,32]. Our previous study showed that the overexpression of
263
D444EEEEEAVKD452-TMEM16A mutants inhibited WT TMEM16A-
induced EGFR/STAT3 signaling activation [6]. The findings from
the present study further revealed that D444EEEEEAVKD452-
TMEM16A mutants inhibited ROCK1 expression induced by WT
TMEM16A, suggesting that increased TMEM16A channel activity
further promoted ROCK1 expression via EGFR/STAT3 signaling
activation. Consequently, ROCK1 activation by RhoA increased
TMEM16A channel activity via moesin phosphorylation in breast
cancer cells. Therefore, in TMEM16A-overexpressing breast cancer
cells, increased TMEM16A activity may induce high levels of
ROCK1 expression via EGFR/STAT3 signaling activation, and ROCK1
may further promote TMEM16A activity via moesin phosphoryla-
tion (Fig. S9). Therefore, the mutual activation mechanism indi-
cates that TMEM16A and ROCK1/moesin may cooperatively
promote breast cancer metastasis.

Ion fluxes via ion channels are associated with changes in water
content, and therefore, regulate morphological changes during
cancer cell migration, invasion, and metastasis [33]. Several studies
have shown that TMEM16A overexpression affects morphological
changes and regulates the migration, invasion, and metastasis of
cancer cells [16,17,34]. The present study revealed that increased
TMEM16A channel activity is a critical factor, and Cl� fluxes via
TMEM16A channels may contribute to morphological changes dur-
ing breast cancer cell migration, invasion, and metastasis. Further-
more, morphological changes in cancer cells require drastic
reorganization of the actin cytoskeleton, and ROCK1 and moesin
play an important role in this process [35–37]. Moesin, which func-
tions as a cross-linker between membrane proteins and the actin
cytoskeleton [23], can directly bind to TMEM16A [31]. We further
observed that increased TMEM16A activity promoted ROCK1
expression, and ROCK1 increased moesin phosphorylation, which
also promoted TMEM16A channel activity (Fig. S9). Therefore,
TMEM16A and ROCK1/moesin regulate cellular morphological
changes in coordination, and promote cancer cell migration, inva-
sion, and metastasis. Further studies are necessary to investigate
the mechanisms by which TMEM16A and ROCK1/moesin promote
migration, invasion, and metastasis in breast cancer.
Conclusions

In summary, the present study demonstrated that increased
TMEM16A channel activity promotes breast cancer cell migration,
invasion, and metastasis. Moesin phosphorylation by ROCK1
increased TMEM16A channel activity, which consequently pro-
moted ROCK1 expression through the activation of EGFR/STAT3
signaling (Fig. S9). Our results suggest that TMEM16A and ROCK1/-
moesin may regulate breast cancer metastasis in a coordinated
manner. Therefore, TMEM16A may serve as a novel target in the
treatment of breast cancer metastasis.
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